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ABOUT AES
The International Conference on Antennas and Electromagnetic Systems (AES) serves as an international multidisciplinary forum for deliberations on recent advances and developments in all aspects of
Antennas, Electromagnetics, Propagation, and Measurements. Of special interest are : :
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Antenna theory and design ;
Active, adaptive and reconfigurable antennas ;
Array antennas ;
Broadband and multi-band antennas ;
Antennas for wireless power transmission and harvesting ;
Millimeter/Terahertz and nano-optical antennas ;
MIMO, antenna diversity, smart and signal processing antennas ;
Electromagnetic theory ;
Computational and numerical techniques ;
Optimization techniques ;
Nonlinear electromagnetics ;
Metamaterials, metasurfaces, FSS and EBG ;
Photonics and plasmonics ;
Quantum optics ;
Propagation theory ;
5G propagation ;
Propagation and remote sensing in complex and random media ;
Millimeter/terahertz and UWB propagation ;
Propagation in biological tissues ;
Antenna and propagation measurement techniques ;
Material characterization and non-destructive testing ;
EMI/EMC/PIM chambers, instrumentation, and measurements.

Additionally, through its unique from-Conference-to-Journal-Publication concept, AES offers a rare opportunity for authors to submit papers to Advanced Electromagnetic (AEM) journal and then be considered for publication.
The conference program typically features an excursion program and a banquet.
Following a now well-established tradition AES takes place in unique locations around the world.
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PLENARY SPEAKERS
Goutam Chattopadhyay
NASA-Jet Propulsion Laboratory, USA
Microwave Antennas and Systems for Space Applications
Biography : Goutam Chattopadhyay is a Senior Scientist at the NASA’s Jet
Propulsion Laboratory, California Institute of Technology, a Visiting Professor at the Division of Physics, Mathematics, and Astronomy at the California
Institute of Technology, Pasadena, USA. He received the Ph.D. degree in
electrical engineering from the California Institute of Technology (Caltech),
Pasadena, in 2000. He is a Fellow of IEEE (USA) and IETE (India) and an
IEEE Distinguished Lecturer.
His research interests include microwave, millimeter-wave, and terahertz receiver systems and radars,
and development of space instruments for the search for life beyond Earth.
He has more than 350 publications in international journals and conferences and holds more than
twenty patents. He also received more than 35 NASA technical achievement and new technology invention awards. He received the IEEE Region-6 Engineer of the Year Award in 2018, Distinguished
Alumni Award from the Indian Institute of Engineering Science and Technology (IIEST), India in 2017.
He was the recipient of the best journal paper award in 2020 and 2013 by IEEE Transactions on Terahertz Science and Technology, best paper award for antenna design and applications at the European
Antennas and Propagation conference (EuCAP) in 2017, and IETE Prof. S. N. Mitra Memorial Award in
2014.
Are We Alone ? NASA Technologies to Find Life Beyond Earth and Answers to Other Science
Questions
Fundamental science questions drives the selection of NASA missions. We develop instruments to
make measurements that can answer those science questions. In this presentation, we will present an
overview of the state of the art instruments that we are currently developing and layout the details of the
science questions they will try to answer.
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Ahmed A. Kishk
Concordia University, Canada
Gap Waveguide Technology Helps Design Efficient Antennas Arrays for mmWave Applications
Biography : Ahmed A. Kishk received a BSc degree in Electronics and
Communication Engineering from Cairo University, Cairo, Egypt, in 1977,
and BSc. in Applied Mathematics from Ain-Shams University, Cairo, Egypt
1980. In 1981, he joined the Department of Electrical Engineering, University of Manitoba, Winnipeg, Canada, where he obtained his M. Eng. and
Ph.D. degrees in 1983 and 1986. From 1977 to 1981, he was a research
assistant and an instructor at the Faculty of Engineering, Cairo University. From 1981 to 1985, he was
a research assistant at the Department of Electrical Engineering, University of Manitoba. In 1986, he
joined the Department of Electrical Engineering, University of Mississippi, as an Assistant Professor.
He was on sabbatical leave at the Chalmers University of Technology, Sweden, during the 1994-1995
and 2009-2010 academic years. He was a Professor at the University of Mississippi (1995-2011). He
was the Center for Applied Electromagnetic System Research (CAESR) director during 2010-2011.
Currently, he is a Professor at Concordia University, Montréal, Québec, Canada (since 2011) as Tier
1 Canada Research Chair in Advanced Antenna Systems. He was an Associate Editor of Antennas
and Propagation Society Newsletters from 1990 to 1993. He was a distinguished lecturer for the Antennas and Propagation Society (2013-2015). He was an Editor of Antennas and Propagation Magazine
(1993-2014). He was a Co-editor of the special issue, “Advances in the Application of the Method of
Moments to Electromagnetic Scattering Problems,” in the ACES Journal. He was also an editor of the
ACES Journal during 1997. He was an Editor-in-Chief of the ACES Journal from 1998 to 2001. He was
the chair of the Physics and Engineering Division of the Mississippi Academy of Science (2001-2002).
He was a Guest Editor of the special issue on artificial magnetic conductors, soft/hard surfaces, and
other complex surfaces, in the IEEE Transactions on Antennas and Propagation, January 2005. He
was a co-guest Editor in IEEE Antennas and Propagation and Wireless Letter on the special cluster on
“5G/6G enabling antenna systems and associated testing technologies.” He was a technical program
committee member for several international conferences. He was a member of the AP-S AdCom (20132015). He was the 2017 AP-S president.
Prof. Kishk and his students received several awards. He won the 1995 and 2006 outstanding paper
awards for papers published in the Applied Computational Electromagnetic Society Journal. He received
the 1997 Outstanding Engineering Educator Award from the Memphis section of the IEEE. He received
the Outstanding Engineering Faculty Member of the Year in 1998 and 2009, Faculty research award for
outstanding research performance in 2001 and 2005. He received the Award of Distinguished Technical Communication for IEEE Antennas and Propagation Magazine’s entry, 2001. He also received The
Valued Contribution Award for outstanding Invited Presentation, “EM Modeling of Surfaces with STOP
or GO Characteristics – Artificial Magnetic Conductors and Soft and Hard Surfaces” from the Applied
Computational Electromagnetic Society. He received the Microwave Theory and Techniques Society,
Microwave Prize 2004. He received the 2013 Chen-To Tai Distinguished Educator Award of the IEEE
Antennas and Propagation Society. In recognition, “For contributions and continuous improvements to
teaching and research to prepare students for future careers in antennas and microwave circuits, Kishk
is a Fellow of IEEE since 1998, Fellow of Electromagnetic Academy, and a Fellow of the Applied Computational Electromagnetics Society (ACES). He is a member of the Antennas and Propagation Society,
Microwave Theory and Techniques, Sigma Xi Society, Senior member of International Union of Radio Science, Commission B, Phi Kappa Phi, Electromagnetic Compatibility, and Applied Computational
Electromagnetics Society.
Gap Waveguide Technology Helps Design Efficient Antennas Arrays for mmWave Applications
Gap waveguide (GWG) technology will be introduced in this talk, which is a highly efficient guiding structure at millimeter-wave bands. It is self-packaged with no radiation losses. Based on this technology,
several highly efficient antenna arrays will be presented. In addition, examples of added functions to the
arrays will be presented, such as Diplexers separating transmit and receive bands and monopulse array
with compact comparable based on the gap waveguide technology, and leaky-wave antenna array for
frequency scanning properties.
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Stefano Maci
University of Siena, Italy
From the second to the third generation of metasurface
antennas
Biography : Stefano Maci received the Laurea Degree cum Laude at University of Florence in 87 and from ‘97 is a Professor at the University of
Siena. His research interest includes high-frequency and beam representation methods, computational electromagnetics, large phased arrays, planar
antennas, reflector antennas and feeds, metamaterials and metasurfaces.
Since 2000 he was member the Technical Advisory Board of 12 international conferences, member of
the Review Board of 6 International Journals. He organized 25 special sessions in international conferences, and he held 10 short courses in the IEEE Antennas and Propagation Society (AP-S) Symposia
about metamaterials, antennas and computational electromagnetics. In 2004-2007 he was WP leader
of the Antenna Center of Excellence (ACE, FP6-EU) and in 2007-2010 he was International Coordinator
of a 24-institution consortium of a Marie Curie Action (FP6). He has been Principal Investigator from
2010 of 6 cooperative projects financed by European Space Agency. In 2004 he was the founder of
the European School of Antennas (ESoA), a post graduate school that presently comprises 34 courses
on Antennas, Propagation, Electromagnetic Theory, and Computational Electromagnetics and 150 teachers coming from 15 countries. Since 2004 is the Director of ESoA.
Professor Maci is IEEE Fellow since 2004, he has been a former member of the AdCom of IEEE Antennas and Propagation Society (AP-S), associate editor of AP-Transaction, Chair of the Award Committee
of IEEE AP-S, and member of the Board of Directors of the European Association on Antennas and
Propagation (EurAAP). From 2008 to 2015 he has been Director of the PhD program in Information
Engineering and Mathematics of University of Siena, and from 2013 to 2015 he was member of the
National Italian Committee for Qualification to Professor. He has been former member of the Antennas and Propagation Executive Board of the Institution of Engineering and Technology (IET, UK). He
is presently the director of the consortium FORESEEN, presently involving 48 European Institutions,
and principal investigator of the Future Emerging Technology project “Nanoarchitectronics” of the 8th
EU Framework program. He was co-founder of 2 Spin-off Company. He is a Distinguished Lecturer of
the IEEE Antennas and Propagation Society (AP-S), and recipient of the EurAAP Award in 2014, of the
IEEE Shelkunoff Transaction Prize 2015, and of the Chen-To Tai Distinguished Educator award 2016.
In 2020 will be TPC Chair of the METAMATERIAL conference. In the last ten years he has been invited
25 times as key-note speaker in international conferences. The research activity of Professor Maci is
documented in 150 papers published in international journals, (among which 100 on IEEE journals),
10 book chapters, and about 400 papers in proceedings of international. These papers have received
around 6800 citations with h index 41.
Manipulating Circularly Polarized Optical Radiation with Functional Metasurfaces
Metasurfaces have the potential to emerge as essential components for classical and nonclassical optical fields. In this talk, I will first present two examples on how to use metasurfaces to design quarter-wave
plates that can not only allow broadband circular-to-linear polarization conversion but also generate vector vortex beams or function as a versatile beam splitter. After that, I will talk about a conceptually new
approach to the room-temperature generation of circularly polarized, well-collimated single photons.
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Marta Martínez-Vázquez
Renesas Electronics Europe, Germany
The challenge of simulation in modern antenna design
Biography : Marta Martínez-Vázquez was born in Santiago de Compostela, Spain, in 1973. She obtained her MSc. and PhD. degrees in Telecommunication Engineering from the Universidad Politécnica de Valencia,
Spain, in 1997 and 2003, respectively. In 2000 she joined the Antennas
and EM Modelling department of IMST GmbH in Germany. She is now with
Renesas Electronics (Germany). Her research interests include the design
and applications of antennas for mobile devices, array antennas , sensors, and RF systems.
Dr. Martínez-Vázquez is currently a member of the IEEE AP-S Education Committee and the IEEE AP-S
Distinguished Lecturers Committee. She is a former vice-chair of the European Association of Antennas
and Propagation (EurAAP) and a former member of the Administrative Committee of the IEEE Antennas
& Propagation Society. She has served as a Distinguished Lecturer for the IEEE AP-S. She has been
the chair of the COST IC1102 Action “Versatile, Integrated and Signal-aware Technologies for Antennas
(VISTA) and the vice-chair of the COST IC0603 Action “Antenna Sensors and Systems for Information
Society Technologies.” Previously, she was a member of the Executive Board of the ACE (Antennas
Centre of Excellence) Network of Excellence and the leader of its small antennas activity.
She is currently a feature Editors of the IEEE Antennas & Propagation Magazine and an Associate
Editor of the IET Microwaves, Antennas & Propagation Journal. She has over 90 publications, including
books, book chapters, journal and conference papers and patents. Dr. Martínez-Vázquez has been
awarded the 2004 Best Ph.D. award of the Universidad Politécnica de Valencia and the 2013 IEEE APS Lot Shafai Mid-Career Distinguished Achievement Award.
The challenge of EM simulation for the design of automotive radar frontends
This presentation analyses the trends for automotive radar systems, including high-definition imaging
and new sensor architectures. The focus will be on RF performance and its impacts on the frontend
design. Design bottlenecks like the interface between the MMIC and the radar board, electromagnetic
interference or the effect of the casing and the fascia will be discussed.
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Yahya Rahmat-Samii
University of California - Los Angeles, USA
From EBG’s to Meta-Surfaces and Beyond : Recent Developments and Novel Engineering Applications
Biography : Yahya Rahmat-Samii is a Distinguished Professor, a holder of
the Northrop-Grumman Chair in electromagnetics, a member of the U.S.
National Academy of Engineering (NAE), a Foreign Member of the Chinese Academy of Engineering (CAE) and the Royal Flemish Academy of
Belgium for Science and the Arts, the winner of the 2011 IEEE Electromagnetics Field Award, and the Former Chairman of the Electrical Engineering
Department, University of California at Los Angeles (UCLA), Los Angeles, CA, USA. He was a Senior
Research Scientist with the Caltech/NASA’s Jet Propulsion Laboratory. He has authored or coauthored
more than 1100 technical journal and conference papers and has written over 36 book chapters and six
books and is the holder many patents. He has more than 20 cover-page IEEE publication articles.
Prof. Rahmat-Samii is a fellow of IEEE, AMTA, ACES, EMA, and URSI. He was a recipient of the Henry
Booker Award from URSI, in 1984, which is given triennially to the most outstanding young radio scientist
in North America, the Best Application Paper Prize Award (Wheeler Award) of the IEEE Transactions
on Antennas and Propagation in 1992 and 1995, the University of Illinois ECE Distinguished Alumni
Award in 1999, the IEEE Third Millennium Medal and the AMTA Distinguished Achievement Award in
2000. In 2001, he received an Honorary Doctorate Causa from the University of Santiago de Compostela, Spain. He received the 2002 Technical Excellence Award from JPL, the 2005 URSI Booker Gold
Medal presented at the URSI General Assembly, the 2007 IEEE Chen- To Tai Distinguished Educator
Award, the 2009 Distinguished Achievement Award of the IEEE Antennas and Propagation Society,
the 2010 UCLA School of Engineering Lockheed Martin Excellence in Teaching Award, and the 2011
campus-wide UCLA Distinguished Teaching Award. He was also a recipient of the Distinguished Engineering Educator Award from The Engineers Council in 2015, the John Kraus Antenna Award of the
IEEE Antennas and Propagation Society and the NASA Group Achievement Award in 2016, the ACES
Computational Electromagnetics Award and the IEEE Antennas and Propagation S. A. Schelkunoff Best
Transactions Prize Paper Award in 2017. Rahmat-Samii was the recipient of the prestigious Ellis Island
Medal of Honor in 2019. The medals are awarded annually to a group of distinguished U.S. citizens
who exemplify a life dedicated to community service. These are individuals who preserve and celebrate
the history, traditions, and values of their ancestry while exemplifying the values of the American way of
life and are dedicated to creating a better world. Among the receipts of this honor are seven US presidents to name the few. He is listed in Who’s Who in America, Who’s Who in Frontiers of Science and
Technology and Who’s Who in Engineering. He has been a plenary and millennium session speaker at
numerous national and international symposia.
He has had pioneering research contributions in diverse areas of electromagnetics, antennas, measurements and diagnostics techniques, numerical and asymptotic methods, satellite and personal communications, human/antenna interactions, RFID and implanted antennas in medical applications, frequencyselective surfaces, electromagnetic band-gap and meta-material structures, applications of the genetic
algorithms and particle swarm optimizations. He is the designer of the IEEE Antennas and Propagation
Society logo which is displayed on all IEEE AP-S publications. He was the 1995 President of the IEEE
Antennas and Propagation Society and 2009–2011 President of the United States National Committee
(USNC) of the International Union of Radio Science (URSI). He has also served as an IEEE Distinguished Lecturer presenting lectures internationally.
From EBG’s to Meta-Surfaces and Beyond : Recent Developments and Novel Engineering Applications
This plenary talk will review the development of various electromagnetic meta-structures, as well as
the state-of-the-art concepts, designs and manufacturing techniques including Fused Deposition Modeling (FDM), Stereolithography (SLA), Direct Metal Laser Sintering (DMLS), Inkjet printing and ChargeProgrammed Multi-material 3D Printing. Furthermore, a wealth of practical examples will be presented
to illustrate promising applications of these intriguing concepts.
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David R. Smith
Duke University, USA
Large Aperture Metasurface Antennas to Enable RapidRevisit, Satellite-Based Synthetic Aperture Radar
Biography : David R. Smith is the James B. Duke Distinguished Professor
of the Electrical and Computer Engineering Department at Duke University, where he also serves as Director for the Center for Metamaterial and
Integrated Plasmonics. Dr. Smith is also the Founding Director of the Metamaterials Commercialization Center at Intellectual Ventures in Bellevue,
Washington. Dr. Smith received his Ph.D. in 1994 in Physics from UCSD.
Dr. Smith’s research interests include the theory, simulation and characterization of unique electromagnetic structures, including photonic crystals, metamaterials and plasmonic nanostructures. Smith and
his colleagues demonstrated the first left-handed (or negative index) metamaterial at microwave frequencies in 2000, and also demonstrated a metamaterial “invisibility cloak” in 2006. In 2005, Dr. Smith
was part of a five-member team that received the Descartes Research Prize, awarded by the European
Union, for their contributions to metamaterials and other novel electromagnetic materials. In 2006, Dr.
Smith was selected as one of the “Scientific American 50.” Since 2009, Dr. Smith has continually been
named a “Citation Laureate” by ISI Web of Knowledge for having among the most number of highly cited
papers in the field of Physics. Dr. Smith is a co-recipient of the McGroddy Prize for New Materials, awarded by the American Physical Society, for “the discovery of metamaterials” (2013). In 2016, Dr. Smith
was elected to the National Academy of Inventors. Dr. Smith has recently been active in transitioning
metamaterial concepts for commercialization, being a co-founder of Evolv Technology, Echodyne Corporation, Pivotal Commware, and advisor to Kymeta Corporation—all companies devoted to developing
metamaterial products.
Large Aperture Metasurface Antennas to Enable Rapid-Revisit, Satellite-Based Synthetic Aperture Radar
We present the case for waveguide-fed, metasurface apertures as spaceborne antennas for synthetic
aperture radar (SAR) imaging. Remote surveillance of earth has gained increasing relevance, both for
military as well as commercial purposes. Low- and mid-frequency microwaves have the advantage of
penetrating clouds and possibly other obstructions, enabling the capability to persistently monitor terrestrial targets. However, widescale coverage over large portions of the earth requires a significantly
large constellation of satellites, each equipped with an appropriate SAR system operating in either a
monostatic mode or cooperating with other satellites in a multstatic mode. The SAR antenna must have
a suitably large aperture to produce a reasonable beam profile ; must have minimal DC power requirements ; must be efficient, preferably without active heat management ; should be able to steer over
a wide angular range electronically ; should be low-cost ; and should have minimal weight and profile.
These and many other similar requirements motivate the use of metasurface apertures, which can be
designed to satisfy all of these requirements due to their simplified architecture. With recent advances
in launch capabilities rapidly driving down the costs and complexity of satellite deployment, a highperformance, low-profile, and low-cost SAR antenna is the key component to enable an appropriately
sized constellation for earth observation. Such a constellation could achieve rapid revisit times, allowing
the same target to be imaged at radio frequencies over intervals of tens of minutes or fewer. Given the
cost per square meter and relative performance of the metasurface aperture, we believe metasurface
apertures will play a pivotal role in future satellite-based SAR systems.
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Nikolay Zheludev
University of Southampton (UK) and Nanyang Technological
University (Singapore)
Metamaterials, anapoles and flying donuts
Biography : Nikolay Zheludev is fellow of the Royal Society and member
of the United States National Academy of Engineering. He graduated and
was awarded PhD and DSc from Moscow State University. After working as
a group leader at the Nonlinear Optics Laboratory at Moscow State University he was appointed a lecturer at the University of Southampton in 1991.
He became Chair Professor of Physics and Astronomy in 2000 and Deputy
Director (Physics) of Southampton Optoelectronics Research Centre in 2006. Since 2019 he is deputy
director of Zepler Institute at Southampton University. From 2012 he became the Founding Director of
the Centre for Disruptive Photonic Technologies (CDPT) at Nanyang Technological University (NTU),
Singapore. In 2014 he became founding co-Director of the Photonics Institute at NTU.
Professor Nikolay Zheludev is duly regarded by his peers as a pioneer and world leader in the fields of
nanophotonics and metamaterials that will make light a major enabling technology of the 21st century.
In particular he made seminal contributions to paradigm of metamaterials with “Optical Properties on
Demand”, he developed metamaterials with controlled dispersion, boundary conditions and polarization
properties, pioneered a new generation of nonlinear, gain, switchable, nano-mechanical and memory
metamaterials, introduced the ground-breaking concept of nanophotonics of structural transformations,
introduced and developed the “active plasmonics” paradigm, provided the first experimental studies of
optical super-oscillations and discovered several new phenomena of nonlinear polarization optics. They
are laying the foundation for the development of the new generation of nanotechnology enabled solutions operating across the entire electromagnetic spectrum such as high-bandwidth low-intensity optical
switching solution, wavefront management dispersion and polarization control devices, data processing,
optical tagging and optical data storage devices, super-resolution imaging devices, detectors and nanolasers and many others. Professor Zheludev is the Web of Science Highly Cited Researcher.
Professor Zheludev has been recognized by the academic community and stakeholders as one of the
most influential researchers : he was appointed to Leverhulme Trust Senior Research Professor awarded to “outstanding researchers” (2000), as an EPSRC Senior Research Professor awarded to “outstanding academic scientists and engineers of international repute” by the of the Engineering and Physical
Sciences Research Council (2002) and was awarded the Royal Society Wolfson Research Professor
(Merit Award) to “respected scientists of outstanding achievement and potential” (2009). He is Fellow of
the Institute of Physics (London), Optical Society of America, American Physical Society and European
Physical Society that only has less than 100 fellows. In 2015 he received the Thomas Young Medal.
(IOP) for “global leadership and pioneering, seminal work in optical metamaterials and nanophotonics”.
In 2018 he received The Nanyang Research Award.
Metamaterials, anapoles and flying donuts
In this talk we overview recent progress in toroidal electrodynamics including discoveries of toroidal moments, anapoles and the generation and detection of toroidal pulses. We will report on the unique supertoroidal pulses, propagating skyrmionic formations of electromagnetic fields that can be non-diffracting
and exhibit superoscillatory behaviour.
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KEYNOTE SPEAKERS
Federico Capasso
Harvard University, USA
Structured light and dark

Wenshan Cai
Georgia Institute of Technology, USA
Field- and Carrier-Enabled Nonlinear Nanophotonics

Debashis Chanda
University of Central Florida, USA
Building Uncooled Infrared Camera based on One Atom Thick Graphene

Christophe Couteau
University of Technology of Troyes (UTT), France
Quantum photonics using nanodiamonds and integrated optics

Christophe Craeye
Université catholique de Louvain, Belgium
Integral equations for metasurface design

Juan Sebastian Gomez Diaz
University of California, Davis, USA
Non-reciprocal phased-array antenna systems

Mona Jarrahi
University of California Los Angeles, USA
Plasmonic heterodyne terahertz receivers with quantum-level sensitivity at
room temperature

Panagiotis Kosmas
Kings’ College London, UK & Meta Materials Europe SA, Athens, Greece
Microwave Imaging for Medical Diagnostics
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Masaya Notomi
NTT Basic Research Labs., Japan
Generating topological states with non-Hermitcity and symmetry breaking

Eva Rajo-Iglesias
University Carlos III of Madrid, Spain
Gap Waveguide Technology using Periodic Structures with Higher Symmetries

Junsuk Rho
Pohang University of Science and Technology (POSTECH), Korea
Intelligent inverse design in nanophotonics using deep-learning

Kaushik Sengupta
Princeton University, USA
Terahertz Chip-Scale Systems
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CONFERENCE TUTORIALS
AES 2022 will initiate a series of technical tutorials instructed by world-leading experts on various topics
of interest to the AES community. Tutorials are intended to provide a high quality learning experience to
conference attendees.

Tutorials & Instructors

Prof. Qammer H. Abbasi
University of Glasgow, UK
Tuesday 24th May
15:00 - 16:00 — Auditorium I

Machine learning enabled wearables for plants and
humans at nano scale
Advancement in nanotechnology has made it possible to manufacture sensors, circuits and devices measuring only nano-meters in size. This development is creating an extraordinary
opportunity to observe, interact, and optimize physical systems from the very bottom. Wireless communication and networking at nanoscale, however, faces new challenges not encountered in conventional
sensor networks. For example, nanoscale antenna calls for wireless communication in the Terahertz
band, which encounters new path loss d noise phenomena posing significant challenges for many target applications of such networking. Nanoscale computing and communication is a new and rapidly
growing field of research promoting collaboration between wireless networking, nanotechnology, and
other fundamental disciplines. However, the research is in its early stages to realize communication
and networking at the nanoscale. Currently, there is no definitive standard that provides guidelines and
regulation for nanoscale communication and networking. This motivates this proposal to shed light on
and promote this area of research and foster.
The objective of this tutorial is to present the opportunities, challenges, and recent advancements of
this new and growing inter-disciplinary field explicitly in healthcare and agricultural technology domains
using terahertz frequencies.
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Prof. Stefano Maci
University of Siena, Italy
Thursday 26th July
15:00 - 16:00 — Auditorium I

Guidance and Radiation of Metasurface-Waves
Metasurfaces constitute a class of thin metamaterials, which can be used from microwave to optical frequencies to create new electromagnetic engineering devices.
At microwave frequencies, they are obtained by a dense periodic texture of small elements printed on
a grounded slab. Changing the dimension of the elements, being the sub-wavelength 2D-periodicity
equal, gives the visual effect of a pixelated image and the electromagnetic effect of a modulation of
the equivalent local reactance. The modulated metasurface reactance (MMR) so obtained is able to
transform surface or guided waves into different wavefield configurations with required properties. The
MMR allows a local modification of the dispersion equation and, at constant operating frequency, of
the local wavevector. Therefore, a metasurface modulation permits addressing the propagation path
of a surface wave, according with a generalized Fermat principle, as happen in ray-field propagation
in inhomogeneous solid medium. This may serve for designing lenses or point-source driven beamforming networks. When the MMR exhibits a periodic modulation along the SW wavevector, the wave
propagation is accompanied by leakage ; i.e., a surface wave is transformed into a leaky-wave, and the
structure itself becomes an extremely flat antenna. In every case, introducing asymmetry in the pixel
allows for a polarization control. In this tutorial, the basic wave mechanisms will be reviewed showing
several antenna applications.
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AES 2022 VENUE
AES 20122 is held at
Kenzi Rose Garden Hotel
Avenue President Kennedy
Marrakesh, Morocco

CONGRESS CENTER FLOOR PLANS

Conference Center - Kenzi Rose Garden Farah Marrakech
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Presenters are requested to stand by their posters during their session. One poster board, A0 size
(118.9 x 84.1 cm), in portrait orientation, will be available for each poster. Pins or thumbtacks are provided to mount your posters on the board. All presenters are required to mount their papers 30mn before
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over different time zones where poster presenters will discuss their posters with the attendees via video
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https://aesconference.org/index.php/AES22/index/pages/view/online_poster
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Are We Alone? NASA Technologies to Find Life
Beyond Earth and Answers to Other Science
Questions
Goutam Chattopadhyay
NASA-Jet Propulsion Laboratory, California Institute of Technology
4800 Oak Grove Drive, Pasadena, CA 91109, USA.
NASA’s Jet Propulsion Laboratory, which completed eighty years of its existence
in 2016, builds instruments for NASA missions. Exploring the universe and our
own planet Earth from space has been the mission of NASA. Robotics missions
such as Voyager, which continues to go beyond our solar system, missions to Mars
and other planets, exploring the stars and galaxies for astrophysics missions,
exploring and answering the question, “are we alone in this universe?” has been
the driving force for NASA scientists for more than six decades.
Fundamental science questions drives the selection of NASA missions. We develop
instruments to make measurements that can answer those science questions. In this
presentation, we will present an overview of the state of the art instruments that we
are currently developing and layout the details of the science questions they will try
to answer. Rapid progress on multiple fronts, such as commercial software for
component and device modeling, low-loss circuits and interconnect technologies,
cell phone technologies, and submicron scale lithographic techniques are making it
possible for us to design and develop smart, low-power yet very powerful
instruments that can even fit in a SmallSat or CubeSat. We will also discuss the
challenges of the future generation instruments in addressing the needs for critical
scientific applications.
The research described herein was carried out at the Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, California, USA, under contract with
National Aeronautics and Space Administration.
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The challenge of EM simulation for the design of automotive radar
frontends
Marta Martínez-Vázquez
Automotive Analog & Power Product Marketing Division, Automotive Solution Business Unit, Renesas Electronics Europe
GmbH, Düsseldorf, Germany
marta.martinez.wh@renesas

Abstract
RADAR has proved its reliability and performance in ADAS applications like adaptive cruise control, and it is expected that
its use will be extended. This presentation analyses the trends for automotive radar systems, including high-definition imaging
and new sensor architectures. The focus will be on RF performance and its impacts on the frontend design. Design bottlenecks
like the interface between the MMIC and the radar board, electromagnetic interference or the effect of the casing and the fascia
will be discussed.
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The Next Generation of Metasurface Antennas
Stefano Maci
1

Department of Information Engineering and Mathematics, University of Siena, Siena, Italy
E-mail: macis@dii.unisi.it

Abstract
“Metasurface” (MTS) denotes a surface constituted at microwave frequency by PCB or 3D printed elements small in terms of
wavelengths that collectively exhibits equivalent homogeneous boundary conditions to any interacting electromagnetic fields.
MTSs have had and are having a strong impact in Antenna applications. In the years 2000-2010 MTS for antennas were
essentially uniform in space and realized by periodic printed elements. This was the first generation of MTS. In the second
generation (2010-2020), MTS for antennas was constructed in such a way to change boundary conditions in space and control
the scattered field. Today we are facing a transition to the third generation of MTS antennas, where MTSs change boundary
conditions in space and time, opening new perspectives in 5G communications and beyond. In this presentation, the evolution
of MTS antennas is described, with new ideas and examples on future communication scenarios. Fig. 1 presents a roadmap and
some pictures of prototypes presented in the talk.

Fig. 1 Roadmap of metasurface antennas and some of the prototypes discussed in the talk.
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Gap Waveguide Technology Helps Design Efficient Antennas Arrays
for mmWave Applications
Ahmed A Kishk
Department of Electrical and Computer Engineering, Concordia University
Montreal, Canada
*corresponding author, E-mail: ahmed.kishk@concordia.ca

Abstract
Gap waveguide (GWG) technology will be introduced in this talk, which is a highly efficient guiding structure at millimeter-wave bands. It is
self-packaged with no radiation losses. Based on this technology, several highly efficient antenna arrays will be presented. In addition,
examples of added functions to the arrays will be presented, such as Diplexers separating transmit and receive bands and monopulse array
with compact comparable based on the gap waveguide technology, and leaky-wave antenna array for frequency scanning properties.

The fifth-generation (5G) and beyond for the wireless network was the driving force in increasing the demand for millimeterwave frequency systems to cover the high demand for faster data and reliable service in mobile communication. At these
frequencies, the propagation path loss and material losses increase reducing the system efficiency. Therefore, there is a need for
efficient millimeter-wave guiding structures that overcome such limitations. Gap waveguide (GWG) technology is found to
overcome such limitations at millimeter-wave bands. The advantages of this structure are in its suitability for millimeter-wave
applications as it is self-packaged with no radiation losses. Such a guiding structure is based on the bandwidth of the
electromagnetic bandgap (EBG) of a periodic structure within which the guiding structure is operating. A minimum of 1:2
bandwidth is achievable with the possibility of increasing it under some conditions. The GWG can be realized using several
technologies. Using such highly efficient guiding structures, highly efficient antenna arrays are realized. In this talk, several
highly efficient antenna arrays will be presented. In addition, examples of added functions to the arrays will be presented such
as Diplexers separating transmit and receive bands and monopulse array with compact comparable based on the gap waveguide
technology, and leaky wave antenna array for frequency scanning properties.
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Electromagnetic Skyrmions of Free Space
Nikitas Papsimakis1, Yijie Shen1, Nikolay I. Zheludev1,2
1

University of Southampton, UK and 2Nanyang Technological University, Singapore
E-mail: zheludev@souton.ac.uk

Abstract
The transverse electromagnetic waves generated by oscillating Hertzian dipole emitters are major
information and energy carriers. In 1996, Hellwarth and Nouchi theoretically identified a radically new,
non-transfer type of propagating electromagnetic pulses of toroidal topology that are propagating
counterparts of the localized toroidal dipoles. In this talk we overview recent progress in toroidal
electrodynamics including generation and detection of toroidal pulses, the study of their space-time
“entanglement” and isodiffraction behaviour and light-matter interactions involving anapoles. We will
report on the unique supertoroidal pulses, propagating skyrmionic formations of electromagnetic fields that
can be non-diffracting and exhibit superoscillatory behavior.
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From EBG’s to Meta-Surfaces and Beyond:
Recent Developments and Novel Engineering Applications
Yahya Rahmat-Samii
University of California Los Angeles, ECE Department Los Angeles, CA 90095-1594, USA
E-mail: rahmat@ee.ucla.edu

Abstract
It has been over a quarter of a century that modern engineered materials have found their ways in manipulating
electromagnetic waves. Advanced prototyping approaches and sound theoretical developments attracted many researchers
worldwide to contribute and suggest novel devices with out-of-the-box characteristics. There exist now many applications in
diverse areas of electromagentics engineering and antenna designs that researchers and engineers are excited to utilize the socalled “meta-materials” as part of their design tool kits. From frequency selective surfaces (FSS) to electromagnetic band-gap
(EBG) ground planes, from impedance boundaries to Huygens metasurfaces, novel electromagnetic structures have been
emerging in both microwaves and optics. Many intriguing phenomena occur within and on the surfaces of these structures with
profound utilizations in practical applications such as low profile antennas, reflectarrays, transmitarrays, bending lights, orbital
angular momentum beams, etc. This plenary talk will review the development of various electromagnetic meta-structures, as
well as the state-of-the-art concepts, designs and manufacturing techniques including Fused Deposition Modeling (FDM),
Stereolithography (SLA), Direct Metal Laser Sintering (DMLS), Inkjet printing and Charge-Programmed Multi-material 3D
Printing. Furthermore, a wealth of practical examples will be presented to illustrate promising applications of these intriguing
concepts. Representative materials will also be presented from two recent books, “Surface Electromagnetics: With
Applications in Antenna, Microwave and Optical Engineering”, Eds. F. Yang and Y. Rahmat-Samii, Cambridge University
Press, 2019, and “Electromagnetic Band Gap Structures in Antenna Engineering”, F. Yang and Y. Rahmat-Samii, Cambridge
University Press, 2009.
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Large Aperture Metasurface Antennas to Enable Rapid-Revisit,
Satellite-Based Synthetic Aperture Radar
David R. Smith1,2*, Michael Boyarsky1, Milton Perque2,
Tom Driscoll3, and Russell Hannigan4
1

Department of Electrical and Computer Engineering, Duke University, Durham, North Carolina, USA
2
Metacept Corporation, Durham, North Carolina, USA
3
Echodyne Corporation, Redmond, Washington, USA
4
Xplore Corporation, Redmond, Washington, USA
*corresponding author, E-mail: drsmith@duke.edu

Abstract
We present the case for waveguide-fed, metasurface apertures as spaceborne antennas for synthetic aperture radar (SAR)
imaging. Remote surveillance of earth has gained increasing relevance, both for military as well as commercial purposes.
Low- and mid-frequency microwaves have the advantage of penetrating clouds and possibly other obstructions, enabling the
capability to persistently monitor terrestrial targets. However, widescale coverage over large portions of the earth requires a
significantly large constellation of satellites, each equipped with an appropriate SAR system operating in either a monostatic
mode or cooperating with other satellites in a multstatic mode. The SAR antenna must have a suitably large aperture to
produce a reasonable beam profile; must have minimal DC power requirements; must be efficient, preferably without active
heat management; should be able to steer over a wide angular range electronically; should be low-cost; and should have
minimal weight and profile. These and many other similar requirements motivate the use of metasurface apertures, which can
be designed to satisfy all of these requirements due to their simplified architecture. With recent advances in launch capabilities
rapidly driving down the costs and complexity of satellite deployment, a high-performance, low-profile, and low-cost SAR
antenna is the key component to enable an appropriately sized constellation for earth observation. Such a constellation could
achieve rapid revisit times, allowing the same target to be imaged at radio frequencies over intervals of tens of minutes or
fewer. Given the cost per square meter and relative performance of the metasurface aperture, we believe metasurface apertures
will play a pivotal role in future satellite-based SAR systems.
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Nonreciprocal Phased-Array Antenna Systems
J. Sebastian Gomez-Diaz
Electrical and Computer Engineering Department, University of California, Davis, USA
E-mail: jsgomez@ucdavis.edu

Abstract
This talk describes the concept and experimental
demonstration of nonreciprocal phased-array antennas able
to exhibit (i) an independent control of their transmission and
reception patterns at the same operation frequency; and (ii)
nonreciprocity at the polarization level, i.e., the antennas
transmit with one polarization but receive with the opposite
handedness. The proposed approach can be applied to
develop efficient nonreciprocal phased-array antennas across
the electromagnetic spectrum and find broad applications in
wireless communication and polarimetric radar and sensing
systems.

1. Summary
Magnetless nonreciprocity [1] has recently attracted
significant attention to realize a wide variety of CMOScompatible devices such as isolators [2], circulators [3], and
filters [4,5] operating from radiofrequencies to the infrared
and telecom wavelengths [6,7]. However, these techniques
have mostly been applied to develop nonreciprocal guided
components whereas little attention has so far been devoted
to nonreciprocal antennas. Such devices have the potential
to significantly impact wireless communication, radar, and
sensing systems by enabling an independent manipulation of
their transmission and reception patterns, including
polarization, at the same operation frequency. The
prospective applications of such devices are enormous: from
enhanced channel capacity in MIMO radio links and radar
systems able to effectively handle jamming signals and
strong interferences to polarimetric sensors with boosted
performance that do not interfere the environment that they
are monitoring.
Very recent efforts in the field of nonreciprocal antennas
have been focused on spatio-temporally modulated leakywave structures [8-10] that exploit space-time transition to
provide isolation between transmission and reception in
specific directions in space. Unfortunately, it is challenging
to manipulate the radiation pattern and polarization of leakywave antennas at a fixed frequency, and these devices are
usually bulky and with little use in practice. Other option
could be to connect a standard antenna, like a planar YagiUda, with a nonreciprocal band-pass filter based on spatiotemporal modulation [11]. Even though this approach
provides over 20dB of isolation between transmission and
reception that can be reversed at will, it lacks reconfiguration
schemes to favor specific directions in space. In this context,

it should be mentioned that several types of time-modulated
metasurfaces have recently been put forward [12-15] to
manipulate plane waves propagating in free-space, including
frequency translation and nonreciprocal reflection/refraction
at fixed spatial directions.
In this invited talk, we will discuss a new type of
nonreciprocal component recently developed in our group:
phased-array antennas able to independently manipulate
their transmission and reception patterns at the same
operation frequency [16]. Our approach is based on merging
time-modulated resonators with high-Q structures –such a
patch antennas– to achieve very efficiency conversion
between only two frequencies (one related to waves in freespace and other to guided signals) and then taking advantage
of the photonic Aharonov-Bohm effect [17] to control in a
nonreciprocal manner the relative phases of the fields
radiated/received by the elements of the array. We will
demonstrate isolation over 40dB at desired, tunable
directions in space using a simple 2 element phased-array
system at 2.4 GHz, with important implications in the next
generation of radar and wireless communication systems.
Furthermore, we will theoretically and experimentally
demonstrate that a single antenna element can exhibit
nonreciprocity at the polarization level – i.e., transmit waves
with one polarization but receive waves with opposite
handedness [18]. Nonreciprocal polarization control has
critical implications in sensing systems. For instance, let us
consider an antenna radiating right-handed circularly
polarized (RHCP) waves. Upon a simple reflection on a
metallic screen, such waves acquire a left-handed circular
polarization (LHCP) and thus cannot be effectively received
by the same antenna. Antennas with nonreciprocal
polarization handedness are perfectly suited to receive
circularly polarized waves reflected on metallic surfaces and,
more broadly, to test the polarization response of unknown
objects. Our efforts constitute a significant step forward in
the state of the art of polarimetric systems, which usually
require independent transmit and receive antennas prone to
misalignments, and find exciting applications in sensors and
weather radars among many others.
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Terahertz Chip-Scale Systems
Kaushik Sengupta
IMRL Lab., Princeton University, Princeton, NJ, USA
*corresponding author, E-mail: kaushiks@princeton.edu

Abstract
Terahertz spectrum, through its ability to foster ultra-high speed dense networks and high resolution sensing applications, can
address a new class of emerging and exciting applications in autonomous systems, robotics, cyber-physical systems and
industrial quality control for 6G and beyond. While the last decade has seen tremendous advances in the field, enabling scalable
and chip-scale THz technology is still a major challenge. In this talk, we will discuss how new design approaches crosscutting
circuits/EM/systems partitions, to open new possibilities in enabling programmability and adaptability in these THz chip
technologies including programmable chip-scale THz sensors, THz metasurfaces and spatio-temporal control of THz fields for
physical layer security, and how these can enable new applications in sensing, imaging, security and localization.
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Gap Waveguide Technology using Periodic Structures with Higher
Symmetries
Eva Rajo-Iglesias1,*
1
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* E-mail: eva.rajo@uc3m.es

Abstract
Gap waveguide technology was first proposed ten years ago. Most of the existing designs are based on the use of the bed of nails
as periodic structure to create the required parallel plate stop band. In this work, the use of holes instead of pins for the
implementation of the groove version is presented. The periodic structure based on the use of holes requires the glide symmetrical
disposition of the unit cell to provide a complete and wide stopband for the parallel plate modes. Design guidelines for this
version will be detailed and the advantages in terms of manufacturing will be discussed together with the limitations when
compared to the use of pins. Some examples of designed antennas and components in the millimeter wave band using this
approach will be presented in the talk.
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Microwave Imaging for Medical Diagnostics
Panagiotis Kosmas1,2
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E-mail: panagiotis.kosmas@kcl.ac.uk; panagiotis.kosmas@metamaterial.com

Abstract
The talk will briefly introduce the principles of medical microwave imaging (MWI) and then review recent progress from Dr
Kosmas’ team on the development and validation of this technique for brain imaging. This will include a study on the impact of
using a metasurface to enhance signal penetration as well as a comparison of two-dimensional and three-dimensional
tomographic approaches. Results from complex numerical and experimental phantoms will examine the impact of critical MWI
aspects such as prior information.
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Integral equations for metasurface design
Christophe Craeye*1, Modeste Bodehou1, Jean Cavillot1, Denis Tihon1
1

ICTEAM Institute, Université catholique de Louvain,,Louvain-la-Neuve, Belgium
*corresponding author, E-mail: Christophe.craeye@uclouvain.be

Abstract
Among the different ways to solve Maxwell’s equations, integral-equation approaches are probably offering the most physical
insight. They allow the prediction of surface waves and their transformation into leaky waves. We will explain how integral
equations can be turned into a direct design tool, beyond traditional field analysis. This allows the design of metasurfaces with
prescribed radiation patterns, as well as the creation of multi-beam metasurfaces. Such a perspective on numerical methods may
also serve other fields of engineering.
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Plasmonic Heterodyne Terahertz Receivers with Quantum-Level, Sensitivity at
Room Temperature
Mona Jarrahi*
UCLA, USA
*corresponding author, E-mail: mjarrahi@ucla.edu

Abstract
We introduce a terahertz receiver that uses plasmonic photomixing for frequency downconversion to offer quantum-level
sensitivities at room temperature for the first time. Frequency downconversion is achieved by mixing terahertz radiation and a
heterodyning optical beam with a terahertz beat frequency in a plasmonics-enhanced semiconductor active region. With a
versatile design capable of broadband spectrometry, over a 0.1-5 THz bandwidth, we demonstrate receiver sensitivities down
to 3 times the quantum-limit at room temperature.
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Metaoptics for Active Photonics
Federico Capasso1
1
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Abstract
Metaoptics offer unique opportunities for light control through dispersion engineering and optical nonlinearities. Here we
demonstrate ultrashort pulse shaping with metasurfaces and new schemes for spatial light modulation and Gigahertz speed
transmission modulation based on Mie resonances and on organic layers with giant electrooptic coefficient.
Transparent materials do not absorb light but have profound influence on the phase evolution of transmitted radiation. One
consequence is chromatic dispersion causing ultrashort laser pulses to elongate in time while propagating. We experimentally
demonstrated ultrathin nanostructured coatings that resolve this challenge: we tailored the dispersion of silicon nanopillar arrays
such that they temporally reshape pulses upon transmission using slow light effects and act as ultrashort laser pulse compressors.1
The coatings induce anomalous group delay dispersion in the visible to near-infrared spectral region around 800 nm wavelength
over an 80 nm bandwidth. We characterized the arrays' performance in the spectral domain via white light interferometry and
directly demonstrate the temporal compression of femtosecond laser pulses. Applying these coatings to conventional optics
renders them ultrashort pulse compatible and suitable for a wide range of applications.
Tailored nanostructures also provide at-will control over the properties of light using nonlinear optics, with applications in
imaging and spectroscopy. Nanomaterials with χ(2) nonlinearities achieve highest switching speeds. Current demonstrations
typically require a trade-off: they either rely on traditional χ(2) materials, which have low non-linearities, or on quantum well
heterostructures that exhibit a high χ(2) in a narrow band. We have shown that a thin film of organic electro-optic molecules
JRD1 in polymethylmethacrylate combined with nanograting provides excellent performance for free-space optics: broadband
record-high nonlinearity (10-100 times higher than traditional materials at wavelengths 1100-1600 nm), a custom-tailored
nonlinear tensor at the nanoscale, and engineered optical and electronic responses.2 We demonstrated a tuning of optical
resonances by Δλ = 11 nm at DC voltages and a modulation of the transmitted intensity up to 40%. We realize 2 × 2 single- and
1 × 5 multi-color spatial light modulators and demonstrated their potential for imaging and remote sensing.2 The compatibility
with compact laser diodes, the achieved millimeter size and the low power consumption are further key features for laser ranging
or reconfigurable optics emitters.
We have also employed a metasurface from sub-wavelength Mie resonators that support quasi bound states in the continuum
(BIC) as a key mechanism to demonstrate electro-optic modulation of 34 free-space light with high efficiency at GHz speeds.
Our geometry relies on hybrid silicon-organic 35 nanostructures that feature low loss (Q = 550 at λ=1594 nm) while being
integrated with GHz compatible coplanar waveguides. We maximize the electro-optic response by using high-performance
electro-optic molecules (whose electro-optic tensor we engineer in-device to exploit r33 = 100 pm/V) 38 and by nanoscale
optimization of the optical modes. We demonstrate both DC tuning and high -speed modulation up to 5 GHz .
1.
2.

M. Ossiander, Y.-W. Huang, W. T. Chen, Z Wang, X Yin, YA Ibrahim, M Schultze, and F. Capasso. Nature
Communications, 12, 6518 (2021)
Ileana-Cristina Benea-Chelmus, M. L Meretska, D. L Elder, M. Tamagnone, L. R Dalton, and F. Capasso. Nature
Communications, 12, 5928 (2021)
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Abstract
The active manipulation of optical properties via external stimuli and the nonlinear wave-mixing of light with controlled means
are among compelling research directions in nanophotonics. In this talk, we explore active and nonlinear plasmonic
metamaterials by leveraging the field-induced disruption of the inversion symmetry for second-order optical processes, and
exploiting the hot-carrier-induced perturbation in structured optical media for ultrafast all-optical modulation and nonlinear
signal generation.
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Quantum photonics using nanodiamonds and integrated optics
Christophe Couteau1
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Abstract
We will present our recent work on integrated quantum photonics based on a hybrid system made of colour centres in
nanodiamonds and single photons within a common optical bus. This platform is a first step towards scalability for quantum
communications. Ultimately, we aim to achieve entanglement via the interaction between two nodes thanks to a common
photonics waveguide. We will present how we plan to control the positioning of nanodiamonds as well as the quantum
optics properties of such emitters.
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Building Uncooled Infrared Camera based on One Atom Thick Graphene
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Abstract

The talk will outline a novel strategy for uncooled, tunable, multispectral infrared detection. Due to the low
photon energy, detection of infrared photons is challenging at room temperature. One atom thick graphene
offers an alternative mechanism bypassing material bandgap restriction. Further, the ability of carrier
concentration modulation on graphene via external voltage offers dynamic spectral selectivity for “color”
night vision/sensing. The performance of preliminary demonstration compares favorably even with present
cryogenically cooled detection schemes paving the path for commercial development.
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Generating topological states with non-Hermiticity and symmetry
breaking
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Abstract
We present our recent theoretical and experimental works regarding ways to generate photonic topological states in photonic
crystals, by breaking the crystal symmetry, with adding phase-change materials / non-Hermitian periodic modulation. We also
show various interplays of polarization singular points and exceptional points in non-Hermitian photonic crystals, leading to
interesting chiral properties.

Conference Tutorials
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Machine learning enabled wearables for plants and humans
at nano scale
Qammer H. Abbasi
University of Glasgow, UK

Abstract
Advancement in nanotechnology has made it possible to manufacture sensors, circuits and devices measuring only nano-meters
in size. This development is creating an extraordinary opportunity to observe, interact, and optimize physical systems from the
very bottom. Wireless communication and networking at nanoscale, however, faces new challenges not encountered in
conventional sensor networks. For example, nanoscale antenna calls for wireless communication in the Terahertz band, which
encounters new path loss d noise phenomena posing significant challenges for many target applications of such networking.
Nanoscale computing and communication is a new and rapidly growing field of research promoting collaboration between
wireless networking, nanotechnology, and other fundamental disciplines. However, the research is in its early stages to realize
communication and networking at the nanoscale. Currently, there is no definitive standard that provides guidelines and regulation
for nanoscale communication and networking. This motivates this proposal to shed light on and promote this area of research
and foster.
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Guidance and Radiation of Metasurface-Waves
Stefano Maci
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Abstract
Metasurfaces constitute a class of thin metamaterials, which can be used from microwave to optical frequencies to create new
electromagnetic engineering devices. At microwave frequencies, they are obtained by a dense periodic texture of small elements
printed on a grounded slab. Changing the dimension of the elements, being the sub-wavelength 2D-periodicity equal, gives the
visual effect of a pixelated image and the electromagnetic effect of a modulation of the equivalent local reactance. The modulated
metasurface reactance (MMR) so obtained is able to transform surface or guided waves into different wavefield configurations
with required properties. The MMR allows a local modification of the dispersion equation and, at constant operating frequency,
of the local wavevector. Therefore, a metasurface modulation permits addressing the propagation path of a surface wave,
according with a generalized Fermat principle, as happen in ray-field propagation in inhomogeneous solid medium. This may
serve for designing lenses or point-source driven beam-forming networks. When the MMR exhibits a periodic modulation along
the SW wavevector, the wave propagation is accompanied by leakage; i.e., a surface wave is transformed into a leaky-wave, and
the structure itself becomes an extremely flat antenna. In every case, introducing asymmetry in the pixel allows for a polarization
control. In this tutorial, the basic wave mechanisms will be reviewed showing several antenna applications.

Antenna theory and design
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A Single-Layer, Near-to-Zero Index Metasurface Superstrate for
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Abstract
This paper presents a single-metallic-layer, near-to-zeroindex metasurface (NZIM) as a superstrate for an antenna to
achieve gain enhancement and circular polarization. The
proposed metasurface comprises an array of split ring
resonators (SRRs) rotated and aligned diagonally to provide
linear-to-circular polarization conversion when placed
above a linearly polarized patch antenna. Simulated and
measured results show that the proposed antenna system has
a 3-dB axial ratio bandwidth of 200 MHz, exhibits a righthand circular polarization (RHCP) with a good cross
polarization level, and achieves a 6-dB gain enhancement
thanks to the use of the NZIM superstrate.

1. Introduction
Metasurfaces with zero or near-to-zero refractive index,
permittivity, or permeability are among emerging techniques
to enhance performance of antennas [1-2]. While most
studies in the literature have been focusing on integrating
these metasurfaces with antennas to provide radiation
patterns with enhanced gains and linear polariziations, very
little attention has been given to circular polarization
applications. Circularly polarized (CP) antennas with high
gain, however, have being widely used in satellite, radar,
and space wireless communication systems [3-5]. More
recently, reference [6] introduces a linear-to-circular
polarization convertor using a zero-index metasurface,
which is implemented by two metallic layers sandwiching a
dielectric substrate. The circular polarization is obtained by
tuning two parameters, which are the two slits on the two
square rings of the unit cell. In this work, we propose an
NZIM with a similar function as the one presented in [6] but
having only one metallic layer, allowing for potentially
reduced implementation cost and simpler design procedure.
The proposed NZIM is used as a superstrate of a linearly
polarized patch antenna to achieve gain enhancement and
circularly polarized radiation. The circular polarization is
achieved by rotating the SRRs, which can generate two
orthogonal modes with a 90º phase difference. In what
follow, the design and numerical and experimental
characterization of the proposed high-gain, circularly
polarized antenna are presented.

2. Proposed Superstrate-Loaded Antenna Design
Fig. 1 shows the configuration of the proposed design. It
consists of a rectangular patch antenna placed below an
NZIM superstrate. The patch has dimensions of 16.29 × 21.5
mm2 and is printed on a grounded substrate of Rogers
RT/Duroid 5880 with a permittivity of 2.2, loss tangent of
0.002 and thickness of 0.787 mm. The patch antenna is fed
by a 50-Ω coaxial probe and was optimized in full-wave
simulations using CST Microwave Studio to provide a low
reflection coefficient as well as a linear polarization around
the center frequency of 5.8 GHz. The NZIM superstrate is
placed at a distance of 30 mm (about λ/2 at 5.8 GHz) above
the patch antenna to convert the linear polarized wave
radiated by the patch into a circularly polarized one. The
metasurface is a 2-D array of 9 × 9 elements and has the
same aperture area of 67.4 x 67.4 mm2 as the radiating
patch’s substrate. Each element of the metasurface consisted
of a smaller split-ring resonator (SSR) nested inside another
bigger SSR. The two SSRs have opposite slot orientations:
one ring has the slot at φ=135o while another ring has the
slot at φ=315o (refer to Fig. 1(b)). The outer ring has a radius
of 3.3 mm, the widths of the rings are 0.8 mm, the gap
between inner and outer rings is 0.8 mm, and the widths of
the splits are 0.4 mm. These parameters were selected to
place the quasi-static resonance of the unit SRRs within the
C-band of the microwave spectrum according to the theory
developed in [7]. The most attractive feature of this element
is its ability to exhibit a quasi-static resonant frequency at
wavelengths that are much larger than its own size.
CP Waves
NZIM

Air n=1
n ~- 0
λ/2

LP Waves

y

φ

x
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Figure 1: Proposed circular polarization High-Gain antenna with
NZIM polarizer. (a) Front view (b) NZIM metasurface polarizer

measurement results for the patch antenna alone (shown in
Fig. 3) further supports this hypothesis.

3. Simulation and Measurement Results

0

6

-5

5

-10
-15
Wo ZIM sim
W ZIM sim
Wo ZIM meas
W ZIM meas

-20
-25

Axial Ratio (dB)

SS11
(dB)
11(dB)

-30
5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0

Frequency(GHz)
(GHz)
Frequency
(a)

Realized Gain (dB)

We designed, fabricated, and measured a prototype of
the proposed high-gain CP antenna. The measured and
simulated reflection coefficients are presented in Figure
2(a). It can be seen that placing the NZIM above the patch
antenna slightly improves the impedance matching without
shifting the resonant frequency of the patch. Figure 2(b)
shows the simulated and measured axial ratios (ARs) of the
superstrate-loaded antenna prototype, demonstrating the
effectiveness of the NZIM metasurface in providing linearto-circular polarization conversion. The 3-dB axial-ratio
bandwidths observed from the simulation and measurement
are from 5.72 to 5.91 GHz (3.27 %) and from 5.83 to
6.11GHz (4.82%), respectively.
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Figure 3: Simulated and measured realized gains of the antenna
with and without ZIM polarizer superstrate.

4. Conclusions
A low profile, high-gain, circularly polarized antenna
using a NZIM metasurface is presented. The measurement
results agree well with full-wave simulations results,
demonstrating the effectiveness of the NZIM in enhancing
the antenna’s gain and converting a liner polarization to a
circular one. Future research on achieving larger AR
bandwidths is being conducted by the authors.
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Figure 2: (a) Simulation and measurement results for the (a)
reflection coefficient and (b) axial ratio of the high gain CP
antenna.

The measured and simulated realized gains of the patch
antenna without and with the NZIM metasurface around the
resonant frequency are depicted in Fig. 3. The measurement
and simulation results show good agreement. The measured
peak gain of 11.8 dBic is observed for the superstrateloaded antenna at the central operating frequency of 5.8
GHz, which is about 6 dB higher than that of the patch
antenna without the superstrate. As expected, the antenna
gain can be enhanced significantly in the whole operating
bandwidth (5.72-5.92 GHz) when the patch antenna is
loaded with the NZIM. The increase in gain can be
explained by the fact that the NZIM superstrate exhibits a
near-zero refractive index around the resonant frequency of
the patch antenna as discussed above. According to the
Snell–Descartes laws, when an incident wave radiated from
the patch antenna goes from a positive medium (air) to a
near-to-zero refractive index medium (the NZIM) with a
grazing angle, the transmitted wave will propagates normal
to the interface, producing a collimated beam, and hence the
gain enhancement.
There are slight frequency shifts observed between the
simulation and measurement results for the AR/realized
gain of the antenna with the NZIM superstrate (as seen in
Figs. 2-3). These small frequency shifts can be mainly
attributed to fabrication tolerances of the NZIM substrate
and uncertainties in positioning of the superstrate with
respect to the patch antenna. The fact that there is no
discernible frequency shift between the simulation and
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A slotted partial ground plane microstrip patch antenna
for ultrawide-band applications
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Abstract:
A New, compact, slotted partial ground plane, microstrip patch antenna developed for use in Ultrawideband application is studied in this paper.
To obtain the final and optimal UWB antenna design, a parametric analysis of the defected ground plane
structure was carried out to ensure that the antenna has a stable performance and an improved bandwidth,
The size of the defected ground plane was studied and investigated. This investigation and optimization
study was generated with help of the computer simulation technology CST simulator.
The antenna has an electrical small dimensions with a good gain, a notable efficiency and a wide
impedance bandwidth. Which make this antenna a good candidate for ultawide-band wireless
communication, microwave imaging and radar applications as well.
Key words:
Mictrostrip antenna, Ultrawide-band, defected ground plane, slotted ground plane, partial ground plane.
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Abstract
Fractal antennas allow for the design of Ultrawide-band
(UWB) antennas with a reduced footprint; we present a
novel technique for generating antenna geometries which
extend the Koch snowflake to angles other than 60 degrees.
This is achieved by generating a Koch curve of an arbitrary indentation angle and then circumscribing the curve
about the origin. Using our method, we achieve a 36 percent footprint area reduction compared to a traditional Koch
snowflake antenna with a center frequency of 4.1 GHz.

1. Introduction
The self-similar characteristics of fractal antennas allow
unique multi-band characteristics that are of importance
in UWB applications [1]. As fractal iterations increase,
the area of the antenna approaches a finite limit while the
perimeter of the fractal theoretically diverges to infinity;
this yields the space-filling property of fractals [2]. The
space-filling property allows a fractal antenna to have a
large electrical length within a compact form factor [3].
The Koch curve is one of the most commonly-used fractal antenna geometries because it demonstrates excellent efficiency at sizes approaching the theoretical limit for small
antennas [2].
The frequency characteristics of Koch curve antennas
are significantly affected by the fractal dimension of the
geometry, which is in turn affected by several factors: the
iteration, the indentation angle, and the scale. The fractal iteration is an effective design parameter for the Koch
curve antenna; as the iteration increases, the first resonant
frequency decreases and the harmonics shift nearer to the
resonant frequency. Similarly, the indentation angle can be
modulated to achieve desired frequency characteristics [4].
A Koch curve is created by iteratively transforming a
line segment into 4 equal line segments, each 14 the size of
the initial segment, which are arranged such that an equilateral triangle is added to the center of the line. A conventional Koch snowflake is created by performing the aforementioned iteration process on the sides of an equilateral
triangle. Because the initiator shape for a Koch snowflake
is an equilateral triangle instead of a simple line as in the
Koch curve, the indentation angle can not be modulated in
a Koch snowflake as it can be in a Koch curve.
This work provides an analytical framework for the angular transformation of an arbitrary linear Koch curve into a

Figure 1: Visualization of transformation procedure of
Koch curve to polar Koch snowflake.

closed snowflake geometry that allows designers more control over frequency and bandwidth without compromising
the overall footprint. For our work we use inkjet printing as
it decreases fabrication time, and allows direct modification
of the design since the antenna can go from simulation to
fabrication in a few steps. The Koch snowflake antennas are
made of a conductive ink printed directly on a polyimidebased dielectric substrate. Printed antennas have become
low cost to manufacture, compact form factor, and highfrequency characteristics [5]. Examples of the use for this
type of inkjet-printed antennas on light and flexible substrates are mobile devices that require lightweight antenna
elements that will not easily break if bent [6]. Other applications are low-cost IoT devices, and wearable RF devices
that can be flexed, bent, and manipulated without damage
or plastic deformation [7].

2. Polar Transformation of Koch Curve
2.1. Theoretical Modeling
The circumscription process begins with a Koch curve in
Cartesian coordinates generated from an initiating line segment of length L. The Koch curve iteration process is performed on this line segment with a given indentation angle
until the desired curve is reached.
Let Kn be the set of all points in the nth iteration Koch
curve. We propose a transformation T : R2 !→ R2 on Kn ⊂

R2 , defined as follows.
∀p = (a, b) ∈ Kn
"
!
""
!
!
2π
2π
a , sin
a
T (p) = (b + R) cos
L
L

This can be intuitively understood as the x-axis wrapping
around the unit circle in a counter-clockwise direction so
that the first and last points of the curve meet, thus forming
a closed geometry and can be visualized in Figure 1. The
resultant polar functions, r = r(ŷ) and θ = θ(x̂), are then
mapped to Cartesian coordinates for simplicity of plotting
and manufacturing with the transformation C : R2 !→ R2
given as;

y = r sin θ

(2)

The composite transforms x(x̂, ŷ) and y(x̂, ŷ), are
given below.
!
"
2π
x = (ŷ + R) cos
x̂
(3)
L
!
"
2π
y = (ŷ + R) sin
x̂
(4)
L
Figure 2 shows that the return loss of the circumscribed
3rd iteration 60° Koch curve is very similar to that of a
Koch snowflake with the same height, angle, and iteration. For the base case, a 60° snowflake, the polar transformation method generates a snowflake with almost identical perimeter and area characteristics as a conventional
Koch snowflake. This suggests that the polar transformation method is a valid extension of the traditional Koch
snowflake.Furthermore, as can be seen in Figure 3, the area
and perimeter characteristics are similar for both a standard Koch snowflake and the transformation described in
this work.
2.2. Design & Simulation
There are several new parameters made available to the designer by the polar transformation method which were not
previously available using a simple Koch snowflake, the
most significant being the indentation angle. The indentation angle strongly determines the fractal dimension of the
radiating patch geometry, which in turn inversely affects the
frequency response [4]. As the indentation angle decreases,
the center frequency also decreases and the additional resonant frequencies shift closer to one another. Conversely,
decreasing the angle has the opposite effect, moving the
resonant frequencies further apart and higher.
Increasing the fractal iteration of a conventional Koch
snowflake antenna decreases the resonant frequency, increases the quality factor, and increases the radiation resistance, but with diminishing returns [8]. The same trend is
reflected in simulations of the polar Koch geometries. The

Figure 2: S11 characteristics of Koch snowflake vs.
wrapped Koch snowflake for 60° indentation.
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Figure 3: Area plot(blue lines) and Perimeter(orange lines)
plots of a various wrapped Koch snowflakes in comparison
to a standard Koch snowflake.
radius of the polar circumscription affects the scale of the
patch geometry which in turn has an inverse relationship
with resonant frequency.
We designed antennas using the proposed method
which were printed with silver ink on Kapton polyimide
film as shown in Figure 7 and measured using an Agilent
PNA N5230A Vector Network Analyzer. The ground patch
was made small so that the effect of the radiating patch
geometries could be isolated from ground plane interactions.Inkjet printing simplifies the antenna fabrication process keeping it low-cost. The desired pattern is written directly onto the substrate followed by a rapid curing thermal
treatment. For the inkjet-printing of the antenna area we
used a conductive ink based on silver salt particles. After
curing at 140 °C for 10 minutes the ink forms a conductive
layer of the printed pattern. The printer used for this work
is a BotFactory SV2 PCB printer.
The measured results in Figure 5 show that the indenta-
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Figure 7: Design of three transformed Koch snowflakes for
45°, 60°, and 75°

3. Conclusions
tion angle effectively sets the multi-band characteristics and
resonant frequencies as expected. The measured frequency
characteristics for the 60° polar Koch geometry are similar to the simulated characteristics for the standard Koch
snowflake. Additionally, the 60° transformed and standard
snowflakes have very similar areas and perimeters through
various iterations, suggesting that the polar transformation
method is a valid extension of the standard Koch snowflake,
maintaining the same radiative and geometric features. Figure 4 shows that the measured results for different scales of
60° polar snowflakes have the same pattern as in simulation.
Simulations of standard Koch snowflake antennas and polar Koch antennas with an angle of 75° which are designed
to have the same primary resonant frequency demonstrate
the area-saving capabilities of the method laid out in this
work. The extent of these savings can be seen in Figure 6.
The area savings in this instance appear to diminish as the
resonant frequency increases because as the radiating patch
becomes smaller, the feed lines become dominant. In order to maintain a fair comparison, the feed lines were not
modified between resonant frequencies.

This work introduces a method for expanding the design
space of Koch snowflake UWB antennas through an additional design knob (indentation angle) with a procedure
for transforming a Koch curve into a polar Koch snowflake.
This allows designers to manipulate the indentation angle
to alter the frequency characteristics without increasing the
antenna footprint. Our measured results have validated the
technique and prove that indentation angle is an effective
additional design parameter for UWB antennas.
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Abstract
A polarization reconfigurable patch antenna truncated at the
corners has been presented in this paper. The proposed
antenna is covering the sub-6GHz band (4.8-5GHz). In
order to achieve reconfigurability, D-shaped slots have been
cut in the ground plane and two PIN diodes are inserted in
each slot. The antenna is capable of switching between two
polarization states i.e. linear polarization and circular
polarization. Moreover, 3D radiation pattern of the design is
also shown in order to check the pattern stability.

1. Introduction
In recent years, reconfigurable antennas have gained
extreme popularity due to their dynamic characteristics.
According to their functionality, they can be classified into
various types like polarization reconfigurable, pattern
reconfigurable, and frequency reconfigurable antennas [1].
Nowadays, circularly polarized antennas are in high demand
in the sub-6GHz band for 5G applications [2]. To fulfill such
requirement, many antennas have been developed with
dynamically switched polarization states. Polarization
reconfigurable antennas mainly uses PIN diodes [3], micro
electromechanical systems (MEMS) [4], or varactor diodes
[5] for switching.
Various single-fed [6-10] antennas have been developed in
the last few decades. Some of them showed the alteration in
the symmetry of the patch [6-8] while others shown the
alteration in the ground plane [9-10] in order to switch the
polarization states (linear to circular or LHCP to RHCP and
vice
versa).
Additionally,
multi-fed
polarization
reconfigurable antennas have also been developed in the
past few years. In [11], a square patch antenna is fed by two
ports at adjacent sides. Perturbations are added at the
opposite corners of the patch to achieve circular polarization
(CP). Ref. 12 presents a polarization diversity patch antenna
using reconfigurable feeding network. This polarization
reconfigurable design is able to provide dual linear and dual
circular polarizations. Furthermore, some designs use
metasurface to achieve the reconfigurability [13-15]. The
metasurface is placed on top of the substrate and is able to

switch the antenna between linear polarization (LP), lefthand circular polarization (LHCP) and right-hand circular
polarization (RHCP).
In this paper, a polarization reconfigurable patch antenna
which is truncated at the corners has been proposed. The
design is able to cover the sub-6GHz band from 4.8GHz to
5GHz. Two slots are cut in the ground plane and pin diodes
are inserted in each slot to achieve reconfigurability. The
paper is structured as follows: Section 2 describes the design
of the proposed antenna, Section 3 shows the results and
finally, the conclusion is drawn in Section 4.

2. Design of the patch antenna with polarization
reconfigurability
The proposed reconfigurable antenna is composed of three
layers namely patch, dielectric substrate, and ground. The
patch and ground are made of metal (copper) having
thickness 0.035mm and conductivity !=5.96×107 S/m. The
antenna is designed on a low-cost FR-4 substrate having
dielectric constant 4.4 and loss tangent tanδ=0.025. The
thickness of a dielectric substrate is 0.8mm. The design
configuration with detailed dimensions of the proposed
reconfigurable antenna is shown in Fig. 1. The top layer
consists of a metallic patch truncated at the corners while
two D-shaped slots are cut from the bottom layer (ground
plane). Further, two diodes are inserted in each slot, thus, in
total four diodes are incorporated in the proposed antenna
design to achieve polarization reconfigurability. The
proposed design is excited by 50Ω coaxial cable.

3. Results and Discussions
All the simulations of the proposed design are carried out
using CST MWS [16]. Fig. 2 shows the S-parameter at
three different diode cases; case 1-when all the four diodes
are on; case 2-when D1 (element 1), D2 (element 2) are on
and D3 (element 3), D4 (element 4) are off; case 3- when
D1, D2 are off and D3, D4 are on. It is observed that the
simulated S-parameter bandwidth of the proposed design is
more than 300MHz (4.73GHz-5.06GHz), covering the sub-

6GHz band (4.8GHz-5GHz). Moreover, it is also noted that
the resonance frequency remains same in all the cases.
In order to check the polarization reconfigurability of the
proposed antenna, axial ratio plot for the three mentioned
cases are shown in Fig. 3. It is observed that in case-1,
linear polarization is obtained as the axial ratio is more than
3dB for the entire frequency band whereas in case-2 and
case-3, circular polarization is obtained (axial ratio ≤ 3dB)
with an axial ratio bandwidth of 80MHz. Fig. 4 shows the
3D radiation pattern in three different cases. It is observed
that the pattern at the resonating frequency is same in all the
cases. Thus, it can be concluded that the proposed design is
polarization reconfigurable in the sub-6GHz band, without
affecting the frequency and pattern of the design.

Case-1

c

The paper describes the patch antenna, truncated at the
corners with D-shaped slots in the ground plane for
polarization reconfigurability. The proposed antenna is able
to cover the sub-6GHz band i.e. 4.8GHz-5GHz. PIN diodes
are incorporated in slots to switch the antenna between two
polarization states i.e. linear polarization and circular
polarization.

w

d

Top layer

Case-3

4. Conclusion

a
b

Case-2

Figure 4: 3D radiation pattern of the proposed antenna at
4.8GHz in three different cases.
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Figure 1: Detailed dimensions of the proposed
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Abstract
The Characteristic Mode Theory was developed by Professor Roger F. Harrington and his collaborators, relating currents in the
radiating structure to the associated modal fields. It has been extensively developed following the paper published by the
authors of this communication, revisiting the theory and applying it to the analysis of planar antennas. The latest advances in
cubesat, planar lens structures, antennas for MIMO applications for 5G applications and metamaterials are presented.

Characteristic Mode Theory
The theory of characteristic modes can be applied to 3D structures to achieve different types of antennas. As an example, the
currents and radiation patterns of the first modes of a cube are shown in Fig. 1 and 2.

Fig. 1. Current density and radiation pattern of the Electric Characteristic Modes of the cube at first resonance
The presentation will show some applications of lenses, metamaterials and MIMO applications.

Fig. 2. Current density and radiation pattern of the Magnetic Characteristic Modes of the cube at first resonance
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Abstract

2. Geometry of the antenna

This paper presents a Planar Inverted-F Antenna (PIFA)
design for a smartwatch application, optimized to operate
on the 2.4 GHz Bluetooth frequency band, on the proximity
of the human forearm. The PIFA antenna is mounted on the
watchstrap that is used as the antenna substrate. The
antenna is fed in a singular way, since a coplanar waveguide (CPW) transmission line is used to excite the antenna.
The antenna is integrated in the watchstrap, curved over the
phantom forearm and simulated along with the watchcase.
By a multi-layer substrate, half air half rubber we obtain a
return loss of –20 dB is obtained at 2.4 GHz, and an
efficiency of -5 dB, which represents a good efficiency
taking into account the effect of the human forearm.

The proposed structure is a Planar Inverted-F antenna,
optimized to operate at 2.4 GHz band. The main advantage
of using a PIFA is its reduced electric length and folded
structure. Moreover, the impedance matching of the PIFA
can be obtained by optimizing the space between feed and
shorting pins. The main idea designing a PIFA is not to use
any extra lumped components for matching network, and
thus avoid any losses due to those elements [2]-[3].

Keywords—PIFA
smartwatch, BLE.

antenna,

on-body

application,

1. Introduction
In recent years, research into wearable antenna applications
has gained a growing attention due to its potential
applications in areas such as E-health systems, home care,
security, and entertainment.
The antenna is to be lightweight, low cost, and maintenancefree, to meet the requirements of the application and the
market. Considering the miniaturization and stable
performance close to the human body, the planar inverted-F
antenna (PIFA) can be considered a good candidate [1].

Fig. 1 shows the geometry of the antenna. The dimensions
of the antenna are summarized in Table I. Using two
shorting pins instead of a shorting wall facilitates the
connection of the feeding CPW transmission line, besides
having an easy fabrication. A 50 Ω CPW line transmits the
power from the watchcase to the antenna. Six shorting pins
are placed on both sides of the CPW line to connect the
ground plane of the CPW line with the antenna ground
plane, as shown in Fig 1(a). The CPW has the dimensions
Wcpw, and g. The CPW feeds the radiating plate at a
distance fx from the shorted edge of the antenna. The
substrate used is half rubber half air. The antenna element
and CPW transmission line are made of cupper of thickness
0.35 µm. Fig.2 shows an overall view of the curved PIFA
antenna fed by a CPW line.

The structure proposed is a conventional PIFA optimized to
operate at 2.4 GHz, conformed on the watchstrap, along
with a CPW transmission line, that connects the antenna
with the watchcase. The watchstrap is made of a flexible
material, which will constitute the substrate on where the
antenna is mounted.
The simulation take into account the curving effect of the
antenna, the substrate used as the watchstrap, the watchcase,
the feeding technic, and the human body effect, to have a
more closer view to the behavior of the antenna in a real
case user.
Finally, the antenna reflection coefficient, efficiency and the
pattern radiation are evaluated with CST 2020, taking into
account the whole watch structure in the presence of the
human forearm phantom. A comparative table between the
proposed antenna and other existing antenna will be
presented as well.

Figure 1: Geometry of the proposed PIFA antenna fed by a
CPW transmission line (a) Top view and (b) Side view.

bandwidth for a -10 dB reference goes from 2.38 GHz to
2.43 GHz.
3.2. Radiation efficiency and total efficiency
The total efficiency (green curve) and radiation efficiency
(red curve) are shown in Fig. 5. As observed, at 2.4 GHz, the
total efficiency is -5.17 dB, and the radiation efficiency is -5
dB.

Figure 2: Geometry of the proposed PIFA antenna fed by a
CPW transmission.
Table 1: Dimensions of the antenna and CPW (units in mm)
Lg

Wg

H

Lu

Wu

Wcpw

g

fx

45.3

18.97

1.84

16.2

11.97

3.3

0.5

4.85

Figure 4: Simulated reflection coefficient of the proposed antenna
integrated in the watch strap in the presence of the human forearm
model.

Figure 3: Human forearm phantom, with the PIFA antenna
mounted on the rubber substrate of the watchcase.

Figure 5: Simulated total efficiency (green curve) and radiation

Fig.3 shows the antenna mounted on the watch strap,
modelled with a flexible substrate. The watch strap has
standard dimensions: Ls=200 mm, Ws=20 mm and
thickness Hs=1.84 mm. The substrate, which is the
watchstrap, is made of rubber, with a dielectric constant of
3 and loss tangent 0.001. The watchcase is modelled by
three elements: an external case made of polycarbonate
dielectric constant of 2.9 and a loss tangent of 0.1, a battery
made of PEC and a top cover made of glass. Fig.3 present
the human forearm model used for this simulation, and
table.2 the component. the human forearm phantom has four
layers [4]: The skin, fat, muscle and bone.

4. Conclusions

efficiency (red curve) of the proposed antenna considering the
human forearm and the complete watch.

A compact PIFA antenna designed for smartwatch
application, on the Bluetooth frequency band has been
presented. The antenna is mounted on a rubber watchstrap to
increase the available space inside the watch case. The effect
of the human body has been taking into account and a
realistic technique to feed the antenna using a CPW
transmission line has been proposed. The simulated results
confirm that the antenna is a good candidate for the
smartwatch application. A prototype of the antenna will be
fabricated to validate the simulated results and the Specific
Absorption Rate (SAR) will be calculated.

3. Discussion
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Abstract
This work presents the design and realization of four linear
arrays of microstrip rectangular patch antennas. This linear
array is one of the elements of a passive radar using signals
from 4G base stations for UAV detection. The arrays have
been validated and operate from 2.62 GHz to 2.69 GHz,
with a HPBW of 82° in H-plane and a maximal gain going
from 11.1 dB to 12.2 dB in the required bandwidth, with a
cosecant squared pattern in the E-plane.

1. Introduction

characterize the coupling of the 2D array and simulations of
the 4-column array. Finally, in section 5 we present the
prototype and its measurements.

2. Patch Antenna Design
The first step in our design is to optimize the patch antenna.
This optimization includes the rectangular patch with an
inset feed [5], the microstrip line arriving at the patch, a
mitered bend and a couple of quarter wavelength
transformers. The design with the optimized values is
presented in Fig. 1.

The threat of easy-to-deploy low-cost drones requires an
advanced detection for the protection of sensible sites (e.g.
airport runways, stadiums, industrial sites). The goal of the
DIOD project (Detection & Identification Of Drones) is to
develop a passive radar that uses 4G base stations to detect
small targets. This work presents the design of the receiving
antenna developed in the framework of the FUI (Fond
Unique Interministériel) DIOD project.
Many solutions exist to detect the presence of drones with
mechanical, optical, or antenna array based solutions [1].
Passive detection of UAV can be obtained by using multiple
antennas and DOA estimation [2],[3]. Another solution
presented in this article is to use an antenna composed of
several linear arrays that will cover an angular sector by
beam steering. Each linear array is designed to produce a
cosecant squared beam [4] in a plane (E-plane for this work)
to receive a power independent of the radar range for a
constant height target. It is also required to have a rapid
decrease of the radiation pattern just before the cosecant
squared shape in order to not radiate toward the ground. In
the orthogonal plane (H-plane), the beam is required to be
large to have a nice field of view. Each linear array must
operate from 2.62 GHz to 2.69 GHz.
In section 2, we present the design of the patch antenna.
section 3, we detail the design of the feeding network.
section 4, we present simulations of the full linear array,
well as simulations using periodic boundaries

In
In
as
to

Figure 1: Front view of the optimized rectangular patch
antenna with an inset feed, the feeding line arriving at the
patch, a mitered bend and two quarter wavelength
transformers.
Those elements were optimized using CST Studio Suite to
maximize the bandwidth of the element around 2.655 GHz,
the central frequency of our targeted bandwidth [6].
The substrate used for this design is AD430 from Rogers
Corp., with a permittivity equal to 4.3 and a thickness of
3.175 mm. This substrate allows the rectangular patch to
have good matching properties over the desired bandwidth

[5]. Moreover, using this substrate allows for an element
spacing of approximately 0.56 free space wavelength when
using the feeding network architecture presented in the next
section.

3.2. Multi Objective Genetic Algorithm
In order to obtain the desired cosecant squared we used a
multi objective genetic algorithm optimization [8]. For this
optimization, we considered the set of four consecutive
quarter wavelength transformers as equivalent to an
amplitude ponderation of the currents on the ith patch in
comparison to the (i-1)th patch, with the first patch of each
branch normalized to one. As a first approach we consider
that the amplitudes on the patches are decreasing the farther
we go from the center feed and the maximal reduction is
bounded to a third.

In Fig. 2, we present the reflection coefficient of the
designed patch antenna, which is below -10 dB from 2.61
GHz to 2.69 GHz. The patch antenna presented a gain of 6.5
dB and an efficiency of 80% inside the 2.62 GHz– 2.69 GHz
bandwidth.

Table 1: Feeding Network Optimization Parameters
Left Branch

1.82
Figure 2: Reflection coefficient of the microstrip antenna
presented on Fig. 1.

1.74

1.09

Right Branch

1.94

1.93

1.09

Phase

60°

Moreover, the lines with unequal electrical length on the
central feed are equivalent to a phase difference between the
currents on left patches and the right patches. Those
parameters are summed up in Table I. The indexes of the
current magnitudes go from one for the patches closer to the
center to four for the outer patches.

3. Feeding Network Design
In this section, we will first present the feeding network
architecture used for this antenna array. We will then present
the method used to synthesize the parameters of this feeding
network, which includes:

The design variables are then optimized to minimize three
cost functions:

A multi objective genetic algorithm to obtain the
currents magnitudes and phases of the array that
generate the desired cosecant squared pattern;
A transmission line model to calculate the lengths and
widths of the microstrip lines to obtain those currents
magnitudes and phases with the feeding network;
An iterative procedure using CST Microwave Studio to
correct the radiating pattern accounting for the different
couplings and model imperfections.

one to optimize the formed radiation pattern (Eq. 1);
cost1 = max{20*log10[Emodel(θ)/csc2θ]},

(1)

0°<θ<40°
one for the sidelobe level (Eq. 2);
cost2 = max{20*log10[Emodel(θ)/max(Emodel(θ))]}, (2)
θ<0° & θ>40°

3.1. Proposed Architecture

one for the decrease rate of the main beam of the
radiation pattern towards the ground (Eq. 3).

The proposed feeding network architecture consists of two
series of quarter wavelength transformers with T-junctions
in between them to feed each of the patch elements and with
a bend at the last quarter wavelength transformer to feed the
last patch antenna [7].

cost3 = θAFpeak - θnull ,

(3)

with θAFpeak corresponding to the maximum of the array
factor for θ between 0° and 40° and θnull < θAFpeak the closest
angle to θAFpeak which satisfies Eq. 4.

In between these branches, we have two microstrip lines of
unequal electrical lengths, to enforce a phase difference
between the two branches, and impedances, to balance the
power sent to each of the branches [7].

20*log10(Emodel(θAFpeak) / Emodel(θnull)) = 17dB , (4)
The radiation pattern of the array was modeled as an Array
Factor multiplied by a
model of the element pattern
(Eq. 5) for the calculation of the cost functions [9].

Both of those microstrip lines arrive at a T-junction that
leads to a coaxial feed.

Emodel(θ) = AF(θ) cosqθ, q=3.5,

The full architecture with the patch antennas included can be
observed in Fig. 3.

(5)

with the value of q chosen to approximate the element
pattern of the patch from Section 2.
We used the Matlab multi objective genetic algorithms from
the Global Optimization Toolbox [10] to optimize this
2

Table 2: Quarter Wavelength Transformer Impedances

design. The multi objective genetic algorithm gives us 70
dominant solutions for the optimization problem. We
restricted these solutions by selection only those which
respect the inequalities in Eq. 6.
cost1 < 3dB, cost2 < -10dB, cost 3 < 15°,

Left Branch 1st

(6)

We manually selected a solution with a good trade-off
between the three cost functions from this reduced set of
dominant solutions and the design currents obtained from
this solution are presented in Table 1.
3.3. Feeding Network Parameters

Left Branch 2nd

Left Branch 3rd

Zc2_1L

Zc3_1L

Zc2_2L

Zc3_2L

Zc2_3L

Zc3_3L

50 Ω

65 Ω

52 Ω

65 Ω

65 Ω

51 Ω

Right Branch 3rd

Right Branch 1st

Right Branch 2nd

Zc2_1R

Zc3_1R

Zc2_2R

Zc3_2R

Zc2_3R

Zc3_3R

50 Ω

69 Ω

50 Ω

69 Ω

65 Ω

51 Ω

3.4. Iterative Correction

Once we calculated the design currents, we moved on to
calculating the physical dimensions of the feeding network
capable of realizing them. First, we will calculate the
impedances of the quarter wavelength transformers needed
for this design. Then we will use LineCalc, a Keysight ADS
microstrip design tool [11], in order to calculate the physical
widths and lengths of each microstrip quarter wavelength
transformer.

Using the patch antenna from Fig. 1 and the feeding network
parameters calculated as in the last section we simulated the
full array using CST Microwave Studio [6].
However, because of coupling effects not taken into account
during the design, the amplitude of the currents arriving at
the patches does not follow the designed values.
Moreover, the phase difference between the patches to the
left and to the right of the coaxial feed is more dependent on
frequency then expected from the ADS simulations.

In order to calculate the impedances we will use (1), which
gives the magnitude of the current on the ith element in
function of the magnitude of the currents on the (i-1)th
element and the impedances of four consecutive quarter
wavelength transformers [7].

Finally, the resonance frequency of the reflection coefficient
is no longer placed at the center of the target bandwidth.
Table 3: Feeding Network Physical Dimensions

,

(7)

All values in mm

The indexes of the quarter wavelength transformers in each
group of four goes from 1 for the transformers closer to the
center of the array to 4 for the ones farther from the center.

Transformer 1
Left

We have chosen the impedances of the first and fourth
transformer in each group of four quarter wavelength
transformers to be equal to, respectively, 70 Ω and 50 Ω.
The other two transformers are then calculated to obtain the
desired current magnitudes. The impedances of the quarter
wavelength transformers are summed up in Table 2.

Transformer 2
Left
Transformer 3
Left

Concerning the center feed lines we calculated their
electrical length in order to realize the phase difference
between the patches to the left and to the right of the coaxial
feed. As for their impedance, we simulated the full feeding
network using ADS and tuned the values in order to balance
the power sent to the patches to the left and to the right of
the coaxial feed [11].

Transformer 1
Right
Transformer 2
Right

Zc2

Zc3

Length

Width

Length

Width

14.81

11.90

16.44

0.92

16.03

2.26

15.12

8.09

15.34

6.11

15.92

2.71

14.99

9.47

15.98

2.48

15.67

3.96

15.82

3.16

Figure 3: Front view of the optimized linear array of microstrip rectangular patches with inset feeds (Fig. 1). The array is
fed from the center via a coaxial cable. Two microstrip lines of different lengths realize the phase difference between the
four patches to the left and the four patches to the right.
3

Transformer 3
Right

15.88

2.88

15.51

Zc1
All Transformers

Center feed

4.1. Single Column Simulation

4.94

In Fig. 4, we show, for the array in Fig. 3, the reflection
coefficient and the realized gain in E and H-planes at 2.62
GHz, 2.65 GHz and 2.69 GHz.

Zc4

Length

Width

Length

Width

15.80

3.36

15.34

6.25

Left of coaxial
feed
Length
Width

Right of coaxial
feed
Length
Width

76.25

15.88

1.80

As we can see on the E-plane plane, the array presents a
slow decrease rate in the realized gain inside of the formed
zone, while presenting lobes at least 10 dB than the main
beam. The array presents a HPBW of 76° in the H-plane cut.
The array has a reflection coefficient bandwidth going from
2.62 GHz to 2.70 GHz. The maximal realized gain of the
array goes from 12.3 dB to 13.2 dB in the design bandwidth.

2.91

In order to correct the resonance frequency, it is sufficient to
slightly change the length of the patches, while
proportionally changing the length of the inset feed.
As for the feeding currents, we followed an iterative
correction based on the observation of surface currents
obtained from the CST simulation:
We simulate the array using CST with a surface current
monitor at the lower, upper and central frequencies
(2.62GHz, 2.655GHz and 2.69GHz);
If the S11 resonance is not centered we fine tune the
length of the patches (keeping the inset feed length at
the same proportional length);
We check the radiating pattern at the lower, upper and
central frequencies (2.62GHz, 2.655GHz and 2.69GHz).
If they are as designed, we stop.
When look at the surface current RMS value at each of
the patches radiating edges at the side further from the
feeding network (which is less disturbed by it). We
calculate the ratios from one patch to the next and, if
the value is different from the prescribed value from
Table 1 we change the transformer impedances to
compensate this variation. We also check if both
central patches have the same RMS current, and if not
we change the impedance of one of the lines in the
center of the array to compensate.
We check the phases of the surface currents at the
patches radiating edges to assure the phase difference is
as prescribed. If it is not the case, we compensate by
varying the length of the transmission lines at the
center of the array.
The parameters of the optimized design are shown in Table
3, and the array front view is presented in Fig. 3.

(a)

(b)

4. Antenna Array Simulations
In this section we will present the simulation results of the
antenna array design following the procedure described in
Section 3 (Table 3, Fig. 3). We will first present the results
for one isolated column. Then we will include the coupling
effects when using several columns side by side in a 2D
array by means of periodic boundaries conditions.

(c)

4

(d)

(b)

Figure 4: Results from the simulation of the array in Fig. 3.
In (a) we have the reflection coefficient, in (b) the realized
gain in the H-plane, in (c) the realized gain in the E-plane
pattern
and in (d) a zoom on Fig. 4 (c) with the
superposed for reference.
4.2. Coupling effects
In Fig. 5, we show, for the array in Fig. 3 calculated with
periodic boundaries conditions to obtain an infinite array
with a spacing of 65 mm, the reflection coefficient and the
realized gain in E and H planes at 2.62 GHz, 2.65 GHz and
2.69 GHz.
(c)

As we can see on the E-plane, the array presents a slow
decrease rate in the realized gain inside of the formed zone
as expected from the results in Fig.4. However, at 2.69 GHz
the coupling between the arrays causes a 1.7 dB rise of the
sidelobe level.
The array presents a HPBW of 90° in the H-plane cut, 14°
larger than the isolated array. The main beam direction is
however skewed by 20°.
The array presents a reflection coefficient bandwidth going
from 2.62 GHz to 2.71 GHz, slightly larger than that of the
isolated array. There is a small drop in the realized gain,
which goes from 11.1 dB to 12 dB in the design bandwidth.
The coupling between arrays causes this drop.

(d)

The performances of the array are not substantially degraded
by the presence of neighboring linear arrays, thus this linear
array is suitable for use in a 2D array.

Figure 5: Results from the simulation of the array in Fig. 3
with periodic boundaries (spacing between columns equal to
65 mm). In (a) we have the reflection coefficient, in (b) the
realized gain in the H-plane, in (c) the realized gain in the Eplane and in (d) a zoom on Fig. 5 (c) with the
pattern
superposed for reference.
4.3. Four Column Simulation
In Fig. 6, we show the four columns finite array, consisting
of four copies of the array in Fig. 3 spaced by 65mm. In Fig.
7, we present the reflection coefficient and the realized gain
in E and H planes at 2.62 GHz, 2.65 GHz and 2.69 GHz for
this array.

(a)

5

E plane
J4

J3

J2

J1

(d)
Figure 7: Results from the simulation of the array in Fig. 6
(4 times the array in Fig. 3 with spacing between columns
equal to 65 mm). In (a) we have the reflection coefficient, in
(b) the realized gain in the H-plane, in (c) the realized gain
in the E-plane and in (d) a zoom on Fig. 5 (c) with the
pattern superposed for reference.

Figure 6: Front view of the 4-column array of microstrip
rectangular patches with inset feeds. The array is fed from
the center of each column via coaxial cables.

As we can see on the E-plane, the array presents a slow
decrease rate in the realized gain inside of the formed zone
as expected from the results in Fig.4 and Fig. 5.The worst
case sidelobe level is below -10 dB.
The array presents a HPBW of 78° in the H-plane cut, closer
to that predicted by the isolated array. The main beam
direction is however skewed by 8°, less than predicted by
the infinite array simulation.
The array presents a reflection coefficient bandwidth going
from 2.61 GHz to 2.69 GHz. The realized gain goes from
11.6 dB to 12.5 dB in the design bandwidth, in between the
values for the single column and the infinite array.

(a)

5. Antenna Array Prototype
The array was designed originally using the AD430
substrate. However, the material became obsolete so we
choose to build it using the Kappa438 substrate, which has
very similar characteristics to the AD430. The datasheet
value for the relative permittivity for this material is 4.38
and the thickness for our prototype is 3.048mm
As the thickness used for our antenna is not a standard value
for this substrate, we built a first prototype of the single
column array so that we could obtain the material properties
by retrofitting simulations. By closely analyzing the
Kappa438 properties, we noticed that it presents a certain
level of anisotropy [12]. For our retrofit simulations (Fig. 8),
we considered this anisotropy and converged at the value:

(b)

(εrx, εry, εrz) = (4.55, 4.55, 4.16),

(c)
6

(8)

15

Co-pol Simulated
Co-pol Measured
X-pol Simulated
X-pol Measured

10
5
0
-5
-10
-15
-20
-25
-90

Figure 8: Reflection coefficient of the array in Fig. 3
simulated with CST using a εr = 4.38 substrate in blue, using
a (εrx, εry, εrz) = (4.55, 4.55, 4.16) substrate in red and the
measured prototype first run in yellow.
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The first prototype had the bandwidth slightly shifted up
from the desired bandwidth and, to correct that, we scaled
the entire array by 1.02 (verifying that it did bring the
bandwidth to the desired range, 2.62GHz - 2.69GHz, by
simulating the array using the retrofitted values of the
Kappa438).
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X-pol Measured
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The antenna compose with four linear arrays was realized
and measured in an anechoic chamber. The measurement of
the reflection coefficient is given in Fig. 9. Each linear array
is measured when 50 Ohms load the others.
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Figure 9: Reflection coefficient of one linear array among
the three others.
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The levels are below -10 dB in the required bandwidth
between 2.62 GHz and 2.69 GHz. We can also note a good
similarity between the four measurements. The coupling
terms were also measured and are less than -20 dB
throughout the bandwidth.

Figure 10: Comparison between the measured and simulated
E-plane radiation patterns when the J3 array is fed at 2.62
GHz (a), 2.655GHz (b) and 2.69 GHz (c).
The measured radiation pattern in the H plane is plotted in
Fig. 11 and compared to the simulations. Only the J3 array is
fed (the other arrays being loaded by 50 Ohms).

The measured radiation pattern in the E plane is plotted in
Fig. 10 and compared to the simulations. Only the J3 array is
fed (the other arrays being loaded by 50 Ohms).

7

6. Conclusions

15

Four linear arrays of microstrip rectangular patches has been
developed and simulated using different simulators. Each
linear array has been designed to have a cosecant squared
radiation pattern in the E-plane and to presents a 90° HPBW
in the H-plane. The design steps procedure has been detailed
and a first realization made it possible to take into account
the deviations of the materials used. Then four linear arrays
has been realized and measured. Each array bandwidth goes
from 2.62 GHz to 2.69 GHz with a reflection coefficient
below -10 dB and the realized gain that goes from 11.1 dB
to 12.2 dB in the required bandwidth. These measurement
results, in agreement with the simulation, demonstrate that
the arrays have the required specifications in terms of
matching and shape of radiation patterns. All of these results
validate the design of the four linear arrays.
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Figure 11: Comparison between the measured and simulated
H-plane radiation patterns when the J3 array is fed at 2.62
GHz (a), 2.655GHz (b) and 2.69 GHz (c).
For all the measurements, there is good agreement with the
simulated results. In E-plane, the shape of the radiation
pattern follows the cosecant squared law (towards the sky,
positive angles) and the decrease of the radiation pattern is
obtained around 15° (towards the ground, negative angles).
In H-plane, the radiation patterns have HPBW equal to 84°
at 2.62 GHz, 88° at 2.655 GHz and 82° at 2.69 GHz. The
gain levels vary between 11 dB and 12.9 dB. The cross
polarization components remains 17 dB below the main
component on-axis.
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Abstract
In the past decade, current sheet antenna (CSA) or tightlycoupled dipole arrays (TCDA) have been developed based
on current-sheet periodic structure to achieve ultrabroadband impedance performance with wide scanning
capability. This paper presents an alternative ultrabroadband periodic array using continuous magneto-electric
(ME) currents, which can be implemented using radiating
slots and horizontal monopoles. The proposed ME array is
scalable from sub-6GHz to millimeter-wave and has the
advantage of much simpler feed structure and does not
require extremely small capacitive gap between radiating
elements.

2. Magneto-electric phased array
Unlike TCDA, the proposed ME phased array is based on
alternating magnetic and electric currents, which is
implemented using a periodic cascade of monopoles and
slots.
Fig.1 shows a detailed dual-cell model of the proposed ME
phased array. Each monopole is connected directly to an
unbalanced coaxial line from below a ground plane, which
induces displacement current across a series-capacitor gap
(slot) formed between ground plates. This periodic structure
of monopole and slot forms a continuous line of alternating
electric and magnetic current along the array axis.

1. Introduction
Various forms of ultra-broadband phased arrays have been
developed in the past based on the principle of current-sheet
antenna (CSA), such as the tightly-coupled dipole arrays
(TCDA) [1]-[2] and travelling-wave antennas [3]. These
types of arrays apply broadband impedance matching/balun
techniques to an array of closely-coupled, electrically small
dipole elements with very small capacitive gaps between
radiating elements. They have shown to exhibit wellbehaved impedance and radiation patterns with very wide
scanning angles over multi-octave of frequency bandwidth.
For a grating-lobe free array, the maximum element spacing
is limited to 0.5λ. As a result, a broadband active phased
array is typically designed to operate between 0.5λ to 0.1λ,
which results in real impedance of dipole elements between
100 to a few hundred ohms. Consequently, these types of
arrays require design of a relatively complex feed/balun
circuit and a means of achieving the narrow capacitive gaps.
The magneto-electric (ME) phased array was first proposed
as a composite-right-left-handed (CRLH) array structure [4]
to achieve the ultra-broadband performance with capability
of surface-wave suppression in a finite array. Instead of the
continuous electric current sheet model in the TCDA, the
proposed ME array is based on continuously alternating
electric and magnetic currents. This concept results in lower
real-part impedance (50Ω at 0.5λ element spacing) and does
not requires small capacitive gaps between elements. The
ME array concept is scalable from sub-6GHz to millimeterwave frequencies. This paper presents an implementation of
the ME array for ultra-wideband (4:1) millimeter-wave
applications (10 GHz to 40 GHz).

(a) Top view

(b) Side view
Fig. 1. Dual-cell structure of the magneto-electric phased array

This array structure forms a basic composite-right-lefthanded (CRLH) transmission line. Shunt inductors are
simply metallic tubing (coax shield) connecting the bow-tie
dipole grounds to the antenna ground sheet. Shunt inductors
are simply metallic tubing (coax shield) connecting the bowtie dipole grounds to the antenna ground sheet. Series
capacitors are air gaps formed between bow-tie metallic
grounds. Monopoles are microstrip feed lines connected
directly to the center pins of coaxial lines, which also serves
as feed line to the radiating slots.

are typically below -30 dB in the main lobes. Scan loss is in
the order of 1dB for scan angle up to 50deg.

With proper size of series capacitor gap and shunt coaxial
tube the structure can be designed to further suppress
unwanted surface waves from edges of the finite array
structure.
Multiple layers of small metallic square patches are placed
directly above the radiating slots and form layers of
impedance-matching meta-surfaces. However, unlike an
aperture-coupled stacked patch (ACP), sizes of these
metallic patches are significantly smaller than halfwavelength. Together, these patches form layers of reactive
meta-surfaces with the sole purpose of enhancing broadband
impedance matching of the array. The principle and
techniques of such method is well documented by Munk [5].
Fig. 2 shows an equivalent diagram of the broadband
impedance matching using the meta-surfaces. Total
impedance at the plane of radiating sources is a parallel sum
of all discontinuity impedances in the transverse plane,
including the complex element impedance, transformed
impedance of ground plane, and transformed impedances of
capacitive meta-surfaces, i.e.,

Fig. 3. Active VSWR of the 20-element ME phased array

(1)
Where,

Fig. 4. Typical E-plane scanned patterns of the ME phased array

4. Conclusions
This paper presented an ultra-wideband millimeter-wave
ME phased array. It is shown such array can be made to
achieve an extremely wide impedance and radiation pattern
bandwidth over a wide scan angle. A frequency bandwidth
of 4:1 is achievable over scan angle of ±40º for active
VSWR of 3:1. This enables beam steering over the entire
frequency range from 10 GHz to 40 GHz.

Fig. 2. Impedance matching scheme of the ME phased array

With proper tuning, combined characteristics of capacitive
ME sources and meta-surfaces tend to cancel out the large
inductive impedance of the PEC ground. This type of array
is capable of producing a low constant real impedance near
50-75 ohm and low active VSWR over multi-octave of
frequency bandwidth.
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Abstract
The placement of a communication system on a threedimensional platform always poses a series of problems that
the antenna designer has to solve or mitigate for guarantee
the desired functional operability. Among the several
challenges, the need of compact and conformal radiators is
one of the hardest tasks to accomplish, especially if working
on objects whose dimensions are comparable to the
wavelength of interest. The solution to this problem can be
pursued by using the Characteristic Mode Analysis.

1. Introduction
Small-size antennas are appealing solutions for managing
communications on complex platforms where space is a
scarce resource. However, due to intrinsic physical limits,
the dimension of a resonant radiating element is directly
proportional to the operative wavelength. This fact can have
dramatic consequences for the designer if the addressed
wavelength is comparable to the platform dimension. The
interaction between the designed antenna and the platform
need to be carefully evaluated as well. Moreover, if
frequency or radiation pattern reconfigurability is a
requested antenna feature [1],[2], then the goal is even
tougher to tackle.
Characteristic Mode Analysis (CMA) can provide useful
guidelines for the design of non-resonant elements that are
able to exploit the hosting platform as the main radiating
object. In CMA the current flowing on a conductive body
surface is expressed in terms of a linear superposition of
orthogonal current modes [3]. The selective excitation of
these current modes can be advantageously exploited for
several different tasks spanning from the design of
small/conformal antennas, MIMO antennas as well as
pattern and polarization reconfigurability. In addition to the
small space required by this approach with respect to
solutions resorting to resonant elements, the CMA allows to
intrinsically consider the effect of the platform on the
radiation properties of the antenna structure.

2. Characteristic Mode Theory
CMA determines the current modes that a conducting
body is able to support. These modes are obtained by

solving the generalized eigenvalue equation that is derived
from the Method of Moments (MoM). The identified modes
are found without considering any kind of excitation since
they only depend on the shape and the size of the
investigated structure. These modes are a convenient base
where to expand the total surface current (Jtot) that can be
found on a conducting body. More in detail, Jtot can be
written as a linear superposition of current modes:

J tot =

n

Jn

(1)

n

where n represents the modal weighting coefficients of the
characteristic mode and Jn represent the current distribution
of the nth mode. Furthermore, n can be calculated as:
n

=

Vni
1+ j

(2)
n

where n are the eigenvalues associated to the modes. The
other two factors that contribute to the modal weighted
coefficient of the modes are the modal significance (MS) of
a mode, which is equal to:

MS =

1
1+ j

(3)
n

and the modal excitation coefficient equal to:

Vni = J n , E i =

J n E i dS

(4)

S

where S is the surface of the conductive body and Ei the
external excitation. Although the MS is independent of any
kind of excitation, the terms Vni takes into account the effect
of the external excitation applied, including the position,
magnitude and phase. Consequently, the inner product
<Jn,Ei>, represents the coupling between the exciter and the
nth current mode, which quantifies the capacity of the
applied source to excite a particular mode.

3. Discussion
A rough model of a vehicle is reported in Fig. 1a.
(W = 2.1 m, L = 3.5 m, H = 1 m). The CMA is performed
within a frequency range between 50 MHz and 80 MHz. It
is interesting to observe that the relative wavelengths are
comparable to the vehicle dimensions and therefore a

resonant antenna would require a significant space for its
placement. The eigenvalues ( n) of the first eight
characteristic modes as a function of the frequency are
reported in Fig. 2. The eigenvalues are real numbers and a
mode is considered at resonance when its associated value
is equal to zero. The area highlighted in green corresponds to
a MS greater than 0.8. By observing the results, it is apparent
that in the frequency range of interest the most significant
modes are Mode#1, Mode#3 and Mode#4 since they are the
closest to zero over the whole bandwidth. The current
distribution associated to each mode is illustrated at the
center frequency of 65 MHz in Fig.1(b)-(e). The radiation
pattern produced by a mode is, by definition, orthogonal to
all the other ones and this property allows combining them
in order to control the radiation pattern [4], [5]. However,
each mode has to be properly excited and the kind, place
and number of exciters requires careful study, especially on
three-dimensional platforms [6],[7].

Figure 2: Plot of the first eight eigenvalues within the
considered frequency bandwidth (50MHz-80 MHz).

4. Conclusions
Example of CMA exploitation for designing the proper
exciter on complex platforms will be provided as well as
suitable design guidelines.

(a)

(b)

(c)

Figure 3: Radiation pattern associated with Mode#1 (a),
Mode#3 (b) and Mode#4 (c).
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Figure 1: Rough model of the considered vehicle (a) and
current distributions at 65 MHz of Mode#1 (a), Mode#2 (b),
Mode#3 (c), Mode#4 (d), Mode#5 (e) and Mode#6 (f).
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Recent Advances in Conformal Transmitarrays
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Abstract
For many wireless communication platforms, such as aircrafts and unmanned aerial vehicles (UAV), conformal transmitarray
antennas, which are designed to follow the shapes of the platforms, are highly desired as they can achieve high gains, flexible
radiation patterns and excellent aerodynamic performance. This talk will give an overview of research on conformal
transmitarrays conducted in University of Technology Sydney, Australia. More specifically, it includes our latest progress in
high efficiency conformal transmitarrays and multi-beam conformal transmitarrays.
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Abstract
A novel idea of a smart reflector that is gaining a lot of interest is the
Reconfigurable Intelligent Surface (RIS) which operates by reflecting the
waves in the same way as a backscattering device. It consists of planar,
low cost, nearly passive elements that would smartly manipulate EM
waves in specific directions. As a result, this would boost the signal at
the receiver with no added hardware cost. As compared to existing
complex transceiver architectures with multiple RF chains and complex
signal processing hardware, RIS practically has no RF chain, i.e., no
power amplifier, phase shifters, attenuators, mixers and ADC
components. This, in turn, eliminates the hardware complexity and the
exorbitant cost of the RF equipment. Hence the overall potential impact
of RIS is reduced deployment and hardware costs, network complexity
and power consumption. In this talk, I will discuss about the work on
this topic in our group and different testbeds and their results.
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Decentralized Wireless Coordination for Distributed Antenna Arrays
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Abstract
We present new approaches to wireless coordination of distributed antenna arrays using decentralized algorithms.
Synchronization of the electrical states of elements in distributed arrays is necessary for distributed coherent operations such as
beamforming. In large arrays, traditional centralized synchronization topologies yield susceptibilities to element failures and
interference. Based on consensus averaging, we discuss new methods of synchronizing the relative phases and frequencies of
distributed antenna array elements, and analyze the impact of residual errors on beamforming performance.

Broadband and multi-band antennas
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Abstract
The implementation of a wideband printed monopole
antenna near a metallic shield is presented. A wearable
antenna system application to probe the electromagnetic field, with
frequency in the range 0.7-3.5 GHz (5:1 bandwidth), incident on a
professional user is envisaged. A lossy foam layer is used

between the shield and the antenna to absorb the shield
reflection and avoid narrowing the bandwidth.

1. Introduction
Since the 90s there has been a permanent increase, with
accelerated pace, in the deployment of mobile
communication and Wi-Fi systems. With the advent of 5G a
huge increase in the number of users and terminals as well
as traffic is forecasted [1]. The deployment of new systems
and the maintenance of existing ones demand the use of
protective vests by professional workers. Moreover, the
addition of new features in these vests, such as
monitorization of the electromagnetic fields in the working
space is under development [2].
To protect the workers from electromagnetic radiation
hazard in their working environment their professional vests
are lined with a protective metal shield. When the antennas
are integrated in the vests near the shield their bandwidth
decrease enormously. To avoid such bandwidth narrowing a
layer of absorbing material is placed between the shield and
the antenna. This papers presents the experimental
characterization of the foam material used and the
optimization of the corresponding layer thickness.
Experimental reflection coefficient results are also included.

2. Antenna element configuration
The geometry of the single printed planar monopole
element is shown in Fig. 1a. It consists on a modified
octagonal patch monopole with coplanar waveguide (CPW)
feeding [3]. It has been optimized to provide an input
reflection coefficient below -10 dB in the frequency range
0.7-3.5 GHz. The typical monopole like radiation pattern is
obtained with gain in the range 1.9-3.5 dBi [3]. Based on
this element the dual-linearly polarized configuration
composed of two orthogonal monopoles, shown in Fig. 1b,
has been presented [3].

a)
b)
Figure 1: Antenna geometry, a) single monopole, b) duallinearly polarized monopole antenna.
The work described in the present paper corresponds to the
integration of the dual-linearly polarized monopole antenna
element (Fig. 1b) with the metal shield, as shown in Fig. 2.

Figure 2: Dual-linearly polarized monopole antenna
element with absorbing layer and metal shield.

3. Experimental characterization of the absorber
The absorber layer was obtained by slicing the planar region
of an old anechoic chamber absorber panel. As the
macroscopic characteristics (ε,μ,σ) of the panel are not
homogeneous it was necessary to measure them. However,
only ε and σ need to be measured since the panel material
has normal magnetic behavior.
The real and imaginary parts of the relative (complex)
electric permittivity, is defined as

ε 'r - jε''r = ε r - j

σ
= ε r (1- jtan δ)
ωε 0

(1)

where εr is the relative electric permittivity, σ is the
conductivity, ω is the angular frequency and tanδ is the loss
tangent. εr´ and εr´´ were measured using the free-space
transmission method, where the transmission coefficient
(amplitude an phase) of a link between two horn antennas is

measured with a VNA (Fig. 3), with and without the
absorber layer in the middle.

Moreover, mutual coupling is very low (below -14.3 dB) in
all the cases.
Radiation efficiency and gain have also been simulated. As
expected, due to the losses in the absorber, there is a
substantial reduction of the efficiency and gain. Both
decrease as frequency increases. The decrease is about 6 dB
at 700 MHz and 9 dB at 3.5 GHz.
An antenna prototype, with a 10 mm thick absorber layer,
has been fabricated and tested. The corresponding
experimental S-parameters’ results are shown in Fig. 6.

Figure 3: Setup for experimental characterization of the
absorber.
The εr´ and εr´´ experimental results are shown in Fig. 4.

Figure 6: Experimental |S|-parameters’ results.
The |S11| results of the antenna with metallic shield and
absorber are considerably lower, compared with
simulations, especially at low frequencies. This is due to a
less accurate calibration of the absorber in that frequency
region (a pair of horn antennas was not available for such
frequency band). In the whole frequency band of interest
both |S11| and |S21| are below -15 dB. This means it is
possible to use a thinner (1 or 2 mm) absorber layer.

Figure 4: Experimental εr´ and εr´´ results.
These results have been used to calibrate the model of the
absorber used in CST Microwave Studio. The ripple
contained in the results is due to the reflections in the nonanechoic environment of the room.

5. Conclusions
The paper presents the development of a dual-linearly
polarized wideband monopole antenna element to be used
in a professional vest lined with a protective metal shield.
The use of an absorber layer is proposed to desensitize the
antenna bandwidth from the presence of the shield. Input
reflection coefficient and mutual coupling below -15 dB
have been obtained with a 10 mm thick absorber layer
sliced from and old anechoic chamber absorber panels.
Naturally there is a substantial decrease (6 to 9 dB) in
radiation efficiency and gain. However, this is not a
problem for the envisaged application.

4. Antenna optimization and test
The antenna geometry shown in Fig. 1b on top of the
metallic shield and with the absorber layer in between them
was simulated in CST Microwave Studio. Absorber
thicknesses of 5, 10 and 15 mm have been simulated. The
|S|-parameters’ results obtained are shown in Fig. 5. The
results of the free-space configuration (without shield and
absorber) are also shown for reference.
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Figure 5: |S|-parameters simulation results for different
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As it can be seen an absorber thickness of 10 mm provides
and input reflection coefficient below – 10 dB, except in the
range 700-750 MHz where it is slightly above (-8.7 dB).
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Abstract
Compact four - element Multiple – Input Multiple Output
(MIMO) antenna is suggested to cover Ultra wide band
(UWB: 3.1 – 10.6GHz), X-band (8 – 12GHz), Ku – band
(12 - 18GHz) and K – band (18 – 26.5GHz) for future use
in industrial, scientific and medical (ISM) systems as well
satellite applications. Suggested design consists of four
Aspen shape radiators with partial ground planes printed on
Rogers RT / Duroid 5880™ substrate material having
dielectric constant of 2.2, loss tangent 0.0009, thickness
0.787mm and its compact size is 43mm x 43mm. This
design has been simulated using Ansys High Frequency
Structure Simulator (HFSS) tool. The proposed antenna
produces operating bandwidth at -10dB reflection
coefficient is 23.66GHz (4.12 – 27.78GHz), having
fractional impedance bandwidth (FBW) of 148.33%.
Proposed antenna offers improvement in the isolation
greater than -20dB in the operating super wideband (SWB)
and voltage standing wave ratio (VSWR) is less than
threshold value 2 in the obtained SWB range. Proposed
antenna achieves peak gains within the operating band at
selected frequencies 4.8GHz, 8GHz, 14.1GHz, 16.2GHz
and 23.6GHz are 3.16dBi, 5.19dBi, 5.82dBi, 5.13dBi and
6.98dBi respectively. Furthermore, MIMO antenna
parameters such as envelope correlation coefficient (ECC <
0.015), diversity gain (DG ≈ 10dB), total active reflection
coefficient (TARC < 0.45), channel capacity loss (CCL <
0.30bits/sec/Hz) and mean effective gain (-4.5dB ≤ MEG ≤
-7dB) are investigated within the acceptable limits.
Keywords - Aspen shape, MIMO antenna, Irregular
Isolating element, SWB, HFSS, Envelope Correlation
Coefficient (ECC)

1. Introduction
With the advanced developments in the technology there is
an enormous increase in the communication systems.
Antenna plays a key role in the communications for the
purpose of transmitting and receiving of the information. For
designing an antenna [1], it should satisfy some of the
requirements as high bandwidth, faster data rate, high
efficiency, good resolution, high capacity. For designers it is
a challenging activity to design a high-speed multimedia
connectivity for wireless communication and also it requires
covering wide bandwidth [2]. As, the signals gets weaker

when it gets wider and also, it’s harder to detect and send the
wideband signals are the drawbacks. Due to this drawback
ultra-wideband antennas [3] came into existence as it has the
ability to provide the high data rate wireless communication
systems. Its transmitting power is low, in multipath channels
high performance; in adverse condition it delivers high
signal strength. As it has some of the drawbacks like its
adoption rate is slow, signal acquisition times is long, FCC
has the limited emission, issues of co-existence and
interference with other radio technologies, high cost. Due to
its drawbacks, it has been recent trend to employ super
wideband antenna [4] as it can offer high bandwidth by
covering both long- and short-range communication. SWB
has a bandwidth ratio greater than or equal to 10:1 and has a
large BDR, high data rate, and electrical dimensions less, at
faster rate data and video, increased channel capacity,
greater time accuracy. It’s now employed in monitoring
systems, military and civil applications. To cover such large
frequencies Multiple Input Multiple Output antenna is
suitable as it is primarily utilized for the systems as multiple
antennas employed for both source and destination in this
case a single MIMO [5] antenna can be able to handle. With
the help of the Spatial Multiplexing and multiple antennas
high data rate achieved. MIMO based systems reduce fading
effects, the systems with MIMO offers high Quality of
Service and helps in achieving Bit Error Rate.
With the increase of technology there is a huge demand for
the wideband communication. For the purpose of ultra –
wide band applications MIMO antenna [6] designed with the
size of 58.6 x 46mm2 and it ranges entire UWB of 3.110.6GHz and has low correlational coefficient of < 0.02. In
this article [7], with novel stub structure UWB-MIMO
antenna is designed on FR4 substrate with the size of 40 x
68mm2 and its frequency ranges from 3.2-10.6GHz and its
IBW is 7.4GHz isolation less than -15dB and its gain is less
than 2.5dB. In this paper [8], for the dual band MIMO
system in the 5G smartphone an eight-antenna proposed.
The overall dimensions of the antenna are about 145 x
75mm2 on FR4 substrate and its frequency ranges from 3.33.6GHz and 4.8-5GHz and its ECC is less than 0.15. For the
purpose of ultra-wideband systems an antenna which is uniplanar polarisation diversity is designed [9] with the size of
50 x 50mm2 on Rogers RT/Duroid 6035HTC with the
frequency ranges from 2.76-1075GHz. For the purpose of
5G smartphone application [10], MIMO antenna which is

with comparison of existed models [6 – 21] reported in
literature. Finally this work is concluded with applications in
section 6.

dual band is designed and the size of the antenna is 130 x
74mm2 on FR4 substrate as its frequency ranges from 3.33.6GHz, 4.8-5.0GHz. With WLAN band rejection a compact
4 x 4 UWB-MIMO antenna designed [11] with the size of
60 x 60mm2 and its frequency ranges from 2.73-10.68GHz
and its IBW is 7.95GHz. In this article [12], using carbon
black film in UWB MIMO antenna system isolation
improvement proposed and the overall size is of 50x40mm2
and the frequency ranges from 2.5-11GHz and the gain of
2.11dBi and the efficiency of 69.2%. In this paper [13], with
dual polarization UWB-MIMO antenna which is compact
coradiator proposed on FR4 epoxy with the size of 48 x
48mm2 which frequency ranges from 3-11GHz. MIMO
antenna system [14], UWB Bi-planar Yagi-like which is
miniaturized is proposed with the size of 50 x 80mm2 and
the frequency ranges from 4.183 – 6.584GHz and the
efficiency of 80%. In this article [15], with 5.5GHz bandnotched characteristics UWB diversity slot antenna which is
compact printed on FR4 substrate which is 48 x 48mm2 in
which frequency ranges from 2.5-12GHz. In UWB-MIMO
antenna using F-shaped stubs [16], mutual coupling
reduction proposed and the size of the antenna is about 50 x
30mm2 and has low mutual coupling of less than -20dB and
ECC < 0.04, DG > 7.4dB. In this article [17], with WLAN
band-rejection UWB MIMO antenna which is Koch fractal
is proposed and the size of the antenna is about 45 x 45mm 2
and S11 < -10dB from 2-10.6GHz. For mobile platform
based on the theory of characteristic modes planar UWB
MIMO [18] antenna with the pattern diversity and isolation
improvement designed. The overall size is about 85 x
50mm2 and the bandwidth ranges from 2-9.5GHz and the
gain is above 1.5dBi. High gain monopole antenna [19]
which is triple band and fractal based is proposed and the
overall size of the antenna is about 90 x 59mm2 and the gain
of the antenna is about 5dBi. In this article [20], coplanar
strips rectangular spiral antenna which UWB coplanar
waveguide in which its size about 50 x 40mm2 on Rogers
RO4003C substrate and its frequency ranges from 3.510.6GHz and gain about 4.7dBi. In this paper [21], for the
purpose of Bluetooth/WLAN applications integrated
wideband antenna which is multiband designed and the size
of the antenna is about 60 x 50mm2. For super wideband
applications [22], circular monopole antenna which is
elliptical slot loaded partially segmented proposed on
Rogers RT/Duroid 5880 substrate.

2. Aspen shape Monopole antenna design
configuration and its performance characteristics
Conventional hexagonal microstrip patch antenna is
designed using standard mathematical expressions [23-24].
Designed antenna is a three layer structure, Rogers RT /
Duroid 5880 substrate material is sandwiched between the
two perfect electric conductors (PEC) named as patch and
ground layers. It has compact size of 20mmx 23mm. 50Ohm
transmission line feeding is used for impedance matching
with the characteristic impedance in free space. Proposed
structure is designed and simulated using Ansys HFSS
software.
2.1. Implementation of proposed Aspen geometry with
partial ground
The proposed Aspen shape monopole antenna with partial
ground and its development from conventional structure are
shown in figure 1. Rogers RT/ Duroid 5880™ substrate is
used to implement this proposed design due to it exhibits
unique electrical properties, chemical resistance and low
moisture absorption. Because of these properties, Rogers
material is highly desirable for SWB applications. The
proposed antenna is derived from conventional hexagon
structure with radius (S) of 8mm as shown in figure 1(a).
There are four derivation stages for the proposed Aspen
structure: Iteration – 1, 2, 3 & 4. In the first stage, Iteration
– 1 is 50ohm transmission line fed hexagon microstrip
patch antenna is designed. Iteration – 2 is partial ground
plane with the full hexagon radiator. Iteration – 3 is partial
ground plane width is reduced with hexagonal radiator.
Finally, iteration – 4 is Aspen structure derived from the
hexagon geometry with width reduced partial ground plane.
The optimized dimensions of the proposed design are Ls =
23mm, Ws = 20mm, Lf = 7.75mm, Wf = 2mm, Lg =
7.25mm, Wg = 16mm, S = 8mm. Three dimensional view of
the proposed design is shown in figure 1(e).

In this paper, four – element Aspen shape multiple - input
multiple - output (MIMO) antenna using irregular polygon
shaped isolating element is used for developing SWB
applications, which is printed on Rogers RT / Duroid 5880
™ dielectric material having thickness of 0.787mm. Section
2 organizes as Aspen shape monopole antenna with partial
ground plane and its characteristics. Furthermore, in order to
improve the high data transmission rate and coverage area
four – element MIMO antenna is implemented with and
without isolating element. Simulation characteristics are
analysed in the section 3. MIMO antenna parameters (ECC,
DG, TARC, CCL and MEG) are investigated in the section
4. Section 5 shows the advantages of the proposed antenna

(a) Iteration – 1

(b) Iteration – 2

(d) Iteration – 4

2

(c) Iteration – 3

(e) 3D view

Figure 1. Evaluation of the proposed Aspen shape
monopole antenna from conventional structure
2.2. Simulation results
The performance characteristics of the various iterations are
evaluated from 3 – 30GHz interms of reflection coefficient
(S11) and voltage standing wave ratio (VSWR) as shown in
figure 2 & 3. It is noticed that from figure 2, iteration – 1 is
clearly resonates at the 19.30GHz with an impedance
bandwidth (IBW) of 0.60GHz or 600MHz operating from
18.99GHz to 19.59GHz. By reducing the length of the
ground plane, bandwidth can be improved to 16.99GHz
from 0.60GHz for the 2nd iterative structure. Partial ground
plane has been reduced to miniaturize the structure as
shown in iteration – 3 and observed that there is an
improvement in the IBW as well FBW. Iteration – 3
produces IBW of 21.67GHz at -10dB reflection coefficient
and covers spectrum from 4.77 to 26.44GHz. Bandwidth
ratio (BR) and fractional bandwidth (FBW) of iteration – 3
are 5.54 and 138.86%. Finally, regular hexagon structure is
reshaped into Aspen shape structure with partial ground
plane in case of iteration – 4. Impedance bandwidth,
bandwidth ratio and FBW at -10dB are 24.03GHz, 6.25 and
144.88% respectively. VSWR signifies the designed
antennas impedance matching condition with the
characteristic impedance in free space. Ideal value of
VSWR is 1 to infinity. Corresponding minimum VSWR
values of the designed iterations 1 to 4 are 1.35, 1.01, 1.04
and 1.05 respectively as shown in figure 3. Table 1 reports
the simulation characteristic parameters of the designed
iterations.

Figure 3. VSWR characteristics of the designed evaluations
represented in figure 1(a – d)

3. Proposed MIMO antenna design and its
characteristics
In order to improve the high date transmission rate and
increasing the efficiency of the designed monopole antenna,
multi - port antenna has been designed for provide efficient
characteristics. Figure 4 shows the suggested four – element
MIMO antenna configuration. Furthermore, to improve the
isolation and reducing the mutual coupling between the two
elements and to meet essential characteristics, the
parameters are optimized and added isolating element in the
ground plane as shown in figure 5. Three dimensional view
of the proposed four element MIMO antenna with partial
ground plane are configured in figure 6. The geometrical
dimensions of the designed MIMO antenna are L1 = 23mm,
L2 = 20mm, W1 = 3mm, W2 = 40mm.
3.1. MIMO antenna geometrical configuration
To address the high channel capacity, low latency and high
data transmission rate, four – element MIMO antennas are
considered as standard to obtain these characteristics.
Figure 4 shows the geometrical configuration of the 4 –
element MIMO antenna. Similar elements are placed
orthogonally next to each element for its diversity
characteristics. The reason behind this configuration is to
reduce the mutual coupling between elements. Furthermore
isolation between radiating elements is improved with
adding the irregular polygon structure acts as decoupling
structure as shown in figure 5. Three dimensional view of
the proposed four – port MIMO antenna with isolating
element is shown in figure 6. The geometrical dimensions
of the designed MIMO antenna are L1 = 23mm, L2 = 20mm,
W1 = 40mm, W2 = 3mm.

Figure 2. Reflection coefficient performance of designed
antenna evaluations
Table 1. Simulated characteristic parameters of suggested
Aspen monopole antenna
S.No Parameter
I-1
I–2
I–3
I-4
1.

fL, GHz

18.99

4.67

4.77

4.57

2.

fH, GHz

19.59

21.66

26.44

28.60

3.

IBW, GHz

0.60

16.99

21.67

24.03

4.

S11, dB

-16.2

-42

-34

-30

5.

BR

1.03

4.63

5.54

6.25

6.

FBW, %

3.11

129.05

138.86

144.88

VSWR
1.35
1.01
1.04
1.05
7.
(I – Iteration, fL – Lowest operating frequency, fH – highest
operating frequency)

(a) Top view
(b) Bottom view
Figure 4: Four element MIMO antenna without isolating
element

3

values of the designed MIMO antennas are 1.7:1 and 1.5:1
throughout the operating band respectively. The proposed
antenna has very low VSWR value of 1.02 at 16.90GHz.
Low value of VSWR indicates that very less impedance
mismatch loss throughout the operating spectrum, which
indicates the low power reflected and good impedance
matching. Table 2 represents the simulated parameters such
as lowest operating frequency, higher operating frequency,
impedance bandwidth, reflection coefficient, bandwidth
ratio, fractional bandwidth, VSWR and isolation value over
the operating band for the designed MIMO antennas with
and without isolating elements.

(a) Top view
(b) Bottom view
Figure 5: Four element MIMO antenna with isolating
element

Figure 7. Reflection coefficient characteristics of the MIMO
antenna design with and without decoupling structure

Figure 6: Three dimensional view of the proposed MIMO
antenna
3.2. Simulated characteristics of the proposed design
Scattering parameters (S11 - reflection coefficient and S12 insertion loss) of the designed four – element MIMO
antenna with and without isolating elements are given in
figure 7 and 8. From figure 7, MIMO antenna without
isolating element operating from 4.38GHz to 26.72GHz at 10dB reflection coefficient with an IBW of 22.34GHz and
its peak reflection coefficient is -29.98dB. Bandwidth ratio
(

BR

(

FBW

fH

fL

2* f H
fH

)

fL
fL

and

fractional

Figure 8. Insertion loss characteristics of the MIMO antenna
design with and without isolating element

bandwidth
Figure 9. VSWR characteristics of the MIMO antenna
design with and without isolating structure
Table 2. Simulated electrical parameters of the designed
MIMO antennas
MIMO without MIMO with
S.
Parameter
isolating
isolating
No
element
element
fL, GHz
4.38GHz
4.12GHz
1.

*100 ) are 6.10 and 143.66%.

Isolation between the MIMO elements is less than -15dB as
shown in figure 8. According to the simulations of the
proposed antenna (with isolating element), the proposed
MIMO antenna operates frequency spectrum from 4.12GHz
to 27.78GHz with S11 < -10dB. Due to the similarity of the
antennas and its symmetrical arrangement, reflection
coefficient characteristics of the suggested antenna are
same. The corresponding BR and FBW are 6.74 and
148.33%. Figure 8 shows the insertion loss characteristics
of the proposed MIMO antenna with isolating element. It
can be noticed that by adding isolating / decoupling
structure of the MIMO antenna, isolation factor has been
increased by an average of 5dB. Proposed MIMO design
has an isolation less than -20dB. The simulated VSWR
Characteristics of the designed MIMO antenna with and
without isolating elements are given in figure 9. The VSWR

4

2.

fH, GHz

26.72GHz

27.78GHz

3.

IBW, GHz

22.34GHz

23.66GHz

4.

S11, dB

-29.98dB

-39.00dB

5.

BR

6.10

6.74

6.

FBW, %

143.66%

148.33%

7.

VSWR

1.06

1.02

8.

S12, dB

< -15dB

< -20dB

individual antenna elements – 1&2, 1&3 and 1&4
respectively. Other parameter to measure the amount of
power transmission without loss is diversity gain (DG).
Diversity gain is evaluated from ECC, given in [25-26].
Lowest value of ECC indicates the high value of diversity
gain. This value is closure to 10dB which is approximately
equals to ideal value across the operating band. Figure 13
shows the diversity gain characteristics of the proposed
MIMO antenna design. Total active reflection coefficient
(TARC) measures the complete description of the proposed
MIMO antenna potentiality. Ideal value of TARC is less
than 0dB. From figure 14, it is observed that TARC is less
than -8dB for the obtained bandwidth within the acceptable
limits. Figure 15 shows the channel capacity loss (CCL)
plot of the proposed MIMO antenna with isolating element.
CCL measures the loss in channel capacity due to
correlation between the MIMO antennas. Ideal value of
CCL is less than 0.4bits/sec/Hz. From figure 15, it is
observed that CCL is lower than 0.3bits/sec/Hz, which is
within the limits. Mean effective gain (MEG) of individual
elements in the proposed MIMO antenna characteristics are
represented in figure 16. It is observed that practically
proposed MIMO antenna achieves MEG within -4.5 to -7dB
within the ideal acceptable range -3dB to -12dB.

Figure 10 shows the simulated gain characteristics of the
proposed MIMO antenna designed on Rogers RT / Duroid
5880™ substrate material in 3D polar plots. Peak gains
achieved at the selected resonant frequencies 4.80GHz,
8GHz, 14.1GHz, 16.2GHz and 23.6GHz are 3.16dBi,
5.19dBi, 5.82dBi, 5.13dBi and 6.98dBi respectively. Figure
11 represents two dimensional radiation patterns of the
proposed MIMO antenna interms of elevation plane (E plane) and azimuthal plane (H - plane) respectively.

(a) 4.80GHz

(b) 8.00GHz

(c) 14.1GHz

(d) 16.2GHz
(e) 23.6GHz
Figure 10: 3D gain plots of proposed closely spaced MIMO
antenna with isolating element

Figure 12. ECC vs frequency
(a) 4.80GHz

(b) 8.00GHz

(d) 16.2GHz

(c) 14.1GHz

(e) 23.6GHz
Figure 13. Diversity gain vs frequency

Figure 11: 2D radiation characteristics of MIMO antenna
(Red – Elevation, black - Azimuthal)

4. MIMO antenna parameters
Another important parameter to measure the mutual
coupling between antenna elements is envelope correlation
coefficient (ECC). ECC value is less than 0.015 (practically
less than 0.5) over the operating band 4.12 – 27.78GHz,
which indicates the low mutual coupling between antenna
elements. ECC value is evaluated using S – parameters,
given in [25-26]. Figure 12 shows the ECC between the

Figure 14. TARC vs frequency

5

5. Comparison of the proposed antenna
Simulation characteristics of the proposed MIMO antenna
with some existed antennas [6-21] is shown in table 3. In
this table proposed antenna has several advantages
compared to the existing models. i) Miniaturization –
smaller in size, 43mm x 43mm ii) Better impedance –
Covers frequency band from 4.12 to 27.78GHz at S11 < 10dB iii) Fractional bandwidth – Proposed design obtains
148.33% iv) Good isolation – Proposed antenna has
isolation between elements is less than -20dB v) Peak gain
– It obtains peak gain of 6.89dBi with directional
characteristics vi) High radiation efficiency – Suggested
MIMO antenna with isolating element has higher efficiency
96%, which signifies that proposed design has efficient
transmission / receiving capability vii) ECC – Mutual
coupling between antenna elements is improved and its
isolation is less than 0.015.

Figure 15. CCL vs frequency

Figure 16. MEG vs frequency

Ref.
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
Proposed

Table 3. Performance comparison of proposed MIMO antenna with other existed antennas
Size,
Isolation,
fL - fH, GHz
IBW, GHz
FBW, %
Gain, dB
η, %
mm2
dB
58.6 x 46
3.1 – 10.6
7.5
109.48
< -13
2.1-5.4
NR
40 x 68
3.2 – 10.6
7.4
107.24
< -15
< 2.5
70 - 85
75 x 145
3.3 – 3.6 & 4.8 – 5.0
0. 3 & 0.2
8.69 & 4.08
< -10
NR
60-85
50 x 50
2.76 – 10.75
7.99
118.28
< -15
5.5
68
130 x 74
3.3 – 3.6 & 4.8 – 5.0
0.3 & 0.2
8.69 & 4.08
< -12
NR
> 50
60 x 60
2.73 – 10.68
7.95
118.56
< -15
7
NR
50 x 40
2.5– 11
8.5
125.92
< -15
2.11
69.2
48 x 48
3 – 11
8
114.28
< -15
4
80-90
50 x 80
4.183 – 6.584
2.501
46.02
< -17
6
80
48 x 48
2.5 – 12
9.5
131.03
< -15
<3
NR
50 x 30
2.5 – 14.5
12
141.17
< -20
4.1
NR
45 x 45
2 – 10.6
8.6
136.5
< -17
3
NR
85 x 50
2 – 9.5
7.5
130.43
< -20
1.5
70
90 x59
3.34-14.96
11.62
126.99
NR
5
66
50 x 48
3.5-10.6
7.1
100.70
NR
4.7
73
60 x 50
2.05-10.86
8.81
136.48
NR
5.03
NR
43 x 43
4.12 – 27.78
23.66
148.33
< -20
6.89
96

ECC
< 0.02
NR
< 0.15
< 0.025
< 0.1
NR
< 0.02
NR
< 0.056
< 0.005
< 0.04
< 0.1
< 0.03
NR
NR
NR
< 0.015

fractional impedance bandwidth (FBW) of 148.33%. Within
this operating band, the mutual coupling / insertion loss /
isolation between these antennas is purely greater than 20dB. All other parameters like mutual coupling, ECC, DG,
TARC and CCL are depicted in results and discussed.
During this entire band, the radiation pattern maintains
stable characteristics and it has good diversity performance.
Its planar footprint and SWB features make it a good
candidate for wireless devices.

6. Conclusion
Using HFSS simulation program, a new design of super
wide band (SWB) planar monopole antenna loaded with
Aspen shape and partial ground plane has been designed for
serving SWB wireless communication systems. The antenna
operates over the frequency range from 4.57GHz to
28.60GHz and its size is 20mm x 23mm x 0.787mm. A
compact 4-port MIMO antenna with SWB is proposed to
cover industrial – scientific – medical (ISM), satellite, radar,
military and microwave applications. The proposed MIMO
antenna covers impedance bandwidth (IBW) of 23.66GHz at
-10dB reflection coefficient from 4.12 – 27.78GHz. The
proposed antenna has bandwidth ratio (BR) of 6.74 and
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Abstract
In this work, we present the two first iterations design of the
Sierpinski carpet fractal antenna by using a circular pattern.
The proposed antenna is printed on FR4 substrate with a
dielectric constant of 4.4. At the second iteration, the studied
antenna has a multiband behavior with four resonant
frequencies: 3.92, 4.89, 6.61 and 7.22 GHz with a good
impedance matching. The simulated results performed by
CADFEKO a Method of Moments (MoM) based Solver and
measurement using Vector Network Analyzer (VNA)
Anritsu MS2026C are in good agreement.

antenna designed with the modification of the traditional
fractal structure of Sierpinski Carpet by replacing the
rectangular slots with circular ones.

Iteration 0

Iteration 1

Iteration 2

Figure 1: Iteration steps to get Carpet geometry

1. Introduction
For the wireless communication system, an antenna is one of
the most critical components. A good design of the antenna
can thus improve overall system performance. As the demand
increases day by day to multi-band antennas, Thus, a major
issue in multi-band communications concerns small or very
small terminal dimensions, intended for short radio ranges
and in association with sensors or networks for information
transfer in a domestic, multimedia or professional context [13]. Low consumption, ease of integration, and above all cost
are essential aspects that are not very compatible with
performance, these antennas also have wide applications in
long range of wireless systems.
Fractal Antennas Elements are currently beneficial to antenna
designers & researchers. By applying fractals to antenna
elements. The concept of fractal geometry was introduced for
the first time by Mandelbrot in [4].
In this paper, we propose a new microstrip Sierpinski carpet
antenna using a circular pattern.

2. The antenna geometry
Applying fractal theory for antenna design is a clever method
of improving antenna performance thanks to the property of
self-similarity that characterizes fractal geometries [5-7]. As
shown in fig 1, the studied antenna is a microstrip patch

to excite the patch. Here, the feed is applied through a
microstrip inset feed.
The table below gives the corresponding values of design
parameters.
Table 1: Design Parameters & Corresponding Values
Design Parameters
Value (mm)
Length of substrate
56.02
Width of substrate
72.44
Length of patch
28.01
Width of patch
36.22
Thickness of the
1.6
substrate
Width of supply line
2.8
Length of inset point
1

3. Simulation Results using FEKO suite 5.5
The following figures represent a comparison of the
reflection coefficient versus frequencies for different
iteration numbers.

4. Experimental results
The antenna is than fabricated and tested using Vector
Network Analyzer (VNA Master, Anritsu MS2026C) to
validate the simulated results. We confirm with
measurements that resonance frequencies become lower
when the iteration number increases. Also, for the higher
frequencies, the bandwidth becomes bigger.

Figure 2: Simulated reflection coefficient (S11) versus
frequencies for tree first iterations.

Figure 4: S11 Measurement by VNA for the tree antennas

It is worth noting from the simulation that the resonance
frequencies become lower when the iteration number
increases. Also, for the higher frequencies, the bandwidth
becomes larger.

5. Conclusions
In this paper, the setup of slots on the patch antenna using
the Sierpinski Carpet Fractal structure allows the
miniaturization of the antenna since the resonant frequency
becomes smaller when increasing the number of iteration
and the gain becomes higher. The simulated results
performed by CADFEKO a MoM based Solver and
measurement using Vector Network Analyzer (VNA)
Anritsu MS2026C are in good agreement. The proposed
antenna will be a good solution for many wireless
telecommunications systems and especially for the
embedded systems where easy integration, miniaturization,
multi-band and broadband are the essential requirements.

Figure 3 shows the 3D gain pattern of the Simulated antenna
for the resonance frequencies for each iteration.

Iteration 0
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Figure 3: 3D Gain pattern of the Simulated antenna
According to the simulations, we see that the gains for all the
resonance frequencies increase from one iteration to another,
for example, for the first frequency F1 at iteration 0 we have
the same gain 6.4dB and for the second iteration it is 6.9dB,
for the third frequency the gain go from -1.8dB to
11dB at iteration 2, and for the fourth frequency F4, the gain
equals 10.2dB at iteration 0 and 11.4dB at iteration 2.
.
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Abstract
We show the numerical and experimental realization of
broadband optical traveling-wave antennas made from lowloss dielectric materials which exhibit highly directive patterns. The high directivity is a result of the interplay between two dominant TE- and leaky-modes present in the
antenna director. These antennas possess near unity radiation efficiency at the operational wavelength of 780 nm,
maintaining a broad bandwidth. We envision that our alldielectric approach demonstrates a new class of antennas
that are excellent candidates for optical-communication and
sensing.

1. Introduction
Optical antennas provide a promising way to efficiently
convert propagating light waves into localized modes and
vice versa. The directed emission from these antennas can
be used for a multitude of applications, in particular, onchip communication can utilize different functionalities offered by antennas such as high directivity and front-to-back
ratio, good radiation efficiency, low side lobe level, broadband and tunable capabilities, and a compact design [1].
These qualities can be pursued using dielectric structures,
which furnish us with reduced dissipative losses and fabrication tolerances in comparison to the metals in the optical
regime [2]. In the same context, it has also been shown recently that optical traveling wave antennas which support
guided modes in addition to leaky modes exhibit excellent
directional characteristics and a broadband nature [3]. The
electromagnetic response and overall functionality of these
antennas depend on the frequency of operation, structure
geometry, material constituting the antennas and footprint
of the structure. These enable the control over the modes
excited and thus the angular radiation patterns, therefore
providing a need for a meticulous designing and optimization strategy [4].

2. Results and Discussion
In this work, we report on a comprehensive numerical and
experimental analysis of traveling-wave antennas made of
different low-loss dielectric materials like hafnium dioxide

(HfO2 ), tantalum-pentoxide (Ta2 O5 ) and Silicon (Si), furnishing a highly directive emission. Our dielectric antennas
consist of two elements, namely, the reflector and director
that are placed over a glass substrate. In particular, three
different types of directors comprising the rectangular-,
horn-, and tip-shaped geometries were designed and optimized. We utilize full-wave numerical simulations, which
employ the particle swarm optimization in conjunction with
the trust-region algorithm to realize robust antennas with
high directive gains. The maximum directive gain (directivity D) is used as a cost function and defined as
D = max D(θ, ϕ) = ! π ! 2π
0

0

4πU (θ, ϕ)
U (θ, ϕ) sin(θ)dθdϕ

, (1)

where D(θ, φ) and U (θ, φ) are, respectively, the directive gain and angular radiation intensity of the antenna in
a direction defined by the polar angle θ, measured with respect to the optical axis (z-axis) and the azimuthal angle φ,
measured with respect to the antenna axis (x-axis).
To give a deeper insight into our work, the schematic
representation of the numerical setup and orientation of
one of the antennas (rectangular-antenna) with respect to
the xyz coordinates is illustrated in Fig. 1a, which also
highlights the parameters used in the optimization process. Fig. 1c shows the calculated linear directive gain
with tightly focused main lobe pointing at a polar angle of
θ = 69◦ and azimuthal angle φ = 0◦ with a high directivity of 63.1. Our study reveals that the directivity and main
lobe emission are majorly governed by two guided transverse electric modes that radiate from the end facet of the
director. To validate our results, we also fabricated our optimized antenna using a two-step electron-beam lithography,
whose scanning electron micrograph is depicted in Fig. 1b.
The red box in the image indicates the area of quantum dot
(QD) deposition. The measured far field intensity distribution in Fig. 1d is in good qualitative agreement with the numerical calculations. However, some discrepancies are observed in higher polar angles which can be attributed to the
displacement of the quantum dots from the optimal position
as well as the limited collection angle of the setup. Additionally, the ring-like feature at around θ = 41◦ stems from
uncoupled QDs emitting directly into the substrate in all

(a)

(c)

RD DD
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Figure 1: (a) Schematic representation of the Ta2 O5 rectangular-antenna, highlighting the parameters used in the optimization.
The antenna is excited by a dipole source emitting at 780 nm (red spot). (b) Scanning electron micrograph of the optimized
antenna design with the red square marking the region of deposited QDs. (c) Calculated angular linear directive gain distributions of the antenna exhibiting an in-plane directivity of D = 63.1 at θ = 69◦ . (d) Measured far-field intensity normalized to
theoretical maximum.
azimuthal angles. A similar nature with a further enhanced
performance is observed in the other antennas investigated
in the scope of this work. These antennas are not just ultra
directive, but they also showcase high efficiency and a wide
operating frequency range while being robust with respect
to fabrication tolerances. Furthermore, they also offer an
opportunity to tailor the directivity and main lobe angle [4].
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Abstract
This paper describes a technique for the design and optimization of wideband reflectarrays based on the generalized intersection approach and a direct layout optimization
using a method of moments based on local periodicity. Results for two very large dual-linear reflectarrays for directto-home applications are provided and discussed. The first
is a reflectarray working in a 15% bandwidth with European coverage. The second antenna provides coverage to
South America in two frequency bands with very tight requirements.

Stage 1

Stage 5

POS and design at
central frequency ( f0 )

Wideband CP and XP optimization
with 8 DoF

Stage 2

Stage 4

Wideband CP-only optimization
with 2 DoF

Wideband CP and XP optimization
with 6 DoF

1. Introduction
Reflectarray antennas suffer from an inherent narrow bandwidth due the differential space delay with regard to a
parabolic surface and the resonant nature of the reflecting
elements [1, 2]. There are several solutions to overcome
these limitations, including the use of broadband reflectarray elements with several resonances, sub-wavelength periodicity, faceted or curved reflectarrays, etc.
In this work we propose a wideband design technique
based on the use of a multi-resonant unit cell with up to
eight Degrees of Freedom (DoF) [3] and a optimization
algorithm based on the generalized intersection approach
[4] to compensate for the differential space delay at several
frequencies. In addition, the process is divided in several
stages to facilitate convergence towards a wideband performance. Both copolar and crosspolar requirements are taken
into account. This technique has been applied to two large
reflectarray antennas for space applications, improving the
results of others works in the literature.

2. Wideband Design Procedure
Figure 1 shows a flowchart of the proposed design methodology. First, a Phase-Only Synthesis (POS) is carried out
at central frequency to obtain an initial narrowband layout. Next, a wideband optimization is carried out. In order
to facilitate convergence, the initial stages only deal with
a copolar synthesis, starting with a limited number of degrees of freedom with are progressively increased. Later
on, cross-polarization requirement may be included in the
process as well.
The main idea behind this process is to solve increasingly difficult problems by first dealing with a single frequency design, then only with copolar requirements in a
wideband and finally including both copolar and crosspolar

Stage 3
Wideband CP-only optimization
with 6 DoF

Figure 1: Flowchart of the wideband design procedure
based on the generalized intersection approach. Stages
three and five may be optional.

specifications. At the same time, by considering only a limited number of DoF per reflectarray element, the number of
local minima is reduced, improving convergence [4]. However, to fully exploit the capabilities of the multi-resonant
unit cell, the number of DoF is increased in successive
stages to improve the performance of the optimized antenna.
This procedure has been applied to two large reflectarray for space applications, in particular for direct-to-home
broadcast from satellites in geostationary orbit.

3. Reflectarray with European Coverage
For the first example, the same antenna as in [5] is considered here. It is a 1 meter reflectarray comprised of 5180
elements working in a 15% frequency band (10.95 GHz –
12.75 GHz). The goal is to achieve a minimum copolar gain
of 28 dBi in the coverage zone and a minimum crosspolar
discrimination (XPDmin ) of 30 dB, both in dual-linear polarization in the 15% frequency band.
Table 1 shows the results of this wideband design. It can
be seen how both the minimum copolar gain and XPDmin
significantly improve after following the wideband design
procedure described in Section II. In fact, compared to [5],

Table 1: Wideband performance of the reflectarray with European coverage for both linear polarizations in a 15% relative
bandwidth, showing the minimum copolar gain (CPmin ) and minimum crosspolar discrimination (XPDmin ).
10.95 GHz

11.40 GHz

11.85 GHz

12.30 GHz

12.75 GHz

X

Y

X

Y

X

Y

X

Y

X

Y

Initial layout
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41.18
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40.23
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38.98

22.14
39.43

30

and the use of a multi-resonant unit cell with several degrees of freedom. It is divided in several stages to facilitate
convergence towards a wideband performance. It has been
applied to the design of two large reflectarray antennas for
space applications, obtaining excellent results.
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5. Conclusions
A methodology to design wideband reflectarrays with improved copolar and crosspolar requirements has been presented. It is based on the generalized intersection approach
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With the rapid development of modern wireless communication systems, ceramic antennas have
received increasing attention due to their miniaturization, high durability, high power capacity and high
sensitivity. For a long time, researchers are focusing on developing microwave dielectric ceramics with
a high-quality factor, high permittivity and near zero temperature coefficient of resonate frequency for
the use of antenna. Meanwhile, several advanced fabrication techniques such as low-temperature co-fired
ceramic (LTCC) and 3D printing are emerging to satisfy the antenna fabrication demands, which help
people to overcome the limitation of traditional manufacturing processes (for example, dry-pressing
method) on ceramic antennas fabrication with complex structure.
LTCC technology, which is a multilayered fabrication method, has been widely applied in the field
of ceramics antenna processing. Achieving blind via, buried via, through via, air cavity, and other
complex structures by using LTCC technology is easier and more precise than using the traditional
antenna preparation techniques, such as printed circuit board and metal machining technologies. In
addition, the integration of antenna and other components in a small package is easily realized due to the
high dielectric constant substrate and multilayer manufacturing process of LTCC technology.

Fig. 1.

Topology of the proposed antenna array.

Fig.1 shows a 4 × 4 high-gain substrate integrated cavity (SIC) antenna array using multilayered
LTCC technology we proposed and designed for W-band applications. The TM211 mode of the SIC is
utilized. Two parasitic patches are introduced on the top surface of the SIC to adjust the aperture
electromagnetic field distribution of the TM211 mode in the cavity for obtaining a high-gain broadside
radiation pattern. A bow tie shape is adopted for the parasitic patches to improve the matching

characteristic of the SIC. The SIC is modified to a stepped flared shape to improve the gain characteristic
of the antenna element. Subsequently, a two-layer low-loss substrate integrated waveguide feeding
network is designed for the 4 × 4 antenna array based on the proposed high-gain SIC radiating element.
The proposed antenna array showed a wide measured bandwidth of 17.48% from 81.45 GHz to 97.05
GHz at |S11| < −10 dB and a measured gain of up to 20.3 dBi.
In recent time, as an emerging manufacturing technology, 3D printing, also known as additive
manufacturing technology, shows great potential for the manufacturing of low-cost, low-weight complex
structural components. It can create complex 3D structures such as photonic crystals which are not
possible with traditional fabrication process. In addition, 3D printing can easily realize the integration of
antenna and other components due to continuous forming capability, and it ensures antenna performance
consistent with design for high manufacturing precision.
As shown in Fig.2, we presented a novel method for realizing flat Luneburg lenses for antenna
applications. The method we described includes ceramic Stereolithography, metamaterial structure and
optical coordinate transformation. We experimentally validate our design methodology by fabricating
and characterizing a flat Luneburg lenses whose operation frequency is at Ku-band (12–18GHz) with
antenna gains of 18dBi. The results demonstrate good agreement with electromagnetic simulations, and
it shows the ability of passively beam steering over whole operating frequency.

(a)

(b)
Fig. 2.

Test and structural profile of 3D printed Luneburg lens.

(a) Assembly of actual test system.

(b) 3D printed Luneburg lens profile.
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Abstract
A planar antenna array on the RF substrate increases the
level of system integration and lowers the manufacturing
cost for such systems. In this paper, the authors present
the design and fabrication of a planar 2×2 antenna array for a 60 GHz Radio-over-Fiber (RoF) wireless system.
The antenna is radiating at broadside and excited by microstrip line. For the measurement with RF probes on a
wafer prober, a microstrip-to-coplanar waveguide transition
is added. The measured gain of the antenna is 6 dBi and the
matching is better than -20 dB at 60 GHz. The measurement
and simulation results of gain and input return loss match
very well at the resonance frequency.

1. Introduction
RoF systems integrate wireless and fiber optic networks, in
order to utilize the immense bandwidth inherent with fiber
optics. It is an affordable solution in environments such as
conference centers, airports, hotels, shopping malls, and ultimately homes and small offices [1]. The RoF architecture
consists of a central station (CS) where mm-wave signals
are generated and transmitted over fiber to a base station
(BS). At the BS, the transmitted signal is detected, preprocessed, amplified and wirelessly transmitted to the mobile station. Integrated planar antennas are essential components in mm-wave RoF systems. This is because for
their small foot print, light weight, low cost and compatibility with integrated active radio frequency (RF) components, therefore representing the best choice for compact
RoF systems. The 2×2 antenna array is designed on fused
silica substrate, lightweight, and with excellent low loss
(εr = 3.75, tan δ = 0.0004) characteristics up to 110 GHz
[2]. It is fabricated on fused silica of 300 µm thickness
with on top immersion silver/immersion gold (ISIG) surface plating of 5 µm thick excluding vias. In the following,
we present the validation of the simulation as compared to
the measurement results of the 2×2 antenna array.

2. Design, Fabrication and Measurements
The antenna should cover the 60 GHz ISM band in order
to support IEEE 802.11ad signals. The RoF system design
requires a realized gain of greater than 6 dBi and an input
matching of lower than -10 dB at 60 GHz. The fabricated
2×2 antenna array on glass is shown in Fig. 1 with CPW-

to-MS feed network.

Figure 1: A 2×2 60 GHz antenna array on glass substrate
with CPW to MS transition feeding element.
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Figure 2: Simulation of the total radiation power pattern in
E-Plane and H-Plane at 60 GHz of the 2×2 antenna array.
The simulated gain (EM full-wave simulation) of the
microstrip antenna array at 60 GHz is 9.4 dBi, as shown in
Fig. 2. The authors decided to use wafer-probes with the
400 µm pitch for the wafer prober measurements. Correspondingly, the microstrip antenna array requires a CPW
transition to microstrip (MS). The CPW-to-MS transition
feed network to the microstrip antenna array introduces loss
of about 1 dB. As a result, the antenna array gain of 8.4 dBi
is achieved. This gain meets the design criterion of 6 dBi
gain and leaving some margin for implementation.
In this paper far field antenna measurements are carried out on a wafer prober using GGB Pico Probes Model
67A (ground-signal-ground (GSG) configuration, pitch of
400 µm) and a Network Analyzer up to 67 GHz connected
to a receiving horn antenna with 20 dBi gain, see Fig. 3.
The probe calibration was performed using thru-reflect-line
(TRL) calibration structures fabricated on the fused silica
substrate. The far-field region for the measurement setup
can be determined by
R>

2D2
= 10.24 cm
λ

(1)

taking into account the aparture D = 16 mm of the Rx

10

horn antenna and the wavelength λ = 5 mm. Using the xz-plane in a distance of 11 cm optimizes the measurable angle to ±24◦ with the given scanning range of 10 cm×10 cm.
Thus, the gain can be calculated from the measured data
after polarization alignment of the Rx horn antenna and
antenna array using the gain comparison method given by
equation (2):
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Figure 5: 60 GHz antenna array gain including losses (simulated, red) compared with measured (blue) and the patch
element (simulated, green).

Horn Antenna
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measured gain is very sensitive to the probe position relative to the x-z-plane of the Rx horn antenna movements.
Reducing the reflectivity of either the Rx horn antenna or
the antenna array on the chuck would drastically lower
that influence. One improvement could be to use a plastic
chuck. The measured gain of the antenna array at 60 GHz
is GAUT = 6 dBi whereas the measured input return loss is
below -20 dB. This makes the antenna suitable for usage in
aforementioned RoF system.

AUT

Figure 3: Overview of the AUT gain measurement at the
middle of the chuck on wafer probing station with receiving
horn antenna positioned on top.

A 2×2 patch antenna array that can be manufactured on a
simple two-layer process without vias has been successfully
realized on a fused silica glass substrat that offers low-loss
implementation. The characterization of matching and antenna gain shows that the antenna array covers the 60 GHz
ISM band and has a gain of 6 dBi at 60 GHz. This allows
the antenna to be used in a highly integrated BS for a RoF
system. Further steps include the integration of the realized antenna into the RoF BS frontend design and system
experiments.
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Figure 4: Simulated S11 of the 60 GHz patch element
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The measurement and simulation results of gain and input return loss match well, as shown in Fig. 4 and Fig. 5.
However, the measured gain is reduced by around 2 dB
compared to the simulation. One of the reasons is the insertion loss of the CPW-to-MS transition that introduces about
1 dB loss. At these frequencies, fabrication tolerances and
deviations in substrate material parameters have a huge influence [3]. Moreover, the reflections from the metal chuck
induce interference effects in antenna measurements, especially around the axis perpendicular to the chuck which can
be seen in the measurement curve in Fig. 5. It could be
noted that the location of the minima and maxima on the
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Abstract
We present a planar terahertz goubau-line antenna with
endfire radiation based on the substrate mode in this paper.
As the antenna substrate thickness increases, the goubau
line can excite the substrate mode and thus the truncated
substrate will work as an antenna to generate endfire
radiation. The proposed antenna operates from 325 GHz to
430 GHz on a 300 μm thick quartz substrate, and achieves
the endfire radiation with 9.5-10.85 dBi gain.

conversion,
y

f (x)

where the
A(e 1) with A
x

exponential

Lg / (e

x

function is
1) and α = 0.012.

The antenna parameters are as follows: W0 = 800 μm, Wc =
30 μm, Lc = 100 μm, L1 = 500 μm, L2 = 830 μm, L3 = 350
μm, Lg = 230 μm and gc = 4 μm. And the metallic material
is copper with thickness 0.3 μm and conductivity
5.8 107 S / m .

1. Introduction
Terahertz technologies have received much attention in
recent years as they hold many promising applications, like
sensing, material detection, communications, etc. [1]. In
these terahertz systems, antennas with endfire radiation are
usually desired. In microwave and millimeter-wave bands,
different types of antennas with endfire radiation have been
proposed. Antennas with 3D structures (horns, dielectric
lens and dielectric rod antennas) have wideband, high-gain
and low cross-polarization advantages [2-4]. But in terahertz
region, these 3D antennas are complicated to fabricate
especially when integrated with other on-chip components.
Some planar antennas (Yagi-Uda antennas and Vivaldi
antennas) are usually fabricated on thin substrates with
multiple metallic layers, which lead to the antenna
deformation and difficult fabrication in terahertz band [5-6].
In this paper, we employ the goubau line on a thick quartz
substrate, which can excite the substrate mode. Such thick
substrate can support good mechanical stability and the
truncated structure leads to endfire radiation. Meanwhile,
this antenna only has one metallic layer and can be easily
fabricated by photolithography.

2. Planar terahertz goubau-line antenna design
The geometry of the proposed planar terahertz goubau-line
antenna based on the substrate mode is shown in Fig.1. It is
fabricated on quartz substrate with εr = 3.75 and tanδ =
0.0004. Since the goubau line is a single-conductor line and
propagates the transverse magnetic (TM) mode surface
wave, a transition from 50 Ω coplanar waveguide (CPW) is
required for the mode conversion and impedance matching.
The tapered CPW ground plane provides a smooth

Figure 1: Geometry of the planar terahertz goubau-line
antenna based on substrate mode.

Figure 2: Reflection coefficients of the planar terahertz
antenna on quartz substrate with different thicknesses.
The thickness of the quartz substrate plays an important role
on the proposed terahertz goubau-line antenna. In Fig. 2, we
compare the reflection coefficients of this antenna with
different substrate thicknesses. When the thickness is 100
μm, the |S11| is about –5 dB, which means that the
propagating wave is a standing wave and the field is
reflected by the truncated goubau line. As the thickness

increases to 300 μm, the |S11| becomes below –10 dB in
250-500 GHz band and most of the energy radiates into free
space. Therefore, the quartz thickness in this terahertz
antenna is chosen as 300 μm. Fig. 3 displays the Ez field
distribution of this terahertz antenna at 350 GHz. We can
clearly observe that the TM-mode field along the goubau
line is converted into the substrate mode and the truncated
structure leak the energy into endfire direction. It also
indicates that the polarization of this antenna is along z
direction.

versus frequency of this terahertz antenna is depicted in Fig.
4(b). In 325-430 GHz band, the gain can reach 9.5 to 10.85
dBi. Experimental validation of the design will be provided
in the presentation.

3. Conclusions
In this paper, we propose a planar terahertz antenna with
endfire radiation in 325-430 GHz. The goubau line is
employed to excite the substrate mode on a 300 μm thick
quartz substrate. The truncated structure leads to the energy
radiation into the endfire direction. The gain can reach 9.510.85 dBi in the operating band.
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Figure 3: Ez field distribution of this terahertz antenna at
350 GHz.
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Fig. 4(a) gives the E-plane radiation pattern of the proposed
terahertz antenna at 350 GHz. The main beam is in endfire
direction and the 3dB beamwidth is 57 ◦ . The crosspolarization is below -40 dB and not shown here. The gain
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Abstract
In this paper, novel approach tri – element Multiple – Input
Multiple – Output (MIMO) terahertz (THz) antenna is
designed to cover wide band characteristics from 2.44 –
3.09THz for medical, short – indoor and THz applications.
The proposed MIMO antenna is designed on quartz glass
dielectric material within compact size of 120µm x 60µm,
offers of wide impedance bandwidth (IBW) of 0.65THz,
isolation less than -20dB, peak gain 6.82dB and high
radiation efficiency of 92 – 98%. Furthermore, in order to
meet the high date transmission rate and channel capacity
performance of MIMO antenna, MIMO antenna parameters
envelope correlation coefficient (ECC < 0.07), diversity
gain (DG ~ 10dB), total active reflection coefficient (TARC
< 0.65), channel capacity loss (CCL < 0.75bits/sec/Hz) and
mean effective gain (-4dB < MEG < -12dB) are
investigated and which are within acceptable limits.

1. Introduction
In current years, the innovative increase of Wi-Fi
technologies created the necessity of inexhaustible
bandwidth to fulfill the demands of large statistics visitors
charge, channel ability and interruption loose connectivity
[1]. These needs have given researchers a compelling
incentive to investigate a large new frequency band, the
terahertz (THz) electromagnetic spectrum, which runs from
0.1 to 10 THz and has a wavelength of 0.03 to 3 mm [2-3].
The THz frequency spectrum (0.1-10 THz) has emerged as a
viable alternative for meeting the demands of secure highspeed wireless communication applications by allowing for
faster data transmission [4-5]. Due to various advantages of
THz waves over millimetre waves, such as a wider useable
frequency band, more spectral resolution, lower diffraction,
and better anti-interference performance, the THz spectrum
supports these diverse applications [6]. In the present day,
better channel capacity and a fast data rate are required for
wireless communication. MIMO-communication systems
with THz range are necessary to meet these needs for high
data speeds in Terabit/sec (Tbps). It also offers extremely
high throughput per device (ranging from multiple Gbps to
several Tera-bps), as well as per-area efficiency (bps/km2).
Some of the MIMO antenna designs in Terahertz region are
reported by researchers for future wireless THz applications.

Graphene based pattern diversity MIMO [7], graphene based
reconfigurable structure [8], plasmonic reconfigurable
MIMO antenna with beam forcing [9], THz MIMO for 3D
medical imaging and radar [10], L – shaped decoupling
MIMO structure for high isolation [11] and Micro scaled
tree shaped MIMO antenna [12] are designed for various
THz applications.
Now a days advancements in the communication requires
high performable antenna, low cost, minimum weight. In
THz a novel microstrip patch antenna on the photonic
crystal is designed and analyzed. The size of the antenna is
800 x 600 µm2 on polyamide substrate which operates at the
frequency range from 0.615THz – 0.6514THz [13]. In this
paper [14], for the purpose of short distance wireless
communication systems at THz a rectangular microstrip
patch antenna designed with the size of 1000 x 1000µm2 on
polyamide substrate. The operation frequency ranges from
0.7THz-0.85THz and the gain 3.497dB and the efficiency of
55.88%. In this paper [15], for the purpose of surveillance
applications terahertz microstrip patch antennas designed
with the frequency of 0.7THz-0.85THz and the IBW of
0.15THz. In this article [16], on polyimide substrate
graphene nanoribbon-based terahertz antenna proposed and
designed. The size of the antenna is about 208.98 x 433.2
µm2 and the operating frequency of 0.725THz to 0.775THz
and the gain of 4.93dB. For high-speed short range wireless
communication applications THz antenna which is a microsized rhombus-shaped proposed with the size of 300 x 300
µm2 and the frequency ranges from 0.445THz-0.714THz and
the impedance bandwidth of 269GHz and the gain of 5.7dB
[17]. In this paper [18], based on photonic crystals novel
approach of a terahertz microstrip patch antenna designed
and analyzed. The size of the antenna about 600 x 600 µm2
and frequency of 0.5THz-0.8THz. In this article [19], for the
purpose sub-terahertz short range wireless communication
systems unslotted ultra-wideband microstrip antenna which
is high efficiency designed. The size of the antenna is about
1000 x 1000 µm2 and the frequency ranges from 0.093THz
to 0.207THz. Based on a synthesized photonic bandgap
substrate using BPSO a terahertz microstrip antenna is
designed [20], and analyzed and the size of the antenna is
about 500 x 500 µm2 in which frequency ranges from
0.4THz-0.8THz. In this paper [21], for video rate imaging
and homeland defense applications rectangular microstrip

patch antenna employing polyimide substrate which is THz
proposed with the size of 208.9 x 422 µm2 on polyimide
substrate and the frequency ranges from 0.665THz0.696THZ and the gain of 5.22dB. In this article [22], by
using photonic band gap and defected ground structure THz
patch antenna which is high performance designed on
Rogers RO3003 with the size of 210 x 180 µm2. For THz
applications Bow-tie photoconductive antenna designed and
performance analyzed[23], The gain obtained by the antenna
is about 2.22dB.
In this paper, triple element MIMO antenna is designed
using quartz dielectric material having dielectric constant of
3.78 and both sides of this material is layered with thickness
of 0.5µm graphene layer acts as conducting layers. The
proposed structure maintains IBW of 0.65THz (2.44 –
3.09THz) at S11 < -10dB. Further, isolation (S12), voltage
standing wave ratio (VSWR), group delay (td), radiation
patterns, surface current analysis and MIMO parameters are
evaluated and discussed in this paper.

(b) Antenna – 2

2. Proposed Design Layout and Implementation

(c) Antenna – 3
Figure 1: Evaluation of tri – element planar MIMO antenna

The MIMO antenna with wide band characteristics is
designed and simulated using electromagnetic high
frequency structure simulator (EM - HFSS) tool. The
proposed evaluation is made from conventional rectangular
shape patch antenna with graphene material loaded having
thickness of 0.5µm within compact size of 60µm x 50µm.
Geometrical parameters of the designed antenna (antenna 1) shown in figure 1(a) are computed from standard
mathematical equation [24]. 50Ohm characteristic
impedance transmission feedline is used to feed the
radiating graphene element. In order to meet the design
essentials of the high – speed data communication rage and
channel losses, MIMO antenna model has been proposed.
Figure 1(b) represents the three element MIMO antenna
designed on 120µm x 60µm quartz substrate for improving
the impedance bandwidth. Furthermore, with respect to
impedance bandwidth, reflection coefficient and
mismatching losses, designed MIMO antenna has been
altered to 45o inclination oriented elements are arranged to
the mid element of the MIMO antenna design and spacing
between elements (S) is 7.8µm is shown in figure 1(c).
Geometrical dimensions of the designed antennas are
reported in table 1.
Table 1: Geometrical
dimension (units - µm)
L
W
Lp Wp
60
50
20
30
Lf
Wf
Lg
26
2.5
25
Ls
Ws
A
B
60
120
0.9 2.65
L1
L2
S
26 24.75 7.8
(a) Antenna – 1

3. Designed antenna performance characteristics
3.1. Electromagnetic simulation characteristics
The reflection coefficient (S11) characteristics of the
iteration wise proposed THz MIMO antenna is depicted in
figure 2. It is observed that impedance bandwidth of
antenna - 3 is better than antenna – 1 & 2. Conventional
rectangular microstrip patch antenna resonates at 3.23THz
with reflection coefficient of -35.19dB. This antenna – 1
achieves bandwidth of 0.19THz operating from 3.13 to
3.32THz. Three element MIMO antenna with partial ground
plane (antenna – 2) produces Impedance bandwidth (IBW)
of 0.40THz at S11 < -10dB covers frequency spectrum from
2.69 to 3.09THz. Inclined element MIMO antenna (antenna
- 3) gives wide band characteristics with an IBW of
0.65THz (650GHz) covers 2.44 – 3.09THz spectrum for
short – indoor and medical applications. Corresponding
IBW, bandwidth ratio (BR) and fractional bandwidth
(FBW) parameters of designed antennas are reported in
table 2. Impedance matching with the free space
characteristic impedance is the one of the prominent
characteristics in antenna designing. VSWR measures the
impedance matching in the bandwidth coverage. Figure 3
shows the VSWR characteristics of antenna – 1, 2 & 3 and
obtained values are noted in table 2. Signal distortion
between the MIMO elements are measured interms of group
delay characteristics, which are presented in figure 4 and
achieved peak delay values are included in table 2. The
main objective of this work is to improve the isolation
between elements. Figure 5 shows the isolation between
MIMO elements of designed antenna – 2 & 3 respectively.
Proposed antenna achieves isolation less than -25dB,
compared to antenna – 2 it shows improvement in isolation.

2

Figure 2: S11 characteristics of designed antennas
Figure 6: Radiation patterns of suggested antenna at
2.55THz and 2.96THz
3.3. Surface current analysis
Surface current distributions of the proposed antenna at
resonant frequencies 2.55THz and 2.96THz are shown in
figure 7. Figure 7(a) shows the current distribution of
designed antenna – 3 at 2.55THz. In this very high surface
current is concentrated at the feed lines of three elements
and edges of graphene patches. Similarly figure 7(b) is
more concentrated at the edges of elements at 2.96THz.

Figure 3: VSWR characteristics of designed antennas

Figure 4: Group delay characteristics of designed antennas
Table 2: Design summary of electrical characteristics
IBW,
FBW,
VS
A*
BW
BR
td, ps
THz
%
WR
3.13 1
0.19
1.06
5.89
1.03
17
3.32
2.69 –
2
0.4
1.14
13.84
1.07
6.4
3.09
2.44 –
3
0.65
1.26
23.5
1.02
19
3.09
(A* - Antenna)

(a)

(b)
Figure 7: Magnitude surface current distribution of
proposed antenna at a) 2.55THz b) 2.96THz
3.4. MIMO Antenna parameter analysis
In order to measure the similarity of the proposed tri –
element MIMO antenna printed on Quartz material, MIMO
parameters such as ECC, DG, TARC, CCL and MEG are
evaluated [12, 25-26].
i.
ECC is measured using S – parameters method of
equation:

Figure 5: Isolation plots of antenna – 2 & antenna - 3

S11* S12

3.2. Far – field characteristics
e

Figure 6 shows the two dimensional radiation
characteristics of suggested wide band antenna at 2.55THz
and 2.96THz in E – plane and H – plane interms of co –
polarization (Co –pol.) and cross – polarization (Cross –
pol.) components. The proposed three element MIMO
antenna exhibits almost unique characteristics at both
resonant frequencies. The proposed antenna maintains
omnidirectional patterns in co – polarization and low cross
polarization is below -28dB are attained.

ii.

1 S11

2

1 S12

2

S 22

2

2
e

(2)
TARC can be computed interms of S – parameters
as:
TARC

3

2

2

(1)
Diversity gain (DG) computed interms of ECC as:
DG 10* 1

iii.

S 21

*
S 21
S 22

S11 S12e j

2

S21 S22e j
2

2

(3)

iv.

Channel capacity loss (CCL) can be computed
interms of S – parameters as:
11

12

log 2 21

22

R

CCL

log 2

(4)
Where ѱR = Receiving antenna correlation matrix,
ii

ij

v.

1 Sii

2

*
ii ij

S S

Sij

2

(5)

(d) Channel capacity loss (CCL)

*
ij

S S jj for all i, j = 1 & 2 (6)

MEG of three – port MIMO antenna can also be
evaluated interms of S – parameters as
N

MEGi

0.5 1

Sij

2

j 1

(7)

The MIMO parameter evaluations are presented figure 8.
From fig 8(a), it is evident that ECC is less than 0.07, which
is acceptable within the ideal values and it signifies that
efficient operating condition of two different elements on
single substrate. Figure 8(b) represents the diversity gain
characteristics of proposed MIMO antenna, it has constant
10dB value over the operating spectrum 2.44 – 3.09THz.
TARC characteristics of the proposed MIMO antenna are
obtained within the acceptable limit, which is less than 0.65
as shown in figure 8(c). The CCL value of the suggested
MIMO design is less than 0.75bits/Sec/Hz over the entire
bandwidth, which shows better diversity characteristics of
the proposed MIMO are shown in figure 8(d). Idea value of
MEG is in between -3dB to -12dB. Designed MIMO
antenna achieves MEG characteristics in between -4dB to 12dB, which are represented in figure 8(e).

(e) Mean effective gain (MEG)
Figure 8: MIMO antenna parameters
3.5. Gain and Radiation efficiency
The gain and radiation efficiency of the proposed antenna
are evaluated and presented in figure 9 & 10. The gain (G)
of the proposed antenna is varied from 5.7 - 6.8dB over the
operating bandwidth 2.44 – 3.09THz. Radiation efficiency
(η) of the suggested graphene based antenna varies from 92
– 98%. The gain and radiation efficiency are prominent and
justified that this antenna is suitable for THz
communications.

Figure 9: Gain characteristics of the suggested MIMO
antenna

(a) Envelope Correlation Coefficient

Figure 10. Radiation efficiency characteristics of the
proposed MIMO antenna with partial ground plane
(b) Diversity gain (DG)

4. Comparison of proposed MIMO antenna with
existed works
Table 3 summaries the analyzed performance comparison.
In comparison to known single element THz antenna
structures and recently announced MIMO antenna
structures, the suggested antenna offers a wider impedance
bandwidth and requires the shortest dimension, as shown in
the comparison table. So, as stated in the preceding sections
of the article, the novelty of the suggested design is a

(c) Total active reflection coefficient (TARC)
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broader impedance bandwidth in a comparatively smaller
antenna size, as well as good impedance, radiation, and

Ref.
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diversity properties.

Table 3: Performance comparison of proposed tri – element MIMO antenna with existed works
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Size, µm2
Substrate
Gain, dB
range, THz
THz
dB
efficiency, %
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85.71
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0.269
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0.3
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90.84
1000x1000
Rogers RO4835-T
0.093 - 0.207
0.114
< -17
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embedded in a thick
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0.4
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91.08
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208.9 x 422
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92 - 98
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reconfigurable MIMO system for THz communications
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5. Conclusion
In this paper graphene based inclined three - element
MIMO antenna is designed for improvement in isolation
and high radiation efficiency. The achievements of designed
antenna has been analyzed, studied and discussed interms of
reflection coefficient (S11), impedance bandwidth (IBW),
isolation (S12), VSWR, far – field characteristics, surface
current distribution. Behalf of this, MIMO performance is
investigated interms of ECC (< 0.07), DG (~ 10dB), TARC
(< 0.65dB), CCL (< 0.75bits/sec/Hz) and -4dB < MEG < 12dB within the acceptable limits. The suggested antenna is
suitable for security, medical imaging, sensing, radar,
satellite, short – indoor and THz applications.
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Abstract

2. Base Station Antennas for GATE

This paper presents base station and user equipment
antennas for a 60-GHz-band near-field wireless
communication system: gigabit access transponder
equipment (GATE). The GATE uses electrically large
antennas for base stations to provide a uniform field
distribution and low interference between adjacent links.

A circularly-polarized slot array antenna [6], [7] for base
stations of GATE is shown in Fig. 2. It consists of a
corporate feed waveguide in the lower layer and a radiating
part in the upper layer. The antenna is fed through an
aperture (WR-15) from its backside, and the power divided
equally by the corporate feed waveguide circuit. At the end
of the feeding circuit, 2×2-element circular-polarized
subarray is fed. The antenna was designed using a hybrid
method of moments (MoM)/finite element method (FEM)
[8].
The 128×64-element array was fabricated by diffusion
bonding of 0.2-mm thickness aluminum (A6063) plates as
shown in Fig. 2 (a). The aperture dimension of the arrays is
544 × 272 mm2. The measured amplitude distribution of
128×64-element array shows uniform whereas the phase
distribution shows non-uniformity. The reason for the nonuniformity may result from the incompleteness of the
fabrication of the feeding circuit.

1. Introduction
Demands for high-speed wireless communication have
increased because of widespread mobile terminals such as
smart phones and tablets. The 60-GHz band, 57 – 66 GHz,
is allocated worldwide for wireless communication and can
be used without a license [1].
The gigabit access transponder equipment (GATE) system
[3] uses electrically large aperture or array antennas as
antennas for base stations. Electrically large antennas
realize long near-field areas where radio wave intensity
does not attenuate by the square of the propagation distance.
The GATE system uses the near-field region to provide
stable field intensity and low interference between adjacent
links. For user equipment such as mobile terminals or
tablets, small linear polarized antennas [4], [5] are used. In
this paper, base station and user equipment antennas for the
60-GHz-band GATE system are presented.

Large array antenna
for the access point

(a)
Large array antenna
for the access point
Multi-Gb/s

Reception Zone

Large array antenna
for the access point
Multi-Gb/s

Reception Zone

Multi-Gb/s

Reception Zone

Figure
1:
60-GHz-Band
Near-Field
Communication System: GATE.

Wireless

(b)

Figure 2: (a) 60-GHz-band 128×64-element slot array
antenna by aluminum, (b) its structure.

3. User Equipment Antennas for GATE
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A metal cap antenna for user equipment of GATE is shown
in Fig. 3 [5]. The antenna is composed of a substrate and a
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H-planes. The substrate is inserted into the metal cap until it
touches the metal cap antenna. This structure realizes
robustness against fabrication tolerance. Measured
frequency characteristics of gain was more than 7.8 dBi
from 57 to 66 GHz.

[1] R. Fisher, “60 GHz WPAN standardization within IEEE
802.15.3c,” in Proc. Int. Signals, Syst. Electron. Symp.,
2007, pp. 103–105.
[2] T. S. Rappaport et al., “Millimeter Wave Mobile
Communications for 5G Cellular: It Will Work!,” IEEE
Access, vol. 1, pp. 335-349, 2013.
[3] M. Zhang, K. Toyosaki, J. Hirokawa, M. Ando, T.
Taniguchi and M. Noda, “A 60-GHz Band CompactRange Gigabit Wireless Access System Using Large
Array Antennas,” IEEE Trans. Antennas Propag., vol.
63, no. 8, pp. 3432-3440, Aug. 2015.
[4] R. Suga, H. Nakano, Y. Hirachi, J. Hirokawa, and M.
Ando, “A small package with 46-dB isolation between
Tx and Rx antennas suitable for 60-GHz WPAN
module,” IEEE Trans. Microw. Theory Tech., vol. 60,
no. 3, pp. 640–646, Mar. 2012.
[5] T. Tomura, H. Hirayama, J. Hirokawa, “A PCBIntegratable Metal Cap Slot Antenna for 60-GHz Band
Mobile Terminals,” IEICE Trans. Commun., vol.E102B,
no.2,
pp.317-323,
Feb.
2019.
doi:
10.1587/transcom.2018EBP3070
[6] Y. Miura, J. Hirokawa, M. Ando, K. Igarashi, and G.
Yoshida, “A high-efficiency circularly-polarized
aperture array antenna with a corporate-feed circuit in
the 60GHz band,” IEICE Trans. Electron., vol.E94-C,
no.10, pp.1618-1625, Oct. 2011.
[7] T. Yamamoto, M. Zhang, J. Hirokawa, T. Hirano and M.
Ando, “Wideband design of a circularly-polarized platelaminated waveguide slot array antenna,” 2014
International Symposium on Antennas and Propagation
Conference Proceedings, Kaohsiung, 2014, pp. 13-14.
[8] T. Tomura, J. Hirokawa, T. Hirano and M. Ando,
“Analysis of an x-shaped cavity-backed slot 2×2element sub-array by hybrid MoM/FEM with numerical
eigenmode basis functions,” Proceedings of the 2012
IEEE International Symposium on Antennas and
Propagation, Chicago, IL, 2012, pp. 1-2.

(a)

(b)
Figure 3: (a) Fabricated metal cap antenna with a
waveguide feed, (b) its structure.

4. Conclusions
This paper has presented base station and user equipment
antennas for the 60-GHz-band near-field wireless
communication system: GATE. As a base station antenna, a
128x64-element circular-polarized waveguide slot array
antenna was introduced and shows uniform amplitude
distribution. As a user equipment, a metal cap antenna was
described and shows wideband gain characteristics.
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Abstract
We demonstrate a high-quality tunable terahertz (THz)
vortices generation based on difference frequency
generation in combination with Gaussian and vortex modes.
THz vortex outputs with a topological charge of ℓTHz = ± 1
were obtained in a frequency range of 2-6 THz. The
maximum average power of the THz vortex output reached
up to ~3.3 µW at 4 THz.

1. Introduction
An optical vortex[1] carries an annular intensity spatial
profile and an orbital angular momentum characterized by a
topological charge, ℓ, which allows us to explore various
research fields, including optical trapping, optical
telecommunication, fabrication of structured materials[2]
and super-resolution microscopy. In particular, terahertz
(THz) vortex will provide new advanced spectroscopic
technologies, such as 2-dimesional identification of the
biomaterials with a high spatial resolution beyond the
diffraction limit.

The generation of THz vortices was already
demonstrated by using several optical devices based on
wavefront conversion, such as a molded phase plate
composed [3], and a spiral phase plate (SPP)[4,5]. However,
these devices are typically designed for a specific frequency,
which inherently constrains the wavelength tunability of the
THz vortices.
In this presentation, we report a tunable THz vortices
generation with a frequency range of 2-6 THz at a
topological charge of ℓTHz = ± 1, based on the 1.5µm optical
vortex pumped difference frequency generation (DFG) from
a
4’-dimethylamino-N-methyl-4-stilbazolium
tosylate
(DAST) crystal [6].

2. Experiments and Discussion
Figure 1 shows the experimental apparatus of a tunable
THz vortex source consisting of the 1.5 µm dual-wavelength
pumped DAST-DFG. A homemade picosecond laser
(wavelength, 1064nm; average output power, ~5W; pulse
width, 7.4ps; PRF, 1MHz) was used for a pump laser; its
output was delivered to two injection-seeded optical
parametric amplifiers (OPA1, 2) formed from periodically
poled stoichiometric lithium tantalite (PPSLT) crystals (15 x

Fig.1 (a) Experimental setup for tunable THz vortex generation based on 1.5 µm dual wavelength pumped difference
frequency generation in combination with a DAST crystal. (b) Spatial profile of λ1, which was converted to an optical vortex
using SPP at a topological charge of 1. Its wavelength was fixed to be 1.55µm. (c) Spatial profile of λ2, at a wavelength of
1.583µm. Its tuning rage exhibited 1.50-1.64µm.

1 x 35mm, Λ = 29-31 µm). The OPA1 output was converted
into an optical vortex (ℓ = 1) by using a SPP for 1.56 µm
(Fig. 1(b)); its wavelength, λ1, was then fixed to be 1.56 µm.
The OPA2 output exhibited a Gaussian spatial form (Fig.
1(c)), and its wavelength, λ2, was tuned within a wavelength
range of 1.50-1.64 µm. The OPA1 and OPA2 outputs were
then focused on to a DAST crystal, thereby generating a
THz vortex output as a difference frequency mixing. The
intensity distributions of the THz vortices were measured by
a THz camera (NEC IRV-T0831).
Figure 2 (a) shows the frequency tunability of the THz
vortices output from the optical vortex pumped DAST-DFG;
the blue and red lines indicate the sign of the topological
charge ℓTHz = ± 1, respectively. In the case of λ2 < 1.56 μm
(λ1 is fixed at 1.56 µm), the magnitude relation of the two
pump wavelengths is switched; thus the sign of the
topological charge of the THz vortices, ℓTHz, is inverted
according to the conservation law of the topological charge.
By sweeping the wavelength of λ2 in the range of 1.50-1.64
µm, THz vortices with positive and negative signs of the
topological charge can be generated seamlessly between 2-6
THz. The THz vortex output with ℓTHz = 1 is slightly lower
than the negative sign (ℓTHz = -1) due to the characteristic of
λ2 wavelength output spectrum. The frequency tuning range
of the THz vortices output is mostly determined by the
frequency tuning range of the OPA2 output. The maximum
average power at the 4 THz vortex output was measured to
be 3.3 µW at a 1.5 µm pump power of 1 W, corresponding
to an optical-optical conversion efficiency (from 1.5 µm
dual-pump output to THz vortex output) of ~3.3 x 10-4 %.
The experiment spatial distributions of the 4 THz vortex
are summarized in Fig.3. The DFG output at the 4 THz
exhibited an annular spatial profile with a topological charge
of ℓ = ±1, as evidenced by a twin-lobed far-field rising to the
left or right, observed by an astigmatic focusing method (Fig.
3 (c-d)). Also note that the undesired higher-order radial
modes of the THz output were suppressed owing to softaperture effects in the DFG process.

Fig. 2 Frequency tunabilities of the THz vortex output from DAST-DFG.

Fig. 3 Spatial distributions of the 4 THz vortex outputs focused by ((a),
(b)), a conventional lens, and ((c), (d)), a tilted lens, at the topological
the topological charge of ℓTHz = ± 1, respectively.

3. Conclusions
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Abstract
In the last ten years, optical patch antennas have emerged as
a platform allowing for a complete control of light – from
huge Purcell enhancement to wavefront control. We review
here the rich physics of these antennas, ranging from plasmonic slowdown of light to the impact of nonlocality on the
optical response and show that a “gap-plasmon optics” can
be established, bringing a full and thorough understanding
of such structures.

1. Plasmonic effects and optical patch
antennas
In the past ten years, there has been a growing interest for
optical patch antennas. Chemically synthesized nanoparticles can actually be used to form optical patch antennas
when deposited on a metallic film[1]. Such self-assembled
resonators have proven to be the tiniest optical cavities
which can be realized[2], and the extreme miniaturization
associated with plasmonic effects allows for an unprecedented control of the Purcell effect[3] for instance.
Optical patch antennas share a large number of properties with more classical patch antennas. They constitute
resonant cavities, so that the formalism which is used to
describe classical patch antennas can be applied to optical
patch antennas[4]. The first and main difference between
the two are plasmonics effects - the fact that the mode propagating under the patch in the case of an optical antenna is
a gap-plasmon, a mode with a very high effective index because it propagates in the metal where the Poynting flux is
negative[5]. Presenting such a high effective index leads to
a dramatci reduction in the size of the patch, so that a λ/10
large resonator is able to support a resonance.
Such a miniturization has very important consequences.
First, the Purcell effect should obvisouly be much stronger
in such cavities, as has been several times proven. Then
the ratio of the absorption cross-section over the geometrical cross-section reaches very high values, typically of the
order of 30 – meaning only 3% of the surface needs to be
covered with resonators to absorb 100% of the incoming
light. Furthermore, the large cross-section, for the fundamental resonance, does almost not depend on the angle
of incidence. This is very peculiar, and an interferometric
model of the cavity, which is excited on both sides, allows
to understand this point[6].
The large effective index of the gap-plasmons has fi-

Figure 1: The incidence angle θ of the gap-plasmon propagating between the patch and the metallic film.
nally a very important consequence: the resonators are so
sensitive that they require an advanced description of the
optical response of metals, able to take into account the fact
that electrons repulse each other. Otherwise, experimental
results can not be explained numerically[7, 8, 9, 10].

2. Total reflection of gap-plasmons
In order to completely understand what happens under an
optical patch, we used a modal method[11] to retrieve the
reflection coefficient of the gap-plasmon when the incidence angle (shown Fig. 1) is increased.
The modulus of the reflection coefficient is shown Fig.
2 and clearly shows that above a critical angle, there is a
phenomenon which can be compared to total internal reflection - except for the losses. The angle θc for which such
a response occurs is given by
sin θc =

nsp
ngp

(1)

where nsp is the effective index of the surface plasmon
propagating along the metallic film, and ngp is the effective
index of the gap-plasmon. This shows that a gap-plasmon
optics can be established – it is even possible to predict phenomenon like the Goos-Hnchen shift of the gap-plasmon
total reflection.
This allows to understand the last properties of such
patch antennas, like the fact that their emission can depend
on the polarization for instance and how precisely their
cross-section may vary with the distance between the patch
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Figure 2: Modulus of the reflection coefficient of the gapplasmon for a distance of 10 nm between the metallic film
and the patch. The two vertical lines show the critical angle predicted when taking the index of air as the outside
impedance (left) and the effective index of the surface plasmon (right). Definitely, the right impedance to consider is
the
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and the metallic film: the increase in the effective index of
the gap-plasmon leads to an increase of the reflection coefficient. The patch thus forms a better cavity, which explains
the increase in the cross-section. When the gap is below 5
nm however, the reflection coefficient is so high that coupling the cavity becomes difficult.
We underline in conclusion that the mechanisms which
are explained here are actually not limited to such patch
antennas and to the optical domain. It turns out that doped
semi-conductors, in the close IR, present exactly the same
kind of behaviour[12], including the sensitivity to spatial
dispersion[13].
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Abstract
We have analytically and numerically investigated phase
control feature of terahertz wave in a waveguide structure
coupled with a bull’s-eye antenna via polarization state
incident to the bull’s-eye antenna. In this presentation, we
will introduce the theoretical extension to the multiport
waveguide aligned in parallel nearby the tiny hole of the
bull’s-eye antenna and show some numerical results.

1. Introduction
A terahertz (THz) wave has been attracted as a candidate of
the carrier wave for wireless communications in the next
generation with increasing the communication traffic. We
have focused on a structure consists of a waveguide coupled
with a bull’s-eye antenna with bearing in mind the
importance between collection of propagating waves in the
air and the processing circuits. It was analytically and
numerically turned out that, in such structure, the phase of
the propagating wave in the waveguide can be controlled by
the polarization direction of the incident wave to the bull’seye antenna [1]. Furthermore, the propagation direction in
the waveguide can be switched by the rotation direction of
elliptically polarized wave incident to the antenna. This
directional switching phenomenon can be understood as a
similar one with the optical spin-momentum locking
phenomenon discussed in the optical region [2,3].
In this presentation, we will introduce the extension of our
analytical model to the multi-port waveguide and show its

numerical results.

2. Concept of system
Our conceptual system of waveguides coupled with a
bull’s-eye antenna is shown in Fig. 1. The bull’s-eye
antenna consists of a subwavelength scale hole and
surrounding concentric grating is putted on a bottom of a
metal substrate. Two parallel micro-strip waveguides are
symmetrically aligned across the backside hole with a small
gap. A THz wave normally incident to the bull’s eye
antenna is collected by the antenna and is focused to the
center hole. Then the wave propagates to the back side of
the substrate passing through the hole. When the hole is
sufficiently close to the micro-strip and sufficiently smaller
than the waveguide mode distribution on the micro-strip,
the wave passing thorough the hall can couple to the each
microstrip and the waves propagate to the ports labeled 1A,
1B, 2A, and 2B.
Here we consider the parity of the propagating mode
depending on the polarization of the incident wave. When
the polarization direction is x-direction, the parity of the
propagating wave between the ports 1 and 2 is odd and that
between A and B is even. In the y-polarized case, even and
odd parities are respectively obtained between 1 and 2 and
between A and B. This means there is phase controllability
not only between 1 and 2, but also A and B when the
polarization direction is changed as shown in our previous
work [1].
In our presentation, we will show the analytical expression
and numerical results.
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Figure 1: Concept of considering system.
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Abstract
Reflectarrays (RAs) and transmitarrays (TAs) represent an
efficient alternative to reflectors and arrays as high-gain antennas, since they posses nice features making them potentially suitable for several different applications. In view of
these, some non-conventional, dielectric-only RA and TA
configurations are here discussed.

1. Introduction
The next generation of wireless communication networks
are demanded to offer and to support services such as virtual and augmented reality, portable video streaming, Internet of Things and on move communication, that also affect
the radiating sub-system, and for this reason many effort
are spending to face the challenge of designing innovative
antenna configurations suitable for obtaining the required
features. Among the different possible solutions, there are
also those based on the use of Reflectarray (RA) [1, 2] or
Transmitarray (TA) [3] technologies: they have been extensively studied, to develop configurations showing features
as a broad-band behaviour [4, 5] and beam-scanning capabilities [6]. From the technological point of view, different solutions are considered, with the aim of improving the
antenna performance, keeping as low as possible its complexity and the manufacturing cost. For this reason, the
design of metal-only [7] or a completely dielectric structure [5, 9] are recently considered. In particular, this last
solution gained interest since antennas of this type can be
manufactured with 3D printing techniques, that allow to realize non-conventional shapes with a reduced cost. In the
following, some recent results relatively to dielectric-only
RAs and TAs designed to provide wide bandwidth, high efficiency and beam scanning capabilities, are discussed.

2. Dielectric-only RAs and TAs
In the following, two Additive Manufacturing (AM) techniques are addressed for the realization of RAs and TAs: the
PolyJet and the FDM ones. The first one guarantees good
resolution, important to manufacture structures at high frequencies, as the Ka-band considered here, but the material
suitable for this type of 3D printers are characterized by
rather high losses and low relative constant. The accuracy
provided by FDM techniques depends on the size of the

adopted nozzle, but in any case is lower; as a counter part,
FDM-based printers can also work with materials showing
lower losses and higher value of their relative dielectric constant.
Table 1: Performance of three different dielectric-only antenna configurations.
max. 1-dB
aperture
structure
thickness Gain BW efficiency
[dBi] [%]
[%]
TA
unit-cell [8]
3.3 λ0
30.7
21.5
38.6
RA
unit-cell [10]
0.8 λ0
31.3
24.5
39.3
RA
unit-cell [11]
0.31 λ0
31.9
15.4
54.5
TA
unit-cell: 2 cylind0.74 λ0
32.0
16
51.6
ders + square base
Four different antennas are discussed here, two of which
(a transmittaray and a reflectarray) are realized with PolyJet technique, using a material characterized by εr = 2.77
and tan δ = 0.021 at f0 = 30 GHz while the unit-cell
consists in a dielectric layer with a central square hole [10],
eventually located between other two layers, presenting a
pyramidal hole, acting as matching circuits and adopted to
increase the bandwidth of the TA [8]. Both the antennas
have an aperture size of 15.6λ × 15.6λ, at the design frequency f0 = 30 GHz; as it appears from the first two rows
the data summarized in Table 1, the low value of εr forces
to increase the thickness of the unit-cell, to reach good performance. The other two configurations are still a reflectarray and a transmitarray, both with size 15λ × 15λ at f0 ,
designed to be manufactured with FDM technique, using a
dielectric material with εr = 10 and tan δ = 0.004 [11].
Thanks to the high value of εr , the unit-cell, that consists in
a cylindrical resonator over a square base in the case of the
RA, while for the TA another cylinder is added on the other
side of the base, is much thin, as it emerges from the first
column and the rows 3, 4 of Table 1.
2.1. Bandwidth and efficiency
As it is shown from the data summarized in Table 1, all the
four considered antennas are characterized by a wide band-

3. Conclusions
Innovative solutions for the design and manufacturing of
dielectric-only transmitarrays and reflectarrays are introduced, discussing their main advantages and drawbacks.
Further results will be shown at the Conference.
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Abstract
Terahertz band systems are expected to be a means of achieving short-range, high-speed communications. However, there are
concerns about the effects of rain attenuation and wind-induced vibration, and ensuring performance in adverse weather
conditions is an issue. In this presentation, a link budget model of terahertz band fixed wireless systems under storm conditions
will be presented and the feasibility of a highly stable system will be discussed.
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Abstract
With the development of wireless communication such as 5G or SATCOM, the need and requirements for millimeterwave compact solid-state high power amplification has significantly increased. In this frame, high power densities
have been demonstrated with GaN transistors up to the W-band, confirming the potential of this material system.
However, achieving high power-added-efficiency (PAE) and output-power-density combination in the millimeterwave range represents currently one of the key goal for the GaN technology despite some few initial results obtained
so far. Indeed, higher PAE not only saves electrical power usage but also can reduce the size and cost of high power
amplifiers (HPAs), due to the lower amount of heat dissipated. For instance, in space applications, the traveling wave
tube amplifiers (TWTA) are still widely used, because of the high PAE while delivering high P OUT. Even though
attractive efficiencies on GaN devices (well-beyond 40%) have been already demonstrated up to Ka band, rather
limited PAE has been reported so far in the Q band (40 GHz) and above. Furthermore, the device robustness and
related reliability under high electric field (VDS ≥ 20 V) have not been yet demonstrated on ultrashort GaN power
devices (sub-10 nm barrier thickness and sub-150 nm gate lengths). Actually, a number of parameters can be
responsible for short GaN device degradation such as the gate leakage current, especially when using Al-rich ultrathin
barriers, a poor electron confinement resulting in drain leakage current, the so-called current collapse and the selfheating due to a reduced thermal dissipation.
In this presentation, we will discuss some potential device design enabling to overcome the above-mentioned issues
and properly operate in the millimeter-wave range under high drain bias > 20 V with high performance.
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Abstract
The emerging applications at millimeter wave frequencies have helped to achieve true System-on-Chip solutions by bringing the
antennas on the Integrated Circuits (ICs that are also commonly known as chips). This is because the antenna sizes at these
frequencies are small enough for practical on-chip realization. Though, there are a number of benefits of putting an antenna-onchip (AoC), such as monolithic integration resulting in compact systems, and lower cost due to mass manufacturing in standard
CMOS processes, etc, the major issue is dealing with silicon substrate’s high conductivity and permittivity (resulting in poor
radiation efficiency). Many off-chip techniques have been shown, such as etching the silicon substrate underneath the antenna,
enhancing the resistivity of the substrate, and integrating a superstrate or lens, but all these techniques add processing steps, and
eventually the cost of realization. A promising approach is to realize Artificial Magnetic Conductors (AMC) underneath the AoC
to provide isolation from the lossy Si substrate as well as have in-phase reflections from the AMC. This talk describes AMC
design steps in an on-chip environment and shows how it can be used to boost AoC radiation performance. Further, it also shows
innovative techniques for AMC thickness reduction to make it more suitable with the traditional CMOS stack-ups.
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Abstract
We explore the performance of curved leaky-wave antennas in the terahertz range. We identify two distinct regimes in which
the far-field emission pattern varies relative to that of a planar antenna. We show that a curved multi-aperture leaky-wave
antenna can be used for agile far-field beam forming, and demonstrate high-gain wireless links at gigabit-per-second data rate
with low bit error rate, in multiple directions simultaneously. This work lays the foundation for the implementation of terahertz
leaky-wave structures in conformal geometries.
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Abstract
The recent progress in resonant-tunneling diode (RTD) THz oscillators and applications is reviewed. For high-frequency and
high output power, RTD oscillators integrated with cylindrical and rectangular cavities have been developed. Structure
simplified RTD oscillators for easy device fabrication and good uniformity were proposed and fabricated. This simple structure
has an extensibility for large-scale array, active metamaterial, and beam forming function. Novel THz radar systems using RTD
oscillators were proposed, and a precise distance measurement and a three-dimensional imaging were demonstrated.
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Abstract
A statistical analysis of the matching properties of a dipole
surrounded by thin and thick randomly distributed loaded
dipoles is presented. The input impedance and input
reflection coefficient of the driven dipole is obtained by
using the IEMF method and validated by NEC and
measurements. The cumulative distributed functions are
presented for different dipole densities and the mismatch of
a surrounded thin or thick dipole is studied for different
surrounding loads.

assessment of the mismatch behaviour of dipoles, the IEMF
method is a good candidate to produce a rich database. If
the statistical behaviour of thick dipoles are similar to that
of the thin dipoles, then IEMF applied to thin dipoles would
become the reference method. In order to prove this
concept, some extra steps are necessary. Due to limited
precision of IEMF for thick dipoles, we use NEC which is a
numerical electromagnetic simulator based on MoM. The
IEMF results are thus compared with NEC results for thin
dipoles and NEC results are compared to measurements for
thick dipoles.

1. Introduction
UHF RFID (Radio Frequency IDentification) technologies
are used for tracking and identification of objects and
persons. In some applications, such as tracking in laundry,
the density of RFID tags is high and this may give rise to an
important electromagnetic coupling between tag antennas
which modifies antenna's parameters, i.e. matching
properties and radiation pattern. These electromagnetic
modifications can alter and degrade the communication
links between devices. Despite an initial description of the
mutual coupling between RFID tags [1], the statistical
modelling of the impact of the mutual coupling for high
densities of RFID tags is still a new topic.
Following a series of previous publications [2] and [3], we
model a set of randomly distributed tags by dipole-like
antennas and we extract a statistical estimation of the
behaviour of the straight dipoles in a randomly distributed
set. In this paper, we will compare the statistical behaviour
of thin and thick dipoles according to their mismatch
properties. The electromagnetic coupling between thin
dipoles can be easily modelled by IEMF method (Induced
ElectroMotive Force) while a rigorous numerical simulation
or measurement is time consuming for thick dipoles. The
idea is to show that the rate of mismatch of realistic dipoles
in a random set with a given density, can be estimated by
the thin dipoles in the same set.

2. Simulation and measurement
The advantage of IEMF method [4] is its simplicity and
reduced calculation time, the drawback is that this method
gives accurate results only for thin dipoles (diameter less
than 10-3 λ). As the aim of this paper is to make a statistical

Figure 1: Set of randomly distributed dipoles on a
polystyrene blockof2λ×2λandλ×λ.
First the input impedance of an isolated thick dipole is
measured. Then in a given set of randomly distributed
dipoles, the input impedance of a driven dipole is measured
while others are short-circuited. The thick dipoles are made
of copper wires of length 17 cm (≃0.5 λ) and diameter
1 mm (≃3 10-3 λ).Thesetofdipolesarefixedinablockof
polystyrene (Figure 1). The driven dipole is fed with a
differential probe using a 2-port VNA.
Figure 2 presents the real and imaginary parts of the input
impedance of an isolated dipole as a function of the
frequency. NEC results for both thin and thick dipoles are in
excellent agreement with IEMF and measurements,
respectively. Figure 3 shows the input impedance of dipole
no.1 in the highest distribution density λ×λ. The input
impedance of surrounded dipoles deviates from that of an
isolated dipole and the perturbation is globally more
important in the highest density configuration but highly
depends on the position of the driven antenna with respect
to the others. As these given configurations are two
examples among an infinite number of distribution
possibilities, the mismatch of a surrounded dipole should be
quantified statistically by taking into account an important

number of distribution profiles. Given the important number
of samples, the results are only based on simulations.

dipoles.  By fixing a threshold for |Γin|, the percentage of
dipoles having a smaller reflection coefficient can be
estimated for both densities and terminating loads. Table 1
summarizes these results.

Figure 2: Input impedance of an isolated thin and thick
dipole.

Figure 4: CDF of |Γin i| of a dipole, surrounded by shortcircuited or matched dipoles
Table 1: Percentage of matched dipoles.
Threshold

|Γin| = ‒10 dB

|Γin| = ‒15 dB

Load

Short

Matched

Short

Matched

2λ×2λ

85%

96%

70%

87%

λ×λ

33%

77%

14%

40%

4. Conclusions
The behaviour of thin and thick dipoles, according to
their matching properties, in a randomly distributed set is
estimated and compared to each other. The results show that
the realistic thick dipoles can be faithfully represented by
thin dipoles when the goal is to have a global estimation of
their behaviour and not the mismatch of one dipole in a
particular configuration. In on-going works, our approach is
extended to statistically assess the radiation pattern
distortions of surrounded dipoles.

Figure 3: Input impedance of dipole no.1 in λ×λdistribution
area.

3. Statistical analysis
In order to statistically assess the mismatch of a surrounded
dipole in different random configurations, the reflection
coefficient for the ith surrounded dipole is defined by:
*
(Zin i Zref
) / (Zin i Z ref ) where the reference impedance
in i

References
[1] G. Marrocco, RFID grids: Part I—Electromagnetic
theory, IEEE Transactions on Antennas and
Propagation, vol. 59, no. 3, pp. 1019-1026, 2011.
[2] I. Adjali, A. Gueye, B. Poussot, S. Mostarshedi, F.
Nadal, J.-M. Laheurte, Statistical study of coupling in
randomly distributed dipole sets,” 12th European
Conference on Antennas and Propagation (EuCAP),
London, 2018.
[3] I. Adjali, A. Gueye, S. Mostarshedi, B. Poussot, F.
Nadal, J.-M. Laheurte, Matching Evaluation of Highly
Coupled Dipoles Quantified by a Statistical Approach,
IEEE Transactions on Antennas and Propagation, vol.
68, no. unassigned, to be published in 2020.
[4] H. Baker, A. LaGrone, Digital computation of the
mutual impedance between thin dipoles, IRE
Transactions on Antennas and Propagation, vol. 10, no.
2, pp. 172-178, 1962.

Zref is the complex conjugate of the self-impedance of an
isolated dipole at the working frequency (892 MHz). The
experimental data include 200 random configurations of 10
dipoles.Theinputreflectioncoefficient(Γin) for each dipole
has been calculated when all others are either shortcircuited or matched. The cumulative distribution functions
(CDF) for the magnitude of the input reflection coefficient
in dB are presented in Figure 4. For the two different loads,
there is an excellent agreement between the CDF obtained
by IEMF and NEC for thin and thick dipoles. This happens
while the self or input impedance of an isolated or
surrounded thin and thick dipole is different. Still the
statistical behaviours of the two dipoles are very similar to
each other and thus the amount of mismatch of thick dipoles
for a given distribution density can be estimated by thin
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Abstract
This paper presents a novel low-cost and flexible passive
RFID tag antenna for blood monitoring and tracking, which
is in great demand by e-healthcare applications. The tag
antenna consists of two compact symmetrical capacitive
structures and works at the ultra-high frequency (UHF)
European band (865 MHz–868 MHz). Measurement results
show that the proposed design has a read range of 2.2 m,
which is 4.4 times higher than commercial RFID tag
antennas.

1. Introduction
Radio frequency identification (RFID) technology is rapidly
developing and is becoming very important for monitoring
and tracking applications [1,2,3]. Common applications
with this technology include security identification, retail
item management, access control, and tracking. Therefore,
RFID technology has been found to be of great help in the
healthcare sector and, especially for blood management in
medical centers [4,5]. It may have some benefits with
regards to optical technologies, such as quick response
codes (QR) and barcodes [6], since it is possible to increase
the automation level of stock, identification, tracking and
monitoring tasks and, therefore, reduce possible human
intervention errors. Passive tags working at the ultra-high
frequency (UHF) European band (865 MHz–868 MHz) can
be used for this type of applications. In this paper, a novel
compact, low profile and flexible UHF RFID tag antenna
for blood tubes tracking and monitoring is presented. While
most of commercially available tags are based on inductive
designs using the T-match technique, the proposed tag
antenna consists of two compact coupled capacitive
meandered structures. Due to the high relative permittivity
value of the blood, inductive designs tend to have smaller
sizes, leading to extra drop in the efficiency of the antenna.
On the contrary, the proposed capacitive design exhibits
reasonable size for the tube, and it represents a good
compromise between compactness and radiation efficiency.
In addition, the capacitive tag also presents higher
sensitivity to the presence of blood. Thanks to this behavior,

the reading range is increased when the tag antenna is
attached to a clinic tube full of blood, while the reading
range drastically drops when the tube is empty. The
designed tag antenna covers the UHF band, and it is
fabricated by using a DuPontTM Kapton polyimide film)
[7]. It is expected that the development of this new tag will
open new exciting perspectives in the design of future UHF
RFID traceability systems for blood monitoring
applications.

2. Proposed RFID tag antenna
The structure of the proposed design is depicted in Fig. 1.
The tag consists of two symmetrical capacitive pads with
two etched meandered substrate arms. Both pads are
separated at the center by means of two different
gaps s and g, which are placed at the left and right sides,
respectively. The IC chip (NXP UCODE G2XL) is mounted
across the gap s between the two pads, while the gap g is
used to introduce a capacitive behavior to the tag antenna.
The structure of the dipole antenna is meandered to achieve
a compact design. Due to the good flexibility of the Kapton
polyimide, the tag antenna can be easily conformed to the
curved shape of the blood tube. The optimized geometrical
parameters obtained by using CST Microwave studio are
listed in Table. 1.

Figure 1: Schematic view of the proposed RFID tag antenna.

TABLE I
DIMENSIONS OF RFID TAG ANTENNA

Parameter

Value

Parameter

tag at reasonable distances when the tube is full of blood. In
addition, in both cases the reading range drastically reduces
for empty tubes.

Value

(mm)

(mm)

L

49.5

s

5

W

15

g

2.25

L1

18.75

n1

5

W1

8.5

n2

3.5

L2

18.25

d

2

4. Conclusions
In this work, a novel compact and high-performance
tag antenna for blood tube traceability applications, working
at the European RFID UHF system, is proposed. The
proposed tag is based on a capacitive dipole design, which
consists of two coupled compact capacitive meandered pads.
Results have demonstrated that the new tag attached to a
clinic tube full of blood exhibits reading ranges above 2 m.
Moreover, its capacitive design has shown a strong
sensitivity with the presence of the blood inside the tube.
Therefore, reading ranges drastically drop when the tube is
empty. This property may be interesting for many tracking
applications, since it could reduce the amount of information
generated from empty tubes.

3. Results and discussion
Here, we will present only the results of the reading
range which is a critical parameter that determines the
performance of an RFID tag antenna. The simulated and
measured reading ranges obtained for the proposed tag
attached to a tube in the frequency range from 0.8 GHz and
0.9 GHz are shown in Fig.2. The measurements include the
results obtained for the smallest and largest tube standards
manufactured by the Becton Dickinson (BD) Company. It
can be observed that the measurements are in good
agreement with predictions. The measured reading range
reaches a peak value of 2.2 m at the frequency of 867 MHz
when the tag is attached to the smallest size tube full of
blood, while the largest size tube has a peak value of 2.3 m
at 860 MHz. At 867 MHz, the largest size tube presents a
reading range of 2.25 m, which is similar to the measured
value (2.2 m) for the smallest size tube. For both tube sizes,
the reading ranges drastically decrease when the tubes are
empty.
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Figure 2: Simulated and measured reading ranges
This confirms that the proposed design can be applied to
different tube standards, and that it is possible to detect the
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Abstract
Randomly distributed RFID tags are modeled by a
set of short-circuited half-wave dipoles. Numerical
Electromagnetics Code (NEC) simulator is used for the
computation of mono-static radar cross section (RCS)
following the two techniques based on the total field
backscattered by the target and the radar equation.
Different dipole configurations are studied to highlight
the RCS distortion. The radar equation makes it
possible to estimate RCS from measurements. The
simulation results were found to be in good agreement
with the experimental data.
Keywords: backscattered field, electromagnetic coupling, radar equation, mono-static RCS measurements

1. Introduction
RFID (Radio Frequency Identification) technology is
widely deployed in several frequency bands and for different applications such as logistics, inventory tracking,
supply-chain management and laundry management [1].
A passive UHF RFID system is composed of a tag and a
reader, where the tag contains an antenna and an integrated
circuit (the chip). The passive tag is powered up by the electromagnetic field received from the reader. The communication link between the reader and the tag is established by
switching its chip impedance between two distinct states,
resulting in a modulation of the signal scattered back towards the reader. The backscattered field of the tag can be
analyzed in terms of its radar cross section.
Mono-static RCS is a key parameter used to assess the
quality of an RFID communication link. Impedance matching between the tag antenna and the chip directly influences
the RCS and thereby the performance parameters of the
RFID system, such as read-range and read-rate. In highdensity context, the tags are randomly distributed over a
specified surface area which may result in significant electromagnetic coupling among them. This causes the radiation properties of an RFID tag to undergo random variations, which may be different from one configuration to
another. Although the estimation of RCS in deterministic cases has been largely studied in literature [2], [3], to
our knowledge the impact of introducing randomness in the
system has not yet been studied.

The manuscript is organized as follows: in Section 2, an
RFID system consisting of a set of N randomly distributed
tags over an electrically small area, is modeled by a set of
dipoles. Section 3 presents the two approaches used in this
paper to compute the mono-static RCS of an RFID system
and also NEC simulations to compute RCS for uniform and
random configuration of dipoles. Simulation results are validated by measurements as discussed in section 4.

2. Dipole-based model for an RFID system
Figure 1(a) presents an RFID system consisting of a random
distribution of N tags over a specific area in the yoz plane,
illuminated by a reader positioned at a point in space (here
on the x-axis).
z
set of tags

(a)

y

x
z
RFID Reader

(b)
x

y
set of dipoles

RFID Reader

Figure 1: Set of RFID tags illuminated by the reader in (a)
is modeled by a set of dipoles in (b)
The tag centers are assumed to be randomly distributed
such that they do not overlap. On account of the statistical
similarities discussed in [6], the tag antennas are modeled
by half-wave dipoles. The dipoles representing the tags are
loaded. The centers and orientations of the N dipoles are
supposed to be the same as that of the randomly distributed
tags. Thereby, it is assumed that studying the mono-static
RCS of the set of N dipoles in Figure 1(b) could statistically
represent the RCS of the N tags.

3. Mono-static radar cross section

of the reader with and without the target respectively, Gt is
the realized gain of the reader in free space including the
mismatch losses, and r is the distance between the reader
and the target.

2

The mono-static RCS (σ) in dBm of a set of randomly
distributed loaded dipoles acting as the target, is computed
using the two methods explained in this section.
3.1. RCS using backscattered field

3.3. Simulation results

The reader antenna illuminates the dipoles (target) with an
incident electromagnetic field (Ei ). This field induces a
voltage at the input of each of the dipoles which generates
a backscattered field (Es ) in all directions. The total monostatic RCS from the set of dipoles is then calculated in the
direction of the incident electromagnetic field by [4]:

NEC is used to simulate both approaches for the calculation of RCS. for the first approach, in order to estimate the
backscattered field, a planewave is implemented in NEC.
For the second approach, in order to use the radar equation,
the reader is modeled by an excited dipole to create the incident electromagnetic field in order to illuminate the set of
dipoles. We consider thin short-circuited (Zc = 0) dipoles
of length λ/2 and diameter 10−6 λ at an operating frequency
of 866 MHz. Figure 2 presents the estimated RCS of an
isolated dipole in (a) and of a configuration of two dipoles
separated by a distance of d = 0.2λ, where one of them is
inclined at an angle of 20◦ as shown in (b).
The two techniques show an excellent agreement in
both cases. It is observed that the RCS of the second configuration presents a distorted form and different angular
values for three planes (φ = 0◦ , φ = 90◦ , and θ = 90◦ ) in
comparison with that of the isolated case. This distortion is
more visibly observed in φ = 90◦ plane, which leads us to
investigate RCS in this plane by performing measurements.
The two NEC-based methods discussed in this section can
be used as a reference for the evaluation of the RCS in different dipole configurations (periodic and random). Further
analysis on the distortion of RCS for random orientation of
dipoles is done through experimental validation, especially
in the case of a set of highly coupled dipoles (cf. Fig. 1).

σ = lim 4πr2
r→+∞

|Es |2
|Ei |2

(1)

where r is the distance between the reader and target.
3.2. RCS using radar equation
The RCS can be determined from measurements in terms of
the reflection coefficient by using the radar equation. The
measurements are performed in an anechoic chamber by
placing the dipoles (target) in the far-field of the transmitting horn antenna (reader). The reflection coefficient of the
reader is measured in the presence and absence of the target. Following the detailed calculations in [5], RCS could
be calculated using:
3 4
! +target
!
−target !2 (4π) r
σ = !S11
− S11
2
Gt λ2

(2)

+target
−target
where S11
and S11
are the reflection coefficients
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Figure 2: Mono-static RCS in three different planes (φ = 90◦ , φ = 0◦ and θ = 90◦ ) for an isolated dipole in (a) and two dipoles
with one inclined at 20◦ in (b)
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4. RCS measurements

ployed as the study focuses on the φ = 90◦ plane. The key
parameters used for measurements using the network analyzer is summarized in Table 1.

4.1. Measurement setup
This section elucidates the single-port network analyzer
measurement used for estimating mono-static RCS in an
anechoic chamber [2], [5]. A schematic representation of
the measurement setup is shown in Figure 3.
Network Analyzer
Target mount

Parameter

Value used

Frequency range
IF bandwidth
Number of points
Input power
Average factor

0.8 - 4 GHz
5 kHz
25601
7 dBm
10

Target

Tx/Rx antenna

Table 1: Basic setup parameters used in network analyzer
r

The measurement procedure is carried out in two stages.
First, the reflection coefficient of the reader antenna is mea−target
sured in the absence of the target (S11
). The measured value includes the effect of input port mismatch and
unwanted reflections inside the anechoic chamber. Subsequently, the target is placed on the mount and the reflection
+target
coefficient (S11
) is measured.
Data pre-processing techniques are employed to eliminate systematic errors from the measured data to obtain the
correct RCS of the target [7], [8]. S-parameter calibration
is performed at first to suppress errors of the measurement
path, namely the PNA and cable connected to the Tx/Rx antenna. A background vector subtraction technique is used
to coherently subtract the backscattered signals from the
test range with and without the presence of the target, in
order to eliminate effects of the background. Any residual reflections that remain from the background subtraction
are filtered out using the time gating technique employing a
suitable window. Kaiser–Bessel window is used in the context of this work. The parameter (K = 4) of the window is

Z

Y
X

Computer

Figure 3: Experimental setup for measuring mono-static
RCS in anechoic chamber
The measurement bench consists of E8361C PNA Microwave Network Analyzer (10 MHz - 67 GHz), a dual
ridge horn antenna SH800 with an operational frequency
range of 0.8 - 12 GHz acting as the Tx/Rx antenna, and
a stepped motor which controls the rotation of the target
mount. The target is mounted on a foam support to avoid
any unwanted reflections which could interfere with the desired reflections from the target. The distance (r) between
the Tx/Rx antenna and the target is fixed to 2.6 m, complying with the far-field conditions. It is measured from the
input port of the Tx/Rx antenna to the center of the target
mount. Only horizontal polarization of the antenna is em0.5
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Figure 4: Mono-static RCS in φ = 90◦ plane for an isolated dipole in (a), two dipoles with one tilted at 20◦ in (b), a set of four
randomly distributed dipoles in (c), and a set of eight randomly distributed dipoles in (d)
3

chosen so as to have sufficient suppression in the side lobe
level. The width of time gate (gate span = 1.68 m) is chosen
such that it covers the peak corresponding to the target.

be measured in the UHF RFID frequency band. The measurements will also be extended to obtain the mono-static
RCS in two other planes of interest which are discussed in
section 3, i.e. φ = 0◦ and θ = 90◦ planes. Further, in order
to get closer to a realistic scenario, the next step would be to
study the differential RCS (∆RCS) to model the response
of an RFID tag while its impedance switches between two
states [9]. Then, it would be an interesting parameter to
compare the dipoles and tags in terms of ∆RCS. As the differential RCS is a key parameter to estimate the quality of
an RFID communication link, the statistics of this output
would be interesting to be established and analyzed. Consequently, in long term, this study could give a reliable prediction of an RFID system’s performance comprising tags
in a high-density context.

4.2. Measurement results
Mono-static RCS of thick short-circuited (Zc = 0) dipoles
of length λ/2 and diameter of 1 mm is measured at the
frequency of 866 MHz. The choice of short-circuit load
is justified by the simplicity of its implementation for a
preliminary study. The measurement results are compared
with those obtained by the NEC electromagnetic simulator
following the technique described in section 2.a. Figure
4 presents the results of the RCS for a few different configurations and a good agreement is observed between the
measurements and the simulations in φ = 90◦ plane. It is
observed that the RCS of an isolated dipole gets deformed
when a second dipole inclined at 20◦ is introduced at a distance d = 40 mm from it. Furthermore, the total RCS in
the case of a set of 4 and 8 randomly distributed dipoles are
measured and analyzed. The dipoles are distributed over a
surface area of 1λ × 1λ. The results are more distorted and
totally perturbed in the case of 4 and 8 dipoles.
The difference between the measured and simulated results could be potentially arising from the slight misalignment in position of dipoles on the plane and minor variations in the dipole lengths. Moreover, background subtraction followed by time gating may not suppress all errors. Even though the window function has a width covering most of the target reflection. There is not always a clear
border of the target response while performing gating. In
such a case, some part of the desired target response could
be lost or some unwanted responses could be included in
the time-gated signal, resulting in variations in the RCS response.
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Abstract
This paper studies the long-range tropospheric electromagnetic wave propagation over the sea. An asymptotic model
based on the parabolic wave equation is considered. This
latter is solved using a fast and memory-efficient waveletbased method. The roughness effects of the sea are introduced through a hybrid approach. Numerical experiments
(in X-band) are provided to highlight the advantages of the
wavelet-based method in the context of maritime propagation.

1. Introduction
Modeling the propagation of electromagnetic waves in a
maritime environment is a problem of major interest for
many applications, such as the optimization of coastal radar
or the direct model of refractivity from clutter [1]. In this
context, many effects can influence the propagation such as
the refraction in the troposphere, or the sea state. Computational efficient methods are therefore needed to obtain the
propagation over large distances.
The Parabolic Wave Equation (PWE) [2] is commonly
used for this purpose. Indeed, this asymptotic method models the forward propagation allowing wide steps in the propagation direction. A convenient way to solve the latter is
the Split-Step Fourier (SSF) [2] method that computes the
propagation in two steps. First, the field is propagated in
free-space in the spectral domain. Second, characteristics
of the environment, such as refraction or relief, are considered in the space domain [2]. Ground composition is
also incorporated through different methods [2]. In order to
tackle the problem of the sea surface, a hybrid approach has
been proposed for SSF [3].
Recently, a wavelet-based method, Split-Step Wavelet
(SSW) [4, 5], has been proposed to solve the PWE. The
method follows the same steps as SSF, but the free-space
propagation is performed in the wavelet domain instead of
the Fourier domain. Indeed, it has been shown that this
method performs better in terms of memory and computation time efficiency [5].
The purpose of this paper is to introduce the sea’s
roughness effect in 2D SSW through the hybrid approach of
[3], aiming at a complete deterministic and efficient method
for the tropospheric long-range.

The remaining of this summary is organized as follows.
Section 2 introduces the model and the discretization. Section 3 is devoted to a brief description of the SSW method
and the introduction of the hybrid approach to consider the
sea surface. Section 4 shows numerical experiments in the
X-band. Section 5 concludes the paper.

2. Parabolic wave equation model and
discretization
2.1. The parabolic wave equation
Throughout the paper, an exp (jωt) time dependence, with
the angular frequency ω, and a slowly varying refractive
index n are assumed.
Since it can consider the effects of the refraction, the
relief, and the ground composition, the PWE model is
adapted to our context. Besides, it is less burdensome in
terms of boundary and mesh conditions, allowing wider
steps in the propagation direction; thus, efficient schemes
in terms of computation time. Taking into consideration the
forward propagation, the Helmholtz equation is reduced to
the wide-angle PWE [2] as follows
∂u
= −j
∂x

!"

∂2
k0 + 2 − k 0
∂z

#

$
%
− jk0 n2 − 1 u,

(1)

with x the propagation direction, k0 the free-space
wavenumber and u the reduced field. The latter is only true
in a paraxial cone of about 30◦ .
In this article, we aim at solving equation (1) in an efficient way while accounting for the effects of the sea surface.
2.2. Discretization
The considered domain is of size [0, xmax ] and [0, zmax ].
For obvious numerical reasons, this latter is discretized
as follows. First, a sampling of Nz points along the zdirection is performed with ∆z = zmax /Nz the step size.
At a position x the field is, thus, denoted by ux [pz ] with
pz ∈ {0, · · · , Nz }. Second, a discretization along x is applied with Nx points. The step is denoted by ∆x.

3. Split-step wavelet above a rough sea
surface
3.1. A brief overview of split-step wavelet
Split-step wavelet is an iterative computational scheme to
compute the reduced field marching in on distances. This
latter follows the same steps as SSF, but the free-space
propagation is performed in the wavelet domain instead of
the spectral domain. It can be summarized with the following equation
ux+∆x = LRW −1 P CVs W ux , (2)

(2)

where W and W −1 denote respectively the fast wavelet
transform and its inverse, CVs a compression operator with
hard threshold Vs , P the compressed wavelet-to-wavelet
propagator described in [5], R the phase screen operator
that accounts for the refraction effects, and L the operator
that accounts for the relief. The relief is considered through
a staircase model [2]. The ground composition is accounted
for using the local image method [4], which allows modeling the ground effects with a reduced number of points.
The overall complexity of the method has been shown
to be lower than the complexity of SSF, if a good compression is performed. Besides the compression error is managed through a theoretical formula [6].
3.2. Propagation above the sea
To model the propagation above a rough sea surface, the
hybrid approach proposed in [3] is introduced in SSW.
The idea of the method is to take both into account the
effects of the roughness and of the geometry of the surface.
To do so, the Elfouhaily sea spectrum [7] is cut into two.
The lowest part of the spectrum is used to compute the surface, while the highest part allows to compute a new roughness parameter, which is introduced in the Fresnel coefficient [3]. The cutoff parameter of the spectrum is defined
from the mesh size in the propagation direction as
kmax = Nx

2π
.
xmax

(3)

This technique allows to model more precisely the effects of the sea. Also, Monte Carlo simulations are performed since the sea surface geometries are randomly generated. Therefore, incorporating this method in a fast propagation scheme, such as SSW, allows for more simulations
in a fewer time.

4. Numerical experiments
In this section, numerical experiments are presented to
show that the method works well and highlight its advantages. The following results are computed in X-band
(9 GHz). The source is a complex source point (CSP) of
width W0 = 5 m placed at 10 m above the ground and
zs = −50 m. The propagation is computed in a domain of
size [0, 60] km along x and [0, 128] m along z with a mesh

Figure 1: Normalized field u (dB) obtained with SSW
size of ∆x = 40 m and ∆z = λ = 0.03 m. An atmospheric
duct of 40 m, modeled by a tri-linear profile of atmosphere,
and a wind speed of 10 m/s are also considered. Furthermore, the sea dielectric parameters are as follows: εr = 80
and σr = 5 S/m.
For the wavelet parameters, we use the symlet family
with 6 vanishing moments and a maximum level of decomposition of L = 3. Also the thresholds for SSW are computed using the theoretical formula of [6] so as to obtain a
maximum error of −20 dB.
The normalized field obtained with SSW is plotted in
Figure 1.
Figure 1 shows both the effects of the rough sea, since
the geometry induces interferences, and of the tropospheric
duct. The error with SSF is of order −30 dB and in line
with [3]. One can also note the shadow areas on the sea.
Simulations on the antenna altitude could be performed to
optimize the antenna position so as to have a better radiation
patter to detect target on the sea.

5. Conclusions and perspectives
In this summary, the hybrid approach of [3] has been introduced in SSW, allowing to obtain a fast and memoryefficient method for long-range propagation in 2D.
Future works include a two-way version of the method
for the propagation over different terrains, such as an island or with a ship. Besides Monte-Carlo simulations are
needed in order to characterize the effects of the sea on the
propagation medium. Furthermore, numerical experiments
on the antenna position should be performed to optimize its
altitude. Also, with the generalization of SSW in 3D [8, 9],
including this hybrid approach would be an evolution of this
work.
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Abstract

where the update parameters ψp , φp and ζp are:

A transmission line method (TLM)algorithm is proposed
for electromagnetic (EM) wave propagation in biological
tissues with the Cole-Cole dispersion Model. A linear behavior of the polarization current during the time step is assumed. The polarization current density is approached using Lagrange extrapolation polynomial, and the fractional
derivation is obtained according to Riemann definition. Reflection coefficients at an air/muscle interfaces simulated in
a 1-D domain are found in good agreement with those obtained from the analytic model.

α

α

ψp =

1 τp p
Γ(2)
τp p
+
t1−αp − n
t−αp (4)
2
∆t Γ(2 − αp )
Γ(1 − αp )

φp =

1 τp p
Γ(2)
(n + 1)τp p −αp
−
t1−αp +
t
(5)
2
∆t Γ(2 − αp )
Γ(1 − αp )

α

α

!0 ∆!p
(6)
∆t
To get the update equation of the electric field components
we start from the Maxwell-Ampere equation, and by including the conductivity term :
ζp =

1. Introduction
In the last two decades there has been a renewed interest in
the interaction between biological tissues and electromagnetic field at microwave frequencies due to new promising
applications of this technology in biomedical engineering.
the Cole-Cole modelproposed in [1] as:
p
!

∆!p
!r (ω) = !∞ +
αp
1
+
(jωτ
p)
p=1

(1)

where !∞ is the optical relative permittivity, ∆!p = !s −!∞
is the amplitude of the p − th pole, !s is the static relative
permittivity, ω is ths angular frequency , τp is the relaxation
time, αp the parameter that indicates the broadening of
the dispersion for this pole, which in the Cole-Cole model
must satisfy 0 < αp < 1, The consequence is a fractional
order differentiation in the time domain[2].

2. FORMULATION AND EQUATIONS
In the Cole-Cole model the relationship between the polarization current related to the pth pole and the electric field
in time domain is given by:
Jp (t) + τ αp Dαp Jp (t) = !0 ∆!p

∂E(t)
∂t

(2)

In order to obtain the descritized expression of Jp (t), the
polarization current vector can be approached using a Lagrange interpolation in the time interval ti < t < tj .Then
performing a Reimann[3] fractional derivative the update
equation for the polarization current is derived:
Jn+1
=−
p

φp n ζp n+1
J +
(E
− En )
ψp p ψp

(3)

∇ × H = !0 !∞

p
!
∂E
+ σ0 E +
Jp
∂t
p=1

(7)

where σ0 is the static ionic conductivity, the updated electric field is given by:
2σ0 ∆t
)
D
φp
! (1 − ψ
)∆t
2∆t
n+ 12
p
n
−
Jpx,y,z
+
(∇ × H)x,y,z
D
D
p

n+1
n
Ex,y,z
= Ex,y,z
(1 −

D = 2!0 !∞ +

! ζp ∆t
p

ψp

+ σ0 ∆t

(8)

(9)

In the TLM method the simulation domain is discretized in cells where a series of uniform transmission
lines model the propagation medium and the unit cell circuit referred to as symmetrical condensed node(SCN).
The voltage at the center of the SCN node, as deduced
from the conservation laws[4], becomes :
1
n+1
n
(s Vx,y,z
+s Vx,y,z
)
4 + Yocx,y,z
4
∆l∆t
n+ 12
+
(∇ × H)x,y,z
(10)
4 + Yocx,y,z !0

n+1
n
Vx,y,z
= Vx,y,z
+

where Yocx,y,z indicates the normalized admittance of the
open circuit stub added to the node.
The update equation for voltage sources at the center of
the node:
!
n+1
n
n
C2p Jpx,y,z (11)
s Vx,y,z = −s Vx,y,z + C1 Vx,y,z +
p
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Abstract
We present an accurate first order perturbation theory for
the electromagnetic eigenmodes of a resonator, which is
based on the spectral representation of the Green’s dyadic.
We show that when the resonator boundary is deformed,
higher-order terms of the standard perturbation series can
contribute to the eigenmode frequencies in first-order in the
deformation depth. This is a consequence of the vectorial
nature of the electromagnetic field and is technically due to
the infinite degeneracy of static modes of the resonator.

1. Introduction
Resonant states (RSs) [1], also referred to as quasi-normal
modes [2], are the eigenmodes of a resonator which determine its optical properties, such as the scattering crosssection or the Purcell enhancement [3]. For simple systems,
such as a slab or a sphere, RSs can be found analytically [1].
For more complicated shapes they can be found numerically or via perturbative approaches [2, 3].
Here we study the role of static modes [4] in the
perturbation theory for RSs, with specific focus on their
contribution to the first-order approximation of the RS
wavenumbers. Static modes describe the static pole of the
Green’s dyadic; they are infinitely degenerate and have the
wavenumber eigenvalue k = 0. We develop a general perturbation theory that properly treats size or shape changes
of the resonator. We will show that even though static
modes appear only in second and higher order terms of the
perturbation series, they contribute to the RS wavenumbers
already in first order in the deformation depths.

2. Results

static modes (kλ = 0). The residue of the static pole of the
Green’s dyadic contains a delta-like singularity [5]. Using
the Green’s function we can find the matrix equation that
links the unperturbed modes to the perturbed ones
!
(κ − kν )cν = −κ
Vνν ! cν ! ,
(2)
ν!

where κ is the eigenvalue of the perturbed system, cν is the
expansion coefficient for the perturbed field, and
"
Vνν ! = Eν (r) · ∆ε(r)Eν ! (r)dr .
(3)
This procedure is called the resonant-state expansion [1, 5]
which effectively treats perturbations to all orders. From
the matrix equation one can extract corrections to the eigenvalue kn in the form of a perturbation series
2
κ = kn − kn Vnn + kn Vnn
+ kn2

ν "=n

from which it appears that κ (1) = −kn Vnn is the first-order
correction to the wavenumber, being linear in the deformation depth δh. However, static modes are infinitely degenerate (kν ! = 0), and this allows the infinite sum in the second
order term to lead to a correction linear in δh.
To extract such linear contributions from all orders, we
reformulate Eq. (2) by moving all static modes into a matrix
Wλλ! which is the inverse of δλλ! + Vλλ! . Then the linear
correction to κ can be found as
κ (1) = −kn Ṽnn ,
where

We start by considering an unperturbed system that can
be solved analytically, such as a homogeneous dielectric
sphere, and for simplicity we consider isotropic and nonmagnetic materials only. Such system can be described by
the electric Green’s dyadic [5]

! Vnν ! Vν ! n
+ . . . (4)
kn − kν !
!

Ṽnn = Vnn − Snn ,

Snn =

!

Vnλ Wλλ! Vλ! n .

(5)

(6)

λλ!

(1)

We now use a Neumann series expansion for W , then substitute the exact static pole residue of the Green’s dyadic
(which can written as a sum of regular and singular parts)
into the series, and integrate out the delta functions from the
singular part which is proportional to r̂ ⊗ r̂! dyadic component [5]. Finally, after some algebra, we arrive at
"
[∆ε(r)]2
Snn ≈ En (r) ·
(r̂ ⊗ r̂) En (r)dr , (7)
ε(r) + ∆ε(r)

where Eν is the electric field of the normalized eigenmodes,
ν = n labels the RSs (kn #= 0), and ν = λ labels the

where we have neglected the terms involving the regular
part of the static pole and therefore not contributing in first

G(r, r! ) =

! Eν (r) ⊗ Eν (r! )
ν

=

k − kν

! En (r) ⊗ En (r! )
n

k − kn

+

! Eλ (r) ⊗ Eλ (r! )
λ

k

,

3. Discussion

order. The expression for Snn is clearly second order in
∆ε; however it is of first order in the deformation depth
δh, due to the single integral. The regular part in turn leads
to multiple integrals, and thus to higher order terms in δh.
Subtracting Snn from Vnn we obtain

Ṽnn =

"

En# (r) · ∆ε(r)En# (r)dr
"
ε(r)∆ε(r)
En⊥ (r)dr ,
+ En⊥ (r) ·
ε(r) + ∆ε(r)

When the permittivity change ∆ε(r) is small, for example,
introducing a material change, one can neglect Snn and use
Eq. (3), which is a well known and tested result [3] and will
not be discussed here further. When ∆ε(r) is large, which
can be in case of a shape perturbation, the results of Eqs. (3)
and (8) differ due to the contribution of the static modes
Snn . We show in Fig. 1(a) results for a size perturbation of
a homogeneous dielectric sphere. For the modes with low
wavenumbers, the relative error using Eq. (8) is a few order of magnitude smaller than using Eq. (3), showing the
influence of the static modes on the first order correction.
The first order results can also be extended to dispersive
systems. Figures 1(b) and (c) show the real and imaginary
part, respectively, for the surface plasmon mode of a silver sphere when it is being distorted into an ellipsoid as in
[2]. We see good agreement between the perturbation theory results and the numerically calculated values for small
changes, for both inwards (a < R) and outwards (a > R)
perturbations.

(8)

where the subscript % (⊥) labels the vector component parallel (normal) to the surface. The correct wavenumber to
first order is thus given by κ ≈ kn − kn Ṽnn . Note that for
a shape perturbation in vacuum we have ε(r) + ∆ε(r) = 1,
rendering Eqs. (5) and (8) similar to the results in Ref. [2].

δ

4. Conclusions

δ

We have shown that due to the static pole of the Green’s
dyadic higher order terms in the perturbation series can contribute in first order in the deformation depth. We have derived a general perturbation theory that can treat both material changes and shape perturbations. We have illustrated
the importance of the static pole for size and shape changes
of spherical resonators. This approach can be generalised
to treat chirality and permeability perturbations.
δ
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Abstract
An effective semi-analytical technique for the analysis of
the scattering from a thin disk is briefly presented. The
problem, formulated as sets of one-dimensional integral
equations in the vector Hankel transform domain, is
discretized by means of Helmholtz decomposition and
Galerkin method with complete sets of orthogonal
eigenfunctions of the most singular part of the integral
operators, reconstructing the physical behavior of the fields,
as expansion bases. In this way, fast-converging Fredholm
second-kind matrix equations are obtained.

1. Introduction
The analysis of the electromagnetic scattering from finite
objects is frequently carried out by means of integral
equation formulations because the unknowns are defined on
finite supports and the radiation condition is taken into
account by a suitable choice of the Green’s function of the
problem. For such equations approximate solutions are
generally obtained by resorting to discretization techniques.
However, the existence of the solution of an arbitrary
integral equation cannot be generally stated. Moreover, if
the solution exists, the convergence of a discretization
scheme cannot be generally established. Indeed, Fredholm’s
theory can be applied only if the operator is the
superposition of a continuously invertible operator and a
completely continuous operator [1].
When dealing with a first-kind integral equation or a hypersingular second-kind integral equation, a Fredholm secondkind equation can be obtained by analytically inverting the
most singular part of the integral operator [2], [3]. On the
other hand, Fredholm theory can be applied to the matrix
equation obtained by means of the Galerkin method with a
complete set of orthogonal eigenfunctions of a suitable
operator, containing the most singular part of the original
integral operator, as expansion basis [2], [3]. Under such
conditions, Galerkin-projection acts as a perfect analytical
preconditioner for the considered integral equation. For this
reason, this approach, called method of analytical
preconditioning, has been widely used for the analysis of
propagation, radiation, and scattering problems [4-12].
The aim of this paper is the analysis of the scattering from a
thin disk in a homogeneous medium by means of a method
recently developed by the author and belonging to the class
of the methods of analytical preconditioning [13-17].

Surface integral equations for the effective electric and
magnetic currents are obtained by imposing the generalized
boundary conditions on the disk surface. Due to the
revolution symmetry of the problem, all the involved
functions are conveniently expanded in Fourier series and
the surface integral equations are recast as sets of onedimensional integral equations in the spectral domain for
the harmonics of the vector Hankel transform (VHT) of the
effective currents. The surface curl-free and divergence-free
contributions of the effective currents are assumed as new
unknowns in order to handle scalar unknowns in the VHT
domain. Galerkin method with complete sets of orthogonal
eigenfunctions of the most singular parts of the integral
operators reconstructing the behavior of the fields at the
edge and around the center of the disk as expansion bases
are used to discretize the integral equations, thus leading to
fast converging Fredholm second-kind matrix equations.

2. Formulation and Solution of the Problem
A disk of radius a and thickness τ immersed in a
homogeneous medium is such that t ! a and t ! l ,
where λ is the wavenumber in the external medium. A
cylindrical coordinate system ( r , f , z ) with the origin at the
center of the disk and the z axis orthogonal to it is

(E

introduced. An incident field

inc

( r ) , H inc ( r ) ) ,

where

r = xxˆ + yyˆ + zzˆ , impinges onto the disk surface generating a
scattered field

(E

sc

( r ) , H sc ( r ) )

such that the tangential

component of the total field satisfies the generalized
boundary conditions on the disk surface, i.e., [18]

(

)

inc
sc
zˆ ´ E ( r , f ) + E ( r , f ) ´ zˆ = R J ( r , f ) , (1)

(

)

inc
sc
zˆ ´ H ( r , f ) + H ( r , f ) ´ zˆ = S M ( r , f ) , (2)

for r £ a , where

( ( r ,f , 0 ) - H ( r ,f , 0 )) ,

J ( r , f ) = zˆ ´ H

sc

sc

+

-

( ( r ,f , 0 ) - E ( r ,f , 0 )) ,

M ( r , f ) =- zˆ ´ E

sc

+

sc

-

(3)
(4)

are the effective electric and magnetic currents, respectively,
and R and S are the electric and magnetic resistivities of the
disk, respectively. The uniqueness of the solution is

current and the bistatic radar cross-section (BRCS) in the
plane f = 0°, 180° , obtained for M = 9 so that the error is

guaranteed by requiring that the total field satisfies the edge
conditions and the radiation condition.
The revolution symmetry of the problem allows to expand
all the involved functions in series of orthogonal azimuthal
harmonics. Hence, the surface integral equations for the
effective currents can be equivalently reduced to infinite sets
of independent one-dimensional integral equations in the
spectral domain having as unknowns the VHT of the
harmonics of the effective currents [13].
According to the Helmholtz decomposition, each current is
written as the superposition of a surface curl-free
contribution and a surface divergence-free contribution,
which are assumed as new unknowns in order to handle
scalar unknowns in the VHT domain [15].
The obtained integral equations are discretized by means of
the Galerkin method. The behavior of the n-th harmonic of
the effective currents at the edge and around the center of
the disk is correctly reconstructed by expanding the
unknowns in the following complete series of Bessel
functions [16, 19], i.e.,
n
f! ( ) ( w ) =

+¥

åd

h =-1+

g h( n ) 2 ph

J ph ( aw )
wh

n ,0

,

less than 10-3 , are plotted and compared with very good
agreement with the results provided by CST Microwave
Studio (CST-MWS). It is worth noting that, in
reconstructing the solution in the case examined, the
proposed method is 30 times faster than CST-MWS.
(a)

(5)

where d n , m is the Kronecker delta, g h( n ) denote the
(b)

expansion coefficients, ph = n + 2h +h +1 and h depends on
the edge behavior. With such a choice, the integral
equations are reduced to fast converging Fredholm secondkind matrix equations. Moreover, the coefficient matrix
elements, which are one-dimensional improper integrals of
oscillating functions, are efficiently evaluated by means of
the analytical procedure in the complex plane developed in
[14, 15].

3. Numerical Results
An approximate solution of the problem can be obtained by
truncating the infinite matrix equations. To show the fast
convergence of the presented method, the following
normalized truncation error is introduced
errN ( M ) =

N -1

å

n =- N +1

x(M )+1-x(M )
n

n

2

N -1

å

n =- N +1

x(M )
n

2

,

(c)

(6)

where 2 N - 1 is the number of considered harmonics
estimated as in [20], × is the usual Euclidean norm and
x(M ) is the vector of the expansion coefficients evaluated by
using M expansion functions for each unknown.
In Figure 1a, errN ( M ) is plotted for N = 15 in the case of a
n

TM polarized plane wave, with incident angles qi = 30°
with the z axis and fi = 0° with the x axis in the xy plane,
impinging onto a resistive disk with a = 2l and R = 100W .
In this case, the generalized boundary conditions reduce to
equation (1). As clearly shown, the convergence is very fast.
Indeed, few expansion functions are needed to accurately
reconstruct the solution. This behavior can be further
appreciate in Figures 1b and 1c, where the effective electric

Figure 1. (a) Normalized truncation error, (b) effective electric
current, and (c) bistatic radar cross section of a resistive disk with

2

a = 2l and R = 100W when a plane wave impinges onto the disk
surface with qi = 30° , fi = 0° and TM polarization.

(c)

In Figure 2a, errN ( M ) for a dielectric disk of radius

a = 3l ( 2p ) , thickness t = 0.05a and relative dielectric

permittivity e r = 10.5 - j 0.3 , is plotted as a function of M
for normal to the disk incidence, i.e., qi = 0° , with
E 0 = E0 yˆ . In this case, only the harmonics for n = ±1
contribute to the field’s representation, i.e., N = 2 , and the
resistivities can be approximated by means of the formulas
devised for high-index contrast materials shown in [18].
The convergence is, again, very fast, and less than 1 min is
needed to accurately reconstruct the solution. For the sake
of completeness, in Figures 2b, 2c and 2d the effective
electric current, the effective magnetic current and the
BRCS, obtained for M = 18 so that the error is less than
10-3 , are plotted in the plane f = 0°, 180° and compared
with the results provided by CST-MWS. The agreement is
quite good. It is interesting to note, however, that CSTMWS requires a computation time of 80 mins to reconstruct
the plotted solution. After all, to the best of the authors
knowledge, CST-MWS does not provide a 2D model for
thin dielectric objects and an accurate 3D simulation has
turned out to be time-consuming and particularly
burdensome in terms of memory requirement.

(d)

(a)

Figure 2. (a) Normalized truncation error, (b) effective electric
current, (c) effective magnetic current, and (d) bistatic radar cross
section of a dielectric disk with a = 3l ( 2p ) , t = 0.05a and
e r = 10.5 - j 0.3 , when a plane wave normally impinges onto the

disk surface with E 0 = E0 yˆ .

4. Conclusions
The analysis of the electromagnetic scattering from a thin
disk has been successfully carried out by means of a
regularizing and fast converging method based on the
Helmholtz decomposition and the Galerkin method.
Comforting preliminary results show that the proposed
method can be generalized to study more complex
structures such as arrays of disks in non-homogeneous
media.

(b)
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Abstract
We develop a modal method for radially inhomenous
waveguide. The formulation is derived with the two transverse components of the magnetic field. The algebraic
eigensystem is solved by using Tchebycheff polynomials
and a tau method.

1. Introduction
Cylindrical objects are the building blocks of photonic crystals, metamaterials, and fibers. Everyday components like
waveguides, or resonators are created on their basis. More
recently, plasmonic nano wires have also been studied [1].
Another promising area of research in nanophotonics is the
tight focus that is formed using dielectric cylinders with diameters about wavelength [2], [3]. Nowadays, many efficient commercial codes are able to simulate efficiently
such structures. However researchers often feel the need
to develop in house codes in order to be able to completely
master all the numerical parameters of a given simulation.
Another reason to develop original codes is that one can
get faster tools since they can be designed for a specific
need. We are interested in the analysis of radially piece
wise inhomogeneous circular waveguides using a polynomial modal method which is known to be robust with regards to materials properties because it enforces in an exact
manner the interface boundary conditions. The originality
of the method lies in the theoretical formulation of the spectral problem and its solution using a Galerkin method with
Tchebychelf polynomials as expansion and test functions
[4],[5],[6]. Once the eigen-solutions are computed, the rest
of the solving follows the usual steps of any modal method.
Fig 1 shows a typical structure that can be analysed with
our code.

2. Theory
2.1. Eigenvalue equation
A quarter of the cross section of one step index circular
wave-guide is shown in Fig.(2). In case a radial radiation
condition is needed, PML may be introduced through complex coordinates. Let us consider a time-harmonic magnetic

Figure 1: sketch of a multi sectional waveguide.
field such that:


Hr (r) cos(mφ)
H(r, φ, z) = Hφ (r) sin(mφ) exp j(ωt − γz)
Hz (r, φ)

(1)

In an homogeneous medium with relative permittivity $r
and in the cylindrical coordinate system the vector wave
equation for the magnetic field reduces to three scalar partial differential equations of the form
%
&
Hr
2 ∂Hφ
∆Hr + − 2 − 2
= −k02 $r
r ∂φ &
% r
2 ∂Hr
Hφ
∆Hφ + − 2 + 2
= −k02 $r
r
r ∂φ
∆Hz = −k02 $r

(2)

where k0 is the wave number and where ∆ represents the
Laplacian of a scalar that in cylindrical coordinates takes
the form of:
∂2ψ
1 ∂ψ
1 ∂2
∂2ψ
+
+ 2 2+
2
∂r
r ∂r
r ∂φ
∂z 2

(3)

Taking into account the special form of the field given by
Eq(1), we get:
%

K
1 ∂ψ
∂2
+
+ k02 $r 2
∂r2
r ∂r
r

&'

' (
(
Hr
Hr
= γ2
Hφ
Hφ

' 2
(
m +1
2m
K=−
2m
m2 + 1

(4)

(5)

3. Conclusions
Our talk will be devoted to the detailed presentation of the
polynomial modal method as applied to cylindrical structures. We will illustrate the effectiveness of the method
through many examples. More specifically we will investigate the near field scattered at the end of a multi-sectional
dielectric wave-guide
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2.3. Numerical solution
In a first step, in each homogeneous region, Hr and Hφ
are approximated by a linear combination of Tchebycheff
polynomials Tq :
)M−1
)M+1
Hr (r) = p=0 Hrp Tq (r) + p=M Hrp Tp (r)
)
)M+1
Hφ (r) = M−1
q=0 Hφq Tq (r) +
q=M Hφq Tq (r)

(6)

Then Eq(4) is projected onto 2M Tchebycheff polynomials. Lastly an eigen-system, valid in the whole computational domain, is obtained by adding the relations which
express the boundary conditions.
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Abstract
Electromagnetic design problem are generically hard
nonlinear problems that are computationally expensive and
prone to getting trapped at low-quality optima. We
reformulate
electromagnetic-design
problems
as
quadratically constrained quadratic programs (QCQPs). In
this formulation, Maxwell’s equations are replaced with a
set of real- and reactive-power conservation laws, which
enable identification of fundamental bounds across
geometric, frequency, and configuration degrees of
freedom. We show examples of fundamental limits for
perfect absorbers, multi-frequency reflectivity sensors, and
near-field radiative heat transfer.
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Abstract
Microrobots are rapidly developing as a valuable solution
for performing microscale tasks, among which they seem
particularly promising for biomedical and environmental
applications. Two-photon polymerization enables the
fabrication of microstructures with complex shapes, while
focused laser beams allow for precise manipulation of such
3D printed objects. Whereas several challenges have yet to
be overcome before microrobots can perform in the real
world, many interesting laboratory applications have
already been demonstrated, while others are being explored.

1. Introduction
Microrobots are raising enormous interest in the scientific
community because of their potential for performing various
tasks at the microscale. Among their target fields of use,
biomedical and environmental applications are likely the
most promising. Recently, we reviewed the literature on the
use of microrobots for biomedical applications [1], and
would like to highlight that, while the use of microrobots in
vivo is a noble goal, there are yet numerous related
challenges when it comes to e.g. deployment and retrieval
strategies, control, or imaging. On the other hand,
microrobots could in the near future become valuable tools
for laboratory testing, where for example hyperlocalized
sensing is particularly interesting for both biomedical and
environmental applications.

Figure 1: Scanning electron micrograph of a 3D printed
microrobot including four spherical handles for optical
manipulation and a large disk designed for a certain task.

3. Light-controlled micromanipulation
Among the many different approaches to microrobot
propulsion and control, light offers unique opportunities in
terms of precision, as highly focused near-infrared laser
beams can be employed for simultaneous micromanipulation
of multiple microrobotic components [2]. Furthermore, the
use of light-responsive materials which deform when
exposed to ultraviolet or visible light also offers interesting
perspectives for introducing additional functionality (Fig. 2).

2. 3D printing by two-photon polymerization
Two-photon polymerization 3D printing is a direct laser
writing technique, where the structure is written layer-bylayer and voxel-by-voxel into a suitable negative photoresist
using a highly focused femtosecond-pulsed laser beam. We
use a Nanoscribe GT+ system for the microfabrication of
polyacrylate robots amenable to optical trapping and
manipulation. Typically, for producing microstructures with
maximum resolution, we use a Plan-APOCHROMAT
63×/1.40 Oil DIC objective and the commercial photoresists
IP-L 780 or IP-Dip. With optimal parameters, the resolution
of the system is 100-200 nm in the XY plane and, because
the laser focal spot is ellipsoidal rather than spherical,
around 1.5-3.5 lower on the Z-axis [2,3]. An example of a
3D printed polyacrylate microrobot is shown in Fig. 1.

Figure 2: Light spectrum by wavelength. UV light with a
wavelength above 200 nm and/or visible light can induce
material deformation in photoresponsive materials. The nIR
range is typically used for optical trapping, most commonly
between 1060 and 1090 nm. Reproduced with permission [2],
© 2021 The Authors. Advanced Intelligent Systems published
by Wiley‐VCH GmbH.

In our group, we employ a custom-made optical trapping
setup called the Biophotonics WorkStation (BWS) for
precise microrobot manipulation with six degrees of
freedom (Fig. 3). The setup allows for visualizing the
microrobots in motion both from the top and from the side.

micromanipulation of such objects. Implementing state-ofthe-art solutions to improve light focusing in complex
media while simultaneously tailoring the surface chemistry
of the microrobots should foster applications in complex
media, which is extremely relevant for many envisioned
environmental and biomedical applications. Lightcontrolled microrobots with the ability to sense target
analytes, deliver therapeutic agents, or neutralize toxic
chemicals should soon become the go-to solution for
laboratory experiments where such tasks need to be
performed on the microscale with extreme precision.
Ultimately, we envision that more complex microrobots
will be able to perform microscale tasks in the real world,
for example in lakes, rivers, or the human body.

Figure 3: The Biophotonics Workstation (BWS) used for
microrobot manipulation. The nIR light path used for trapping
is shown in red, whereas the visible light source and light path
are omitted to simplify the schematics. M—mirror; DM—
dichroic mirror; L—lens; SLM—spatial light modulator; A—
aperture; Cam—camera; Obj—objective; Cond—condenser;
S—sample; BS—beamsplitter. The Gaussian beam coming
from a 1080 nm laser is first shaped using a generalized phase
contrast (GPC) module and then the SLM. The shaped beam is
then split into two beams of equal intensity using a 50/50
beamsplitter, and relayed onto the sample from opposite
directions using two 50× objectives with a NA of 0.55. This
leaves space in the system for a 20× side‐view objective. The
microrobot handles are trapped in between the foci of the top
and bottom counter‐propagating beams. Reproduced with
permission [2], © 2021 The Authors. Advanced Intelligent
Systems published by Wiley‐VCH GmbH.

Acknowledgements
The authors acknowledge support from VILLUM FONDEN
(grants number 34424 and 00022918), and the Novo
Nordisk
Foundation
(Grand
Challenge
Program
NNF16OC0021948).

References
[1] A.-I. Bunea, R. Taboryski, Recent advances in
microswimmers
for
biomedical
applications,
Micromachines. 11: 1048, 2020.
[2] A.-I. Bunea, D. Martella, S. Nocentini, C. Parmeggiani,
R. Taboryski, D.S. Wiersma, Light‐powered
microrobots: Challenges and opportunities for hard and
soft responsive microswimmers, Adv. Intell. Syst., 3:
2000256, 2021.
[3] D. Sabaté Rovira, H.M. Nielsen, R. Taboryski, A.-I.
Bunea, Additive manufacturing of polymeric scaffolds
for biomimetic cell membrane engineering, Mater. Des.
201: 109468, 2021.
[4] D. B. Phillips, G. M. Gibson, R. Bowman, M. J.
Padgett, S. Hanna, D. M. Carberry, M. J. Miles, S. H.
Simpson, An optically actuated surface scanning probe,
Opt. Express, 20: 29679, 2012.
[5] E. Engay, A.-I. Bunea, M. Chouliara, A. Bañas, J.
Glückstad, Natural convection induced by an optically
fabricated
and
actuated
microtool
with
a
thermoplasmonic disk, Opt. Lett., 43: 3870-3873, 2018.
[6] S. Hu, R. Hu, X. Dong, T. Wei, S. Chen, D. Sun,
Translational
and
rotational
manipulation of
filamentous cells using optically driven microrobots,
Opt. Express, 27: 16475-16482, 2019.
[7] A.-I. Bunea, J. Glückstad, Strategies for optical trapping
in biological samples: Aiming at microrobotic surgeons,
Laser Photon. Rev., 13: 1800227, 2019.
[8] P. Cabanach, A. Pena-Francesch, D. Sheehan, U.
Bozuyuk, O. Yasa, S. Borros, M. Sitti,, Zwitterionic
3D-printed non-immunogenic stealth microrobots, Adv.
Mater., 32: 2003013, 2020.
[9] D. Li, C. Liu, Y. Yang, L. Wang, Y. Shen, Micro-rocket
robot with all-optic actuating and tracking in blood,
Light Sci. Appl., 9: 84, 2020.

4. Environmental and biomedical applications
Light-controlled microrobots are extremely precise and
have therefore been employed for e.g. surface probing [4],
localized micromixing [5], or indirect cell manipulation [6].
However, trapping in complex media, such as biological
fluids or environmental samples, is rather challenging,
particularly because of issues raised by the absorption and
dispersion of light in such samples [7]. Nevertheless, there
are several strategies for overcoming these challenges by
e.g. wavefront engineering through wavefront correction
algorithms, optical phase conjugation or metasurfaces.
Furthermore, tailoring the microrobot surface chemistry can
help reduce unwanted interactions between a microrobot
and its environment, conferring “stealth” properties [8].
Recently, all-optic actuation of a microrobot in blood was
demonstrated [9]. Overall, exploring combined solutions for
improving light focusing in turbid media, as well as
reducing the hindering interactions, should prove extremely
beneficial for the future progress of microrobots in
environmental and biomedical applications.

5. Conclusions
Although microrobots have yet to overcome several
important challenges before they can become truly useful
for real-world applications, current research is paving the
way for such progress. Two-photon polymerization 3D
printing enables the fabrication of microrobots with
arbitrary and complex shapes and submicrometer critical
dimensions. On the other hand, the use of focused beams
for optical manipulation provides extreme precision for the
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Abstract
The performance of superconducting current limiters
associating the short-circuit phenomenon depends on the
structure of the superconducting material envisaged and on
the way of inserting it into the electrical network. The multilayer structure, which uses thin “sandwich” layers, is found
to be of interest in the search for fault current limiting
power. In this paper, we present some numerical results of
the magnetic behavior of superconducting fault current
limiters (SFCLs). The numerical problem of this study is
solved using the method of volume control (CVM). The
electromagnetic and thermal coupling is ensured by an
alternative algorithm. To describe the relationship between
the electric field and the current density inside the thin-film
superconductor, we chose to use the power law model
widely used in simulation work.

1. Introduction
The object of the study is to design a thin-film
superconducting current limiter capable of limiting shortcircuit currents. Although thin-layers SFCL has certain
favorable characteristics a priori (significant reduction in
thermal stresses, relatively long service life, etc.). In this
context, several simulation works have been proposed.
In this context, several simulation works have been
proposed. In some of these works, the behavior of the
superconductor is simulated as a vari-impedance [1-2], [3-4]
where the superconducting material changes from nondissipative state characterized by a zero impedance in the
rated regime of the network to a very dissipative state
characterized by a high impedance in the case of faults that
can appear during the operation of the electrical network.
These simple models developed do not satisfactorily
reflect the actual behavior of the superconductor in its
intermediate state, particularly the flux-flow and flux-creep
regimes [5,6,7]. For this, other microscopic models have
been proposed in order to satisfactorily describe the fluxflow and flux-creep regimes [8-9]. In these models, the
Maxwell equations are adopted and coupled to the heat
diffusion equation, however the electromagnetic and thermal
problems are solved in the case of one-dimensional [10] see

bidimensional [11]. In these models, Maxwell's equations
are adopted and coupled to the heat diffusion equation.
These models cannot correctly simulate superconducting
current limiters, in particular, second generation
superconducting current limiters.
The latter designed from several thin layers offer technical
and economic advantages over conventional current limiter
designed in a mass way is composed only of a
superconducting material, usually type II. Thin-layers
superconducting current limiters are essentially composed of
three main layers (shunt, superconductor, substrate) [10], [9]
and several buffer layers (Fig.2). Each layer has one or more
functions defined [2]. They are produced by deposition on
an assembly made up of a substrate and several buffer
layers. The study of such a configuration requires the
development of a three-dimensional computer code. For this,
we propose in this article a three-dimensional mathematicalnumerical model dedicated mainly to the modeling of thinlayers current limiters before and during the limitation
process.

2. Formulation
To model the magnetic behavior of the presented problem,
we adopted the formulation in magnetic vector potentials A
and in electric scalar potential V, this one is described by the
formulation below.

Ñ ´ (ν Ñ ´ A) - Ñ(ν Ñ × A) + σ(E,T) (
¶A
ì
ü
Ñ.í- σ(E,T) (
+ ÑV )ý = 0
¶t
þ
î

¶A
+ ÑV ) = J s
¶t
(1)

! and " represent respectively the magnetic reluctivity and
the electrical conductivity of the superconductor.
Concerning the apparent electrical conductivity of the
superconducting material, in its non-dissipative state, it is
defined by the ratio of J on E [12], this ratio is deduced from
the characteristic E-J of the superconductor given by the
relation.
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to define electrical conductivity (Equation 2). To avoid this
type of problem we used the finite volume method in its
three-dimensional version. The adopted mesh is of Cartesian
or structured type, it consists of elementary volumes of
hexahedral or cubic form. For each volume Dp of
hexahedral shape, we associate a so-called main node P and
six facets: e and w in the direction x, n and s in the direction
y,
t
and
b
in
the
z
direction
(Fig.1).
The neighboring volumes of Dp are represented by their
close neighboring nodes: E and W along the x, N and S axis
along the y, T and B axis along the z axis [12].

-1

(2)

This relation reflects the superconductors flux-flow and
Flux-Creep regimes that is to say if the superconductor is in
a non-dissipative state, to complete the expression of the
electrical conductivity of the superconductor in the
dissipative regime. Add an additional term !! which
translates the increase in the resistance of the
superconductor. Thus, the apparent electrical conductivity of
the superconductor is deduced by the relation.

s ( E, T) = s s ( E, T ) + s n (T )

(3)

Where JC and EC respectively represent the density of the
critical current and the critical electric field. According to
relation (3), the apparent conductivity of the superconductor
depends on the electric field E and the temperature T
reached within the material. The electric field E will be
determined from the resolution of the electromagnetic
problem described by the partial differential equation
presented by the formulation (1). The temperature will be
determined from the resolution of the heat diffusion problem
presented by

¶T
ρC p(T)
- Ñ.(κ (T )ÑT ) = W
¶t

Figure 1: Elementary finished volume
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Where λ(T), ρ, Cp(T) are respectively the thermal
conductivity in (W / K / m), the density in (Kg / m3) and the
specific heat of the material in (J / K / Kg), W is a power
density in (W / m3), it expresses all the losses generated in
the superconducting current limiter expressed by

(6)
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To calculate the derivative terms in (6) and (7), we
consider in our study a linear variation of the magnetic
potential and the temperature across the integration facets of
the finite volume. After integration, we arrive at a system of
algebraic equation below that will be solved by an algebraic
method such as the Gausse-Seidel method that will be
adopted in our problem. The integral of equations (6) and
(7) leads to the following algebraic equations [12]:

In the results of the simulations presented, the thermal
and the electrical properties depend on the temperature as
mentioned in the equations (1), (2), (3), (4). The Models
describing this dependence are presented in [12].
The resolution of the system of equations 1 and 4 solves
electromagnetic and thermal problems. These are defined by
strongly nonlinear equations. To solve such a problem,
several methods have been used mainly finite element
method [8-9], it cannot ensure the convergence of the
problem to be solved especially during the presence of a
superconducting material where have used a power type law

2

cpAxP + s p D p Ax• P =

Second-generation superconducting ribbons have been
developed with the aim of getting as close as possible to the
native properties of superconductors perfectly textured by
epitaxial growth. The architecture of these ribbons is made in
the form of a sandwich of four thin layers [15-16-17]: the
substrate, the buffer layers, the superconducting layer and the
shunt, (Fig. 1). Each layer has a role in the functioning of the
limiter that we develop in the proposed model [14-16]. The
substrate, which acts as a support, whose main function is to
dissipate the excessive heat produced during the fault and
thus protect the superconducting element. The thickness of
the substrate is of the order of 100 μm [15-16-17], the alloys
used are based on Nickel (NiCr, Inconel, Hastelloy,
Constantan).
They make it possible to adapt the mechanical stresses,
resulting on the one hand from the difference in thermal
expansion coefficient between the superconductor and the
substrate, on the other hand from the difference in the lattice
parameter between these two materials. The buffer layers also
provide a chemical diffusion barrier preventing pollution of
the superconductor by the elements of the substrate and
preventing oxidation of the latter during the YBaCuO
deposition phase. They also make it possible to texturize the
superconducting layer when the substrate has no orientation.
To ensure a high critical current density for the YBaCuO, the
buffer layer must provide a biaxial texture. The thickness of
these layers varies between 0.5 μm and 3 μm [17], they are
made up of YSZ, CeO, MgO or LZO. The superconducting
layer generally of a thickness of the order of 1 μm (the
YBaCuO) behaves like being a perfect conductor during the
rated mode of the electrical network (R = 0) and in the
blocked case limits the fault current by the insertion of a large
resistance in the network [1]. The shunt has an average
thickness of 200 nm, it acts as a thermal and electrical
stabilizer in the blocked state of the limiter. Generally the
materials used for this layer are noble materials such as gold
or silver [16].
In the case without fault, only the YBCO is traversed by
the current because its absence of resistance short-circuits the
shunt, buffers and the substrate.
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[C ][T! ] + [K ][T ] = [Q]

(11)

The electromagnetic and thermal coupling is ensured by the
alternating coupling model.

3. Modeling of SFCL
The device constituting the studied limiter is of the
conductor type deposited with YBaCuO, it consists of three
main layers (shunt, superconductor and substrate) and
several buffer layers. It is true that these are poor electrical
and thermal conductors but they have a major and important
role in the functioning of the SFCL. They also make it
possible to create a chemical diffusion barrier preventing
pollution of the superconductor by the elements of the
substrate and preventing oxidation of the latter during the
YBaCuO deposition phase. The simplified architecture
adopted for a ribbon of length L rub is described in Figure.1.

Loss (W)

4. Simulation results
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Figure 2: The description of the SFCL model.
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Figure 3: The variation of the average losses in the YBCO
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Figure 4: The variation of the J/Jc ratio of the YBCO layer
as a function of time.
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in the other layers, and this is explained by the fact of its
conductivities less low than that of YBCO even during the
transition state.

Figure (3) shows the temporal evolution of the average
losses in the YBCO layer. The latter have evolved over time
because of the energy dissipated per unit volume inside the
superconducting zone (YBCO), there appears a strong
increase in these losses at the start of the SFCL transition,
and the amplitude reaches approximately 75KW. This is due
to the heating caused by the increase in temperature within
YBCO which is the site of considerably strong heat and
which can damage the limiter. Then these losses are
reduced, this is due to the substrate, whose main function is
to dissipate the excessive heat produced during the short
circuit fault and thus protect the superconducting layer.
According to the results presented in Fig. 5, we can say that
the SFCL is always in a state supra at the instant t = 1 ms,
that is to say that the current limiter cannot intervene at this
time instant. The maximum temperature is almost 77.2 ° K
below the critical temperature Tc = 92 ° K.
Figure 4 shows the variation of the J/Jc ratio as a function
of time. It can clearly be seen that the superconducting
limiter intervenes more quickly in a very short time even
before the short - circuit current reaches its maximum during
the first half-wave with a ratio of 3.5. The advantage of thin
layers is their very rapid transitions, the current is limited for
a J/Jc ratio generally less than or equal to two, through the
substrate and the large specific surface area, the thin layers
recover very quickly.
In Figs. 6-7, the temperature reached within the
superconductor exceeds the value of the critical temperature
(Tc = 92 ° K) at the instant t = 0.0025 s. Note also that this
temperature is not homogeneous over the entire section of
the limiter, in fact it is maximum at the center of the
superconductor but it is minimal in the intermediate zones.
The temperature which appears in the thin layers at the
instant t> = 0.0025 s is mainly due to the transfer of heat
between the superconducting layer and the thin layers.
Indeed, during the time interval t <= 0.0025 s, all the current
passes through the superconducting layer given its resistivity
considered to be negligible compared to the resistivity’s of
the other layers. This means that the use of thin layers in the
design of a current limiter has a great advantage as it
significantly decreased the temperature within the current
limiter during the process of fault current limiting. The
decrease in temperature reached during the operation of the
current limiter can extend the life of a superconducting
current limiter. According to the results presented, we note
that the use of thin layers has considerably improved the
thermal behavior of the current limiter by significant
reduction in temperature on the one hand, also the
intermediate layers have improved the transition time or the
current limiter intervenes in a shorter time. Also according
to the results presented, it can be said that the presence of
thin layers ensures that the temperature is maintained in the
vicinity of 110 ° K (Fig. 8).
Fig. 9 shows the spatial distribution of current densities at
SFCL breasts at time t = 0.06 s. It appears according to these
results, that the current density reaches its maximum with a
high concentration in the center of the YBCO layer, it is less

5. Conclusions
The approach considered in this work takes into account
the behavior of these layers according to their
electromagnetic and thermal states. The different physical
quantities and their spatial variations during the transition
phase, current limitation and recovery are considered and
widely exposed.
It is noted that when the short-circuit fault arises in the
network, the current increases rapidly and exceeds the value
of the critical current of the HTS which begins to transit. An
electric field appears at its terminals and currents begin to
flow through the shunt and the substrate.
The simulation results presented showed the interest and
efficiency of thin films introduced in the design of a
superconducting current limiter. These considerably
improve the thermal stresses during the fault current
limitation process by significantly reducing the temperature
within the current limiter.
All these results will contribute to the optimization of the
superconducting current limiter to obtain the best device for
limiting the short-circuit currents and thus the best possible
heat transfer. This is particularly important insofar as they
can be used in the design of second generation limiters and
installed in electrical networks.
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Abstract
Noninvasive microwave sensor of plant that measure leaf
concentration water is purposed. It is based on a microstrip
structure where the loaded layer is represented by a
mathematical model. The leaf is represented with the cellulose
Cole-Debye model, that includes freshwater molecules which
are simulated with different size to characterize the
turgescence and plasmolysis behavior. The concept is
validated and compared to Cole-Debye model for different
situation of stress leaf, represented by an equivalent dielectric
cell over the sensor.

I.

Introduction

Agriculture is a significant economic sector in both Morocco
and the rest of the globe. As a result, there is a continuing push
to develop tools to aid activities in these industries.
Individuals have obviously been investigating the application
of remote sensing in this area for quite some time.
All remote sensing systems employ electromagnetic waves to
bridge the distance between the sensor and the target to be
observed. As a result, in microwave remote sensing, physical
and/or biological variables must be determined from
electromagnetic wave properties. The complex permittivity of
the measured items is directly connected to the microwave
signal received using microwave sensors. Thus, establishing a
relationship between the targeted object's specific physical
parameters and its complex permittivity is critical for the
advancement of such technology, as well as a key method for
obtaining quantitative information about the observed
variables from microwave data [1].
Plant-based noninvasive microwave sensors show significant
potential in informing farmers when to turn on the irrigation
system, preventing water waste and plant drying. Our first
purpose in this paper is using a microstrip structure line of a
large frequency band combined to a mathematical model
(Cole-Debye model) based on a multi-frequency dispersion to
characterize the Turgescence and Plasmolysis behavior of a
plant in the frequency band of 1-10GHz. This simply structure

was chosen for its ability to generates several separate electric
and magnetic resonant frequencies without the use of external
resonant structures, this makes device design easier, and the
requisite printed circuit board (PCB) production technology is
simple and affordable. The electromagnetic (EM) fields in a
microstrip line reside partially in the air above the dielectric
substrate, which may be utilized to directly sense the subject
above the sensor[2]. Generally, the central vacuole can take
up to 90% of the cellular volume and, unlike intracellular
organelles from animal cells, it can be studied successfully
using the classic patch-clamp technique due to its large size
(up to 40 m diameter)[3]. As a result, a standard model may
easily simulate the electromagnetic properties of a leaf, which
consist of two principal components, a cellulosic felt frame a
water.

(a) Turgescent cell
(b) plasmolyze cell
Figure 1: Principle of "Turgescence" in a Plant Leaf

II.

Sensor design

The construction of the suggested microwave sensor and leaf
model is shown in Figure 2. It includes a straightforward
transmission line with w=3 mm strip width and l=120mm strip
length connected to a 50Ω coaxial SMA connector to ensure
the impedance matching. It is simulated on FR-4 substrate

with the relative permittivity of ε=4.3 and Tang=0.002, and
the thickness of 0.79mm. The sensor has multi-resonance
matched in a wide band (1GHz-10GHz) with -30dB. The
choice of such simple structure (loaded line) was just to
evaluate the efficiency of the proposed model. The loaded part
using other type of resonators to improve the sensitivity will
be the goal of the next work.
The plant leaf model positioned at the center of the microstrip
line for detecting different water concentrations as shown in
Fig.2. Dielectric constant of water in leaves depends on its
concentration, thus, any changes in scattering matrix elements
is relative to the change of water permittivity which is
converted into the shift of the resonance frequency.

Sensor

Leaf

Figure 2: 3D electromagnetic model of leaf

III.

EM model of the leaf

This section describes the EM modeling of plant leaves. The
Leave tissues, as opposed to homogeneous dielectric
materials, are made up of multiple layers of a complex
inhomogeneous composition of bio-organic components with
various electromagnetic qualities. The principal goal of noninvasive water concentration sensing is to detect changes in
plant leaf permittivity caused by changes in water
concentration. It suggests that the leaf's complex permittivity
is a function of the amount of water present. This is the most
important factor to keep in mind when performing any
electromagnetic modeling for leaf water sensing. Although
voxel-based techniques may yield excellent 3-D structural
representations of plant leaves, the association between the
permittivity of water and leaf concentration is difficult to
account for in a voxel model.
The Debye-Cole model is widely used in electromagnetic
modeling of various materials such as human blood or plant
leaves as a function of frequency.
The Debye-Cole dual-dispersion established by Ulaby et
al.,[4][5][6] and it is one of the most extensively used
vegetation dielectric models in today's study area. The model
was constructed based on observations of different kind of
vegetation from 0.2 to 20 GHz via coaxial probe technique, in
conjunction with theoretical models and actual data. The
vegetation is represented in the model as a mix of mass
vegetation, free water component, and bound water

component. The model [7] may be represented as follows at
room temperature (22°C):
εv = εr + vfw [4,9

75
1+jf/18

−j

18σ
f

] + vb [2,9 +

55
1+(

jf 0,5
)
0,18

]

(1)

𝜀𝑟 = 1.7 − 0.74𝑀𝑔 + 6.16𝑀𝑔2
𝑣𝑓𝑤 = 𝑀𝑔 (0.55𝑀𝑔 − 0.076)
𝑣𝑏 = 4.64𝑀𝑔2 /(1 + 7.36𝑀𝑔2 )
The relative permittivity of vegetation is expressed by 𝜀𝑣 . the
nondispersive residual component is represented by 𝜀𝑟 , and
the volume fraction of free water is represented by 𝑣𝑓𝑤 . 𝑣𝑏 is
the volume proportion of the average vegetation bound water
mixture. 𝑓 denotes frequency, measured in GHz. 𝜎 denotes
free water conductivity, measured in S/m. 𝑀𝑔 is the
gravimetric moisture content.
Following the definition of water as a Debye-Cole material,
a 3D layer-based simplified the EM model of the Leaf is
created in HFSS, as illustrated in Fig. 3. The EM model is
made up of homogenized cellulose and vacuoles that contains
H2O Debye model (exist in HFSS Analysis library). To focus
on the variable, which is the water concentration, only the size
of vacuoles is changed.
The homogeneous cellulose is characterized by a fixed
permittivity. The dimension of the leaf model is 20 mm × 20
mm × 0.5mm (see Fig.4). Hv is the thickness of vacuoles, and
it is changed from 10um to 140um to characterize turgescence
and plasmolysis phenomena (see Fig.3), we supposed that the
weight of filled leaf of water goes to Hv=140um. In general,
we set the width of the vacuoles to 1mm.

H2O Debye
model

Homogenized
Cellulose
Debye Model

Near
EM field

Microstrip
line

Substrate

Ground plane
(a).

resonance shifts towards the resonance of air (unloaded line).
It is also shown that the shift frequency of the designed sensor
shows linear changes to small variations of leaf size which is
related to the changes of gravimetric moisture Mg as listed in
table 1.

(b).
Figure 3: (a) Cross section of the loaded microstrip line
with EM model. (b) vacuoles contain two targets

Table 1: Value of vacuole thickness versus the gravimetric
moister Mg.
Hv(um)
Mg
F(MHz)

10
0.92
2740

20
0.85
2750

30
0.78
2790

40
0.71
2820

60
0.57
2845

100
0.28
2862

140
0
2890

As well as we can see from Fig.4, which plot the change of
the reflection frequency described in equation (2) versus
gravimetric moisture, we can predict and know for different
sizes of vacuoles if plants need water or not. This model could
be also used to determine irrigation efficiency by calculating
the change in reflection frequency (frequency shift), thus
avoiding water wastage, and drying out of plants.
Figure 4: Side view of the Leaf

𝑟

Each different level of the leaf while changing the vacuole
size is correlated to a specific gravimetric moister Mg which
can defined by equation (1):
𝑀𝑔 =

𝑀𝑓 −𝑀𝑑
𝑀𝑓

𝛥𝑓 𝑟𝑚𝑖𝑛 % = (

𝑟

𝑚𝑖𝑛 −𝑓 𝑚𝑖𝑛
𝑓𝑙𝑒𝑎𝑓
𝑢𝑛𝑜𝑎𝑑𝑒𝑑 𝑙𝑖𝑛𝑒
𝑟

𝑚𝑖𝑛
𝑓𝑢𝑛𝑜𝑎𝑑𝑒𝑑
𝑙𝑖𝑛𝑒

(2)

) ∗ 100

𝑟

𝑚𝑖𝑛
Where 𝑓𝑙𝑒𝑎𝑓
is the minimum reflection frequency at the

𝑟

(1)

where 𝑀𝑔 is the vegetation gravimetric moisture, 𝑀𝑓 is the
weight of the moist vegetation (Hv=140um), and 𝑀𝑑 is the
dry weight of the vegetation (10um<Hv<140um).

𝑚𝑖𝑛
presence of leaf. 𝑓𝑢𝑛𝑜𝑎𝑑𝑒𝑑
𝑙𝑖𝑛𝑒 is the free space minimum

𝑟𝑚𝑖𝑛

% is the
percentage change in the minimum reflection frequency.
reflection frequency (unloaded line) and Δ𝑓

Following that, a simulation is run with the water
concentration level of the leaf varying by adjusting the size of

Figure 6: Gravimetric moisture versus the change of the
reflection frequency (3D EM model)

III.

Figure 5: Reflection coefficient (S11) versus frequency.
the vacuole, which ranges from 10um to 140um. It is noted in
Fig. 3 that due to reduction of humidity (stress leaf) in the
proposed model, the leaves permittivity decreases, and the

Correlations and Verification

As Debye-Cole model might be applied to any vegetation, the
proposed concept is compared to it for different situation of
stress leaf, modeled with a homogeneous dielectric under the
line that has different permittivity using equation (1). To
define the properties (relative permittivity and loss Tand) of

the materiel under test that going to present the Cole Debye
model, we used Matlab to solve the equation (1) and extract
all value of 𝜀𝑣 , having followed that, we identified 𝜀 ′ ( real
part) and 𝜀 ′′ (imaginary part) correspondent to different state
of Mg, as the Electromagnetic Model. The obtained values are
shown in Table 2:

Table 2: Value of vacuole thickness versus the gravimetric
moister Mg.
Mg

0.92

0.85

0.78

0.71

0.57

0.28

0

𝜀′
𝜀 ′′
F(MHz)

44.23
0.258
3634

38.45
0.265
3000

33.09
0.272
3000

28.29
0.282
3000

20.2
0.307
3000

10.07
0.396
3000

7.9655
0.442
3394

Cole Debye
Model

As it can be seen, the results of the proposed loaded line with
3D EM model are more efficient and considerable than the
homogeneous Debye-Cole model. It is an effective and
general approach that gives a higher sensitivity and present
closely the comportment and behavior of the leaf.

IV.

The design and validation of the proposed 3D EM of the leaf
is proposed in this paper. We used in this present paper a
simple loaded line just to see how it is functional with
proposed 3D EM mode and to get the intrinsic sensitivity. The
uniform section of the microstrip line can be replaced by a
sensor that contains specific resonator with large and high
sensitivity. Microwave analysis and calibration of multimaterial chemical matrix content models within a plant leaf
(Application to two Micronutrients Fe, Cu see Fig3. (b)) will
be introduced in the next part of this work.

V.
[1]

Figure 7: Cole Debye Model of the leaf
In accordance with resonance frequencies and their vacuole
sizes, it is also possible to calculate the sensitivity of the
sensor to compare the two models (3D electromagnetic and
Cole Debye) using equation (3).

[2]
[3]

∆f

MHz/μm
(3)
Where:
∆F= the frequency shift (MHz) between the frequency of
driest and moister leaf
Δhv= the variation of vacuoles size.
S=

∆hv

[4]

The sensitivity of 3D EM model
2890 − 2740
MHz/μm
S=
140 − 10
S = 1.15 MHz/μm
The sensitivity of Cole-Debye model
S=

3634 − 3394
MHz/μm
140 − 10
S = 1.84 MHz/μm

Conclusion

[5]
[6]
[7]
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Abstract
White Light Emitting Diodes (WLEDs) with improved light
emission in the red region are highly desired for many
applications especially for obtaining warm illumination
rather than the conventional cold blue LEDs. In this work,
we provide an experimental and theoretical study for a
grating structure composed of ZnO nanowires (NWs) that
proves to boost and directionally extract the visible and red
light emission. The experimental results are compared with
a theoretical and numerical model to understand this unique
optical behavior.

1. Introduction
In recent years many research studies aimed to develop
functional material structures to enhance light extraction in
WLEDs. One way to accomplish this consists in structuring
the most-common used phosphor in commercial white
LEDs: Y3Al5O12:Ce3+ (or YAG:Ce) which emits mostly
between 470 and 630nm under blue radiation[1]. Recently a
study showed that light extraction from YAG:Ce can be
improved using plasmonic nanocubes [2]. However, the
combination of yellow to green photoluminescence of the
phosphor with the blue light provides a white light with
poor photometric parameters, in particular a low color
rendering index (CRI). This is explained by the lack of red
contribution in the emission spectrum of this association:
blue LED and yellow phosphor. In the framework of the
SMARTLEDs project, we propose an original approach that
uses ZnO grating nanowires to add red light emission. The
experimental measurement of the photoluminescence (PL)
demonstrates that the micro structuring of the ZnO
nanowire directionally extracts and enhances the ZnO light
emission. Our theoretical and electromagnetic simulations
show that trapped modes within the ZnO grating NWs are
responsible for these behaviors.

2. Structure and design
The structure proposed is represented in Fig. 1. It consists of
ZnO nanowires grown in a grating manner on a quartz

substrate (Fig. 1(a)). The grating period is D=4µm, the width
of the ZnO NWs gratings is wZnO=2µm, and its height is
hZnO=0.6µm. The fabrication process is done by
hydrothermal synthesis at ambient pressure according to
Ref. [3-4]. The selective growth of NWs leading to grating
ZnO NWs has been performed on a previously photopatterned sol-gel derived ZnO-based resist. Fig. 1(b), shows
the SEM images of the ZnO NWs, from the top while
Fig.1(c) represents a cross section view.

(a)

NWs
ZnO

Quartz
(b)

(c)

2 µm
Figure 1: (a) Schematic representation of the grating ZnO NWs on
a quartz substrate. (b-c) top and cross-sectional SEM images.

3. Experimental results
The room-temperature PL spectra of the structure are
measured at several emitted angles when the grating
structure is illuminated in normal incidence by blue
radiation. Figure 2(a) shows the PL normalized vs the PL
obtained at 0° as a function of the wavelength for three
different angles 50°, 60°, and 75°. It can be observed that the
PL is doubled at 60° near 650 nm (Fig.2 (a)). This shows
that the light extraction is increased under oblique
illumination compared to that at normal incidence. This is
due to a resonant mode trapped inside the ZnO gratings at a
certain angle, this aspect will be discussed in the last section.
The comparison of the PL measured over the range 400800 nm as a function of the extraction angle for the grating

structure and for an unpatterned ZnO coating demonstrates
that the emission is clearly boosted around 65° (Fig.2 (b)).
The periodic micro structuring of the ZnO NWs increases by
20% the total PL integrated between 0° and 90°. These
results demonstrate that higher PL is achieved with twice
less active material compared to an unpatterned coating.

more compared with an unpatterned layer of ZnO. This
improved performance obtained with twice less active
material is due to the localization of the resonant mode
within the ZnO ribbon. We think that resonant ZnO gratings
have a high potential for many applicative developments
ranging from sensors to LEDs.

Figure 3: (a) Effective model of the ZnO grating NWs on a quartz
substrate. (b) Dispersion curve of the mode resonating (inset) in
the ZnO grating (blue dots). The red dots are the experimental data
obtained from the measurement.

Figure 2: (a) Measured photoluminescence (normalized) under
different angles of illumination (50°,60°,75°). (b) Average PL over
the range 400-800nm for a ZnO grating and a coating of
unpatterned ZnO on a quartz substrate.
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4. Electromagnetic simulations
In this part we explain the origin of this enhanced light
extraction in the grating structure. For this purpose, an
effective model is adopted to substitute the spiky
arrangement of the ZnO NWs by a homogeneous layer of
effective index and width (neff=1.65, weff=1.6µm) (Fig.
3(a)). We found that this structure supports a resonant mode
trapped within the effective ZnO ribbon (Fig 3(b)). The
dispersion curve is calculated by following the eigen mode
using Comsol Multiphysics (insert of Fig. 3(b)). This mode
originates from the guided mode within the ZnO coating that
resonates in the ribbon. Qualitatively, the angular
dependence agrees with Bragg-scattering theory. The angle
of emission is related to the wave vector of the guided mode,
kg , and the Bragg vector of the grating, G 2 D , by

k0 sin

kg
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nG . Finally, the experimental data (red dots)

extracted from the PL measurements match with the
numerical model (blue dots), which proves that the
enhancement of the PL is attributed to the resonant trapped
mode.

5. Conclusion
As a conclusion, we have shown that the grating ZnO
nanowires proves to enhance light extraction up to two times
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Abstract
We demonstrate by numerical analysis enhanced
optomechanical interaction in a film-coupled gold
nanoridges or pillars mediated by surface acoustic waves.
The nanoparticles are placed atop a multilayer structure
consisting of a thin dielectric spacer covering a gold film
layer on a silicon dioxide/or silicon substrate. The design
supports both localized surface plasmons (infrared range)
confined under the nanoparticles and elastic phonons (subGHz) localized in the latters. Phonon-plasmon coupling is
evaluated from the shift in the plasmon eigenfrequency.

1. Introduction
A great deal of interest has been sparked lately by nanooptomechanical (OM) components due to their capacity of
controlling the flow of light in nanoscale photonic structures
[1-2]. Such devices can also help providing utility in
quantum information processing and control and/or
enhancement of light-mater interaction [3-5]. The acoustooptical coupling is described by two main physical
mechanisms namely, i) a volume photoelastic effect
consisting in the local modulation of the dielectric constant
of the material by the acoustic strain field [6], and a surface
effect resulting from the deformations of the boundaries
separating two adjacent media, referred to as movingboundary effect [7]. An interesting class of structures that
enable to reach strong OM interactions is based on cavities
created in the so-called phoxonic crystals [8]. Band gaps
exhibited for both photons and phonons by such structures,
result in simultaneous highly localized light and sound which
gives rise to enhanced OM coupling [9].
On the other side, surface plasmon modes localization effects
are intensively employed in various fields of nano-optics
such as for instance in waveguiding [10], for realizing the
classical equivalent of electromagnetic induced transparency
and related effects [11-12] and in enhanced inelastic
Brillouin/Raman scattering [13-15]. In the latter process, the
(enhanced) scattered signal enables to determine mechanical
eigenmodes of metallic nanoparticles. The enhancement is
due to strong coupling between the particles surface plasmon
and mechanical eigenmodes. Employment of surface
acoustic waves (SAWs) with high amplitudes (~ nm) enables
to enhance the vibration amplitudes of the localized phonons
in metallic nanoparticles, hence increasing acoustoplasmonic coupling [16, 17]. Within this spirit, we propose

in this paper a high frequency (~ GHz) SAWs based device
to investigate OM coupling in a film-coupled metallic
nanoparticles (FCMN) structure.

2. Phonon-plasmon coupling in a pillared crystal
2.1. Acoustic properties
In this section, we study acoustic modes of the proposed
structure made out of a film-coupled gold pillars (AuPls)
system design. The pillars are set atop 50 nm polyamide thin
layer covering a 100 nm gold film placed over a silicon
substrate. A sketch of the studied structure is presented in
Fig. 1(a). We chose for simplicity to set one dimensional
periodic row of gold pillars roughly in the middle of the
structure (on top), along 𝑦 −axis. The system is finite along
the propagation direction, 𝑜𝑥 . Perfect matched layers are
placed all around the system in order to get rid of undesired
reflections. Let us mention that the AuPls have radius 𝑅 =
165 𝑛𝑚 and height ℎ𝐴𝑢 = 300 𝑛𝑚, while the periodic row
lattice constant is 𝑎 = 1000 𝑛𝑚. To excite the system, we
employ a vertical force along a line source on top of the
polymer material as shown in Fig. 1(a). Regarding elastic
properties (elastic constants, mass, density etc.) of the
involved materials, we employ the same parameters as in
[17]. In Fig. 2(b), we show the displacement field
√|𝑢|2 + |𝑣|2 + |𝑤|2 map within the structure for an incident
plane wave at the frequency 𝑓 = 510 𝑀𝐻𝑧.

(a)

(b)

indices and gold dielectric constant) are set similarly to [17].
In Figs. 2(a) and 2(b), we give, respectively, the electric field
norm map within 𝑜𝑧x and 𝑜xy −cut planes of the simulated
structure, of an optcial quasi-mode found at the eigenwavelength 𝜆𝑠𝑝𝑝 ≈ 1602 𝑛𝑚. It can be seen that such mode
is well confined under the pillar within the dielectric layer
and fits the so-called MIM-localized-surface plasmon (MIMLSP) well described in [19]. In particular, the volume
underneath the AuPls where the light is trapped acts as an
actual effective MIM-cavity.
We study OM coupling between localized elastic phonons,
mode 1 (𝑓1 ≈ 513 𝑀𝐻𝑧) and mode 2 (𝑓2 ≈ 584 𝑀𝐻𝑧), and
the localized MIM plasmon supported by the structure, using
the so-called moving interface effect. As mentioned earlier,
such effect accounts for the acoustic induced deformations
along each interface (between two materials) of the system.
Due to the fact that an acoustic period ~ 108 /𝑠 is several
orders of magnitude smaller than an optical cycle of the order
of 1014 /𝑠, we use the quasi-static approximation in which at
an instant of time of the deformed geometry we calculate the
new resonance of the quasi-eigen plasmon mode frequency.
Specifically, we simulate the latter for different phases 𝜑 =
2𝜋𝑓𝑡 during an acoustic period, where 𝑓 is the eigenfrequency of the elastic mode of interest and 𝑡 is time. The
deformation amplitude applied via the moving mesh effect is
assumed to be such that the maximum elastic displacement
inside the nanocylinder equals to 1% of its height, which
yields 𝑢𝑚𝑎𝑥 = 3 𝑛𝑚. Such value though unrealistically high,
it is yet convenient for numerical simulations. Also, it can be
readily scaled down to smaller deformations assuming a
linear dependence between the latters and the plasmon
eigenfrequency modulations. In Fig. 2(c), we show the
simulated MIM plasmon eigenwavelength plotted against the
phase φ ∈ [0 − π] of the compressional mode 1 (at f1 ≈
513 MHz).

(c)

(e)

(f)

Figure 1: (a) Schematic of the SAWs-based geometry design.
The structure is surrounded with PML domains, so to get rid
of reflections. (b) Displacement field norm map within the
structure associated with a Sezawa surface wave at the
frequency, 𝑓 = 510 𝑀𝐻𝑧 . (c) Simulated transmission
spectrum of the structure in (a). (e)-(f) Displacement field
norm map at the frequencies of the observed dips in (c), that
is, at 𝑓1 ≈ 513 𝑀𝐻𝑧 and 𝑓2 ≈ 584 𝑀𝐻𝑧, respectively.
We observe the strong confinement of the propagating waves
close to the multilayer surface, indicating the excitation of a
Sezawa surface wave. In order to study the interaction of the
incident surface wave with the AuPls, we have simulated the
transmission spectrum of the structure (of Fig. 1(a)); the
frequency range extends from 400 𝑀𝐻𝑧 up to 800 𝑀𝐻𝑧 .
Figure 2(c), gives the corresponding results, where we note
the excitation of two localized modes since two dips are
observed in the transmission spectrum. The dips are situated
at 𝑓1 ≈ 513 𝑀𝐻𝑧 and 𝑓2 ≈ 584 𝑀𝐻𝑧, and according to Figs.
5(e)-5(f), where we present the displacement field map
within the upper layers of the system for clarity, the mode at
𝑓1 (mode 1) correspond to a compressional mode while the
mode at 𝑓2 (mode 2) is a flexural mode.

(a)

(c)

𝒛
𝒙

(b)

𝒚
𝒙

𝑴𝒊𝒏

𝑴𝒂𝒙

2.2. Optomechanical coupling
In order to study optical quasi-eigenmodes (equivalent to
eigenmodes in case of lossy materials [18]), we employ the
geometry depicted in Fig. 1(a) but such as an air domain
(surrounding the AuPls) is added on top of AuPls/Sisubstrate. Then, we proceed to the search of localized surface
plasmon modes near the AuPls in the infrared region. For that
matter, we set the air-domain boundaries to scattering
boundary conditions which absorb scattered waves,
preventing unphysical reflections. It should be mentioned
that optical properties of the materials (insulators refractive

(d)

2

for a certain frequency due to these modes dispersion.
According to dispersion curve of Sezawa modes supported
by the structure (not shown), the considered Sezawa mode
wavenumber at 0.8 𝐺𝐻𝑧 is 𝑘𝑥 ≈ 2.19. 106 𝑟𝑎𝑑/𝑚 . To set
the latter value at 𝑓 = 0.8 𝐺𝐻𝑧, we place six linear sources
parallel to each other on top of the structure at a distance
equals to 𝑎𝑥 = 2𝜋/𝑘𝑥 . The employed method is illustrated in
Fig. 2(d), where we plot the displacement field norm map of
the Sezawa mode. In Fig. 2(e), we have plotted the Fourier
transform along (𝑂𝑥) of 𝑥 −component of the displacement
field (𝑢) associated with this mode. We note the efficiency of
the method as the excited wavenumber (at 0.8 𝐺𝐻𝑧) is ≈
2.191. 106 𝑟𝑎𝑑/𝑚. The plasmon eigenwavelength evolution
versus the phase 𝜑 of the Sezawa mode is shown in Fig. 2(f),
where we note its effective sinusoidal modulation with a
maximum amplitude of oscillation of about ∆𝜆𝑠𝑝𝑝𝑚𝑎𝑥 ≈
10 𝑛𝑚 . This shows a slightly lesser magnitude of OM
coupling comparing with compressional mode, but yet a high
phonon-plasmon interaction magnitude, reflecting strong
OM regime.

(e)

(f)

𝑴𝒂𝒙

Si

𝑴𝒊𝒏

3. Enhanced optomechanical coupling in filmcoupled metallic dimer
Figure 2: (a), (b) Electric field norm map in 𝑜𝑧𝑥 and
𝑜𝑥𝑦 −cut planes of the structure, respectively. (c) Plasmon
mode eigenwavelength plotted versus an incident elastic
surface wave phase 𝜑 ∈ [0 − 𝑝𝑖], excited at 𝑓 = 510 𝑀𝐻𝑧
to match the compressional mode 1 frequency (Fig. 1(e)). (d)
Displacement field map of a Sezawa mode of the system. The
latter is excited by placing six linear sources on top, distant
by 𝑎𝑥 = 2𝜋/𝑘𝑥 , where 𝑘𝑥 ≈ 2.19. 106 𝑟𝑎𝑑/𝑚 is the
wavenumber with the frequency 𝑓 = 0.8 𝐺𝐻𝑧, according to
the dispersion curve of the structure. (e) Fourier transform
performed along ( 𝑂𝑥 ) of 𝑥 − component of displacement
field (𝑢) associated with Sezawa mode depicted in (d). (f)
Same as (c) but for Sezawa mode in (d). Inset: displacement
field map of such Sezawa mode depicted near the AuPls.

3.1. Optical properties
A sketch of the proposed dimer film-coupled nanoparticles
geometry design is showed in Fig. 3(a). It consists in a gold
metal film lying under a polymer dielectric over which a gold
ridge dimer is set. The metal film is deposited on a SiO2 semiinfinite substrate. Due to symmetry, we perform numerical
analysis in two-dimensional cross section of the design (in a
𝑜𝑧𝑥-cut plane). We set perfect matched layers (PMLs) around
the design to prevent undesired reflections. The geometrical
parameters are the ridges width 𝐷𝐴𝑢 , height ℎ𝐴𝑢 , inter-dimer
separation distance 𝑑𝑑𝑚𝑟 and the polymer film thickness
𝑒𝑝𝑜𝑙 . The gold metal film thickness is to be set as 100 𝑛𝑚.
We exclude SiO2 substrate from optical simulations as the
field would be fully absorbed within the metal film before
reaching it. Materials refractive indices are 𝑛𝑝 ≈ 1.5 for the
polymer, while for the gold material a Lorentz-Drude model
is adopted [20]. In Fig. 3(b), we show the simulated scattering
cross section spectrum of the dimer versus wavelength and
incidence angle 𝜃 for 𝐷𝐴𝑢 = 320 𝑛𝑚 , ℎ𝐴𝑢 = 300 𝑛𝑚 ,
𝑒𝑝𝑜𝑙 = 50 𝑛𝑚 and 𝑑𝑑𝑚𝑟 = 50 𝑛𝑚.

We can observe that the plasmonic mode eigenwavelength
gets harmonically (following a sinusoidal form) modulated
by the excited localized phonon via incident surface wave
(Fig. 1(e)), with maximal oscillation amplitude of about
∆𝜆𝑠𝑝𝑝𝑚𝑎𝑥 ≈ 19.9 𝑛𝑚 . This value indicates the reach of
strong OM coupling regime, which has been facilitated
thanks to SAWs enhancing the localized phonon amplitude.
As concerns the flexural mode, the plasmon modulation (not
shown) is quite weak owing to such mode symmetry in which
the volume of the effective MIM cavity under the pillar is
nearly not affected. Conversely, in the compressional phonon
(mode 1), the MIM cavity volume is strongly compressed
and stretched, resulting in the observed plasmon modulation.
We have also studied OM coupling between the plasmon by
and a Sezawa mode of the system situated at 𝑓 = 0.8 𝐺𝐻𝑧.
As a matter of fact, in such mode the MIM cavity volume is
rather strongly deformed, which hints at (possibly) intense
OM coupling. The eigen-shape of this Sezawa mode is
depicted in the inset of Fig. 1(f). In order to excite Sezawa
modes one should set a well-defined value of wavenumber

(a)
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the three modes arise out of coupling of the two ridges,
leading to new type of field localizations.
(b)
3.2. Dimer mechanical modes
In order to investigate OM coupling in a SAWs-based design
we employ the geometry depicted in Fig. 4(a). Prior to this,
we investigate SAW transmission properties in the structure,
so to find the dimer mechanical modes. Perfect matched
layers are set to surround the simulation domain preventing
unwanted reflections. Geometrical parameters of the dimer
and the FCMN structure are chosen as in Fig. 3(b). For
symmetry reasons (invariance along 𝑦 −axis), we perform
2D simulations within a section in the 𝑜𝑧𝑥-cut plane. Let us
indicate that as far as elastic parameters of gold, polyamide
and silicon dioxide materials, we took the same values as in
[20]. An excitation line force is applied atop the system along
the 𝑧 −axis (Fig. 4(a)). The transmission spectrum is obtained
by making an average of the displacement field magnitude
〈√|𝑢|2 + |𝑤|2 〉 registered near at the output; the spectrum is
normalized with respect to the structure in absence of the
ridges. We should point out that the transmission spectrum is
computed in the frequency range [0.12 𝐺𝐻𝑧 − 0.62 𝐺𝐻𝑧].
Fig. 4(b) shows the corresponding simulated transmission,
and as a matter of comparison, we have also plotted the
transmission of a single gold ridge monomer atop the system
(with the same dimensions). Regarding the monomer (black
curve), we observe three dips in the spectrum indicating the
existence of three resonance modes.

(c)

Figure 3: (a) Schematic of the proposed dimer-based FCMN
design. Incoming light at oblique incidence is also illustrated.
(b) Simulated extinction spectrum of the geometry of (a)
versus wavelength and incoming light incidence angle. (c)
Scattered field map norm near the dimer, at 𝜆1 ≈ 1638 𝑛𝑚,
𝜆2 ≈ 926 𝑛𝑚 and 𝜆3 ≈ 628 𝑛𝑚 for an incidence angle of
𝜃 ≈ 51°; the modes positions are referred to as p1, p2 and p3
in (b).

(a)

Three modes are observed for 𝜃 ≿ 51°, where scattering
(per unit length) increases at approximately 𝜆1 ≈ 1638 𝑛𝑚
(mode p1), 𝜆2 ≈ 926 𝑛𝑚 (mode p2) and 𝜆3 ≈ 628 𝑛𝑚
(mode p3). We also observe a strong excited scattering band
near normal incidence at ~ 1450 𝑛𝑚, with a higher FWHM
comparing with modes p1, p2 and p3 (for 𝜃 ≿ 51°). We shall
focus mainly on these latter well-defined modes (at 𝜃~51°),
which are potentially useful for the purpose of
optomechanical interactions. To better interpret such modes,
we performed an eigen-frequency quasi normal mode study,
where we searched for modes around 𝜆1 , 𝜆2 and 𝜆3 . The
found eigenmodes are overlaid with the scattering spectrum
with a black line for mode p1, a red line for mode p2 and a
white line for mode p3. A good match can be noted. Scattered
𝐸𝑠 -field norm map near the dimer is shown in Fig. 3(c) at 𝜆1 ,
𝜆2 and 𝜆3 , respectively, for an incidence angle 𝜃 = 51°. We
see that mode p1 is a MIM-type localized surface plasmon
(MIM-LSP) strongly confined in the space underneath the
ridges acting as an effective MIM-cavity; mode p2 is a higher
order MIM-LSP beneath the dimer but with an MIM-like
component confined vertically between the ridges. Mode p3
on the other hand is a higher order MIM-LSP mode under the
dimer with higher order vertically confined MIM-like
component between ridges. Note that mode p2 and
particularly mode p3 have antenna-like components
associated with multipolar localizations at the edges. Overall,

(b)

𝑴𝒂𝒙

(c)
𝑷𝑴𝑳

𝑷𝑴𝑳

𝑷𝑴𝑳

M1

(d)
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M2

𝑴𝒊𝒏

M3

D1

simulate the plasmon eigenfrequency shift an air domain is
added on top, and PMLs are set to surround the added domain,
so to minimize unwanted reflections. In Fig. 5(a), we present
the shift in the plasmon eigen-wavelength caused by the inphase compressional mode D3. To be more specific, we have
plotted δ𝜆1 = 𝜆1 − 𝜆10 versus the temporal phase 𝜙 = 𝑓𝑎 × 𝑡
∈ [0 − 2𝜋]of the acoustic wave (𝑓𝑎 , being the frequency of
the acoustic mode while 𝑡 is the time), where 𝜆10 is the
original wavelength whilst 𝜆1 is the modulated wavelength.
Similarly, in Fig. 5(b) we analyze the modulation of the
plasmon (red curve) by the in-phase flexural dimer mode D2.
We observe that mode D3 of the dimer clearly modulates the
plasmon (Fig.5(a)) as the latter eigen-wavelength undergoes
a sinusoidal oscillation with a maximal amplitude of δ𝜆1 ≈
6.4 𝑛𝑚 around 𝜆10 ≈ 1613 nm. Concerning the coupling of
mode D2 with the plasmon, we note the periodic modulated
of the latter by the former, with the maximum modulation
amplitude, δ𝜆1 ≈ 2.3 𝑛𝑚. This value though less intense as
compared with the one caused by mode D3, it is yet quite
significant especially considering the weak applied
deformation rate of less than 0.5 %.

D3

D2

(e)
D4

𝑴𝒊𝒏

D5

𝑴𝒂𝒙

Figure 4: (a) Scheme of the SAW-based dimer-FCMN
geometry. The structure is deposited on SiO2 substrate and
PMLs are employed to get rid of unwanted reflections. (b)
Corresponding normalized transmission spectrum through a
dimer (red curve) or a monomer (black curve). (c)
Displacement field map in the system at the frequency, 𝑓𝐷1
of the mode referred to as D1 in (b). (d)-(e) Zoom in of
displacement map near the ridge (s) at the frequencies, 𝑓𝑀1 ,
𝑓𝑀2 and 𝑓𝑀3 of the modes referred to as M1, M2 and M3 in
(b), and for the modes referred to as D1 up to D5 in (b). Note
that the frequencies values are given in the main text.
These modes are found at, 𝑓𝑀1 ≈ 0.234 𝐺𝐻𝑧 (mode M1),
𝑓𝑀2 ≈ 0.5218 𝐺𝐻𝑧 (mode M2) and 𝑓𝑀3 ≈ 0.615 𝐺𝐻𝑧
(mode M3); and they correspond to a first flexural, a
compressional and a higher order flexural mode,
respectively. The identification here is based on the modes
displacement field norm map plotted in Fig. 4(d). In case of
a dimer (red curve), we note due to mechanical coupling in
the dimer a split of the modes M1 and M2. Specifically, mode
M1 splits, respectively, into in- and out-of-phase flexural
modes namely, mode D1 at 𝑓𝐷1 ≈ 0.222 𝐺𝐻𝑧and mode D2
at 𝑓𝐷2 ≈ 0.24724 𝐺𝐻𝑧. Compressional mode M2 yields inand out of-phase compressional modes, at 𝑓𝐷3 ≈
0.4748 𝐺𝐻𝑧 (mode D3) and 𝑓𝐷4 ≈ 0.548 𝐺𝐻𝑧 (mode D4),
respectively. This is seen in Fig. 4(e), where displacement
maps near the dimer are depicted at these modes frequencies.
Furthermore, the split of mode M3 is shifted out of the
frequency range as concerns the higher frequency out-ofphase flexural mode whilst, the low frequency in-phase
flexural mode (D5) is found at 𝑓𝐷5 ≈ 0.6056 𝐺𝐻𝑧 (Figs.
4(b), 4(e)).

(a)

(b)

3.3. Acousto-plasmonic coupling
Now, we study OM coupling between localized elastic
phonons D2 and D3 and the plasmonic mode p1. The choice
of the latter is justified by its stronger confinement under the
ridges comparing with modes p2/p3, while concerning the
formers namely the elastic modes, the choice is dictated by
symmetry reasons. Indeed, in modes D2 or D3, resp., the
volume where the plasmon is localized is symmetrically
compressed/ stretched, leading possibly to important overlap
between phonon and plasmon. Similar to OM coupling
simulation in the previous section, we employ the moving
mesh mechanism in order to simulate the plasmon eigenwavelength shift due the phonon induced strain near
boundaries/interfaces. Specifically, the maximum elastic
displacement set around the ridges is 𝑢𝑚𝑎𝑥 ≈ 1.55 𝑛𝑚 ,
which indicates a small applied deformation rate of ~ 0.48 %
the width of the ridge. We would like to point out that in order

Figure 5: (a) The plasmon p1 eigenwavelength δ𝜆 = 𝜆 − 𝜆10
plotted versus the temporal phase of the in-phase
compressional mode D3. The wavelength 𝜆10 corresponds to
the unmodulated plasmon resonance found at 𝜆10 ≈
1613 𝑛𝑚 by quasi-normal modes search. (b), Same as in (a)
but in case where the modulating mechanical mode is the inphase flexural mode D2. As for comparison of OM coupling
rates between a dimer and monomer, we also plot in (b) in
dark green curve, the modulation of the equivalent of
plasmon p1 in case of a monomer by the flexural mode of a
monomer (mode M1).
Such observed OM coupling rates between the plasmon p1
and modes D2 and D3 can be explained based on their
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displacement norm maps plotted within the MIM-cavity
under the dimer (not shown). One notes indeed that the latter
volume undergoes strong compression/stretching movements
in both mechanical modes, but with a lesser magnitude in
mode D2. This certainly explains the observed plasmon
modulation with such modes D2/D3, and also the different
maximum modulation amplitudes they induce. In case of a
monomer sitting atop the system, the equivalent plasmon of
mode p1 with strong localization rate under the ridge is found
by
quasi-normal
eigenfrequency
simulations
at
𝜆0 ~ 1800 𝑛𝑚. We plot such plasmon modulation δ𝜆 = 𝑓(𝜙)
by the monomer flexural mode M1 in dark green curve in Fig.
5(b). We see that the flexural mode M1 of the monomer
seemingly inactive optomechanically becomes clearly active
in case of a dimer in the mode D2.

4. Conclusions
In this work, we have investigated OM coupling in two filmcoupled metallic nanoparticles structures namely, i) pillared
crystal type, where a single gold pillar is set atop a multilayer
design, and ii) gold ridges dimer-based device. In the latter
geometry, the dimer is also placed atop a multilayer structure.
We exploit SAWs in order to excite localized phonons in the
with significant amplitudes magnitudes which, enables to
enhance OM coupling strength. It is found in both designs
that the compressional elastic mode yields the higher OM
intensity with the localized MIM-type plasmon mode
supported by the systems. We also found that the flexural
mode optomechanically inactive for a single ridge (atop the
system) turns on active in case of a dimer, when the latter
vibrate in-phase. The findings in this paper could help design
light acousto-optic modulators.
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Symmetry protected and accidental bound states in the continuum
in photonic-crystal structures, studied by the resonant-state expansion
Sam Neale and Egor A. Muljarov
School of Physics and Astronomy, Cardiff University, Cardiff CF24 3AA, United Kingdom
The resonant state expansion (RSE) is a novel rigorous method for calculating resonant states (RSs)
of a photonic system [1]. These are the eigensolutions of Maxwell’s wave equation (MWE) with
outgoing boundary conditions. Using a complete set of the RSs of a simpler system as a basis, the
RSE makes a mapping of the MWE onto a linear eigenvalues problem, determining the full set of
the RSs of a complex system.
In addition to higher numerical efficiency [2,3] compared to other computational methods, the RSE
provides an intuitive physical picture of resonant phenomena, capable of explaining features
observed in optical spectra. So far, the RSE has been applied to finite open optical systems of
different geometry and dimensionality, as well as to homogeneous and inhomogeneous planar
waveguides [3]. Very recently, the RSE was generalized to magnetic, chiral and bi-anisotropic
optical systems [4], enabling its further application to metamaterials. The RSE has also been used in
first perturbation order for photonic crystal (PC) structures to describe sensing of the refractive
index by a periodic array of plasmonic nano-antennas [5].
Very recently, we have developed a photonic-crystal RSE (PC-RSE) [6], a new rigorous approach
to accurately calculate the RSs of planar PC systems, using a homogeneous slab as a basis system
and treating the PC structure as a periodic modulation on top of the slab, see the inset in Fig.1. The
periodicity of PC structures mixes all possible Bragg harmonics. Therefore, the basis RSs have to
be taken with different in-plane wave numbers. As a result, the Green’s function of MWE acquires
branch cuts in the complex frequency plane, which must be taken into account in the PC-RSE along
with the RSs. This presents the major complication of the PC-RSE which we have dealt with by
splitting the cuts into a series of discrete, artificial cut states added for completeness to the basis of
RSs, similar to what has been done in [3]. Using, for illustration, a dielectric slab periodically
modulated in one direction, we demonstrate the accuracy and efficiency of the PC-RSE for finding
the RSs of photonic crystals.
We use the advantages of the PC-RSE, namely its high efficiency and accuracy, as well as the
analytical form of the eigenmode expansion, to study the origin of the optical modes of a PC system
and their evolution with structural and material parameters, such as the period d, the thickness 2b of
the periodic layer, and the permittivity contrast β, see Fig.1 and illustrations provided in [6]. This
allows us to reveal the role of different basis states of the homogenous dielectric slab in the
formation of the eigenmodes of the PC slab. We show in particular that the guided modes have the
dominant contribution to the symmetry protected bound states in the continuum (BICs) and to highquality (high-Q) quasi-guided modes (QGMs). We also study the contribution of different basis
states to other types of modes, such as Fabry-Perot, leaky and cut modes.

Figure 1: Evolution of the RSs of a PC slab (sketched in the inset) with the contrast β (color coded)
of the periodic modulation of the permittivity of a homogenous dielectric slab with permittivity ε=6.
The center of the circle shows the position of the RS frequency, while its area is proportional to the
0th Bragg channel contribution to the wave function. A doubly degenerate fundamental guided
mode splits into a BIC-QGM pair. The BIC in this pair is protected by symmetry, having for any β a
strictly vanishing contribution of the 0th Bragg channel. The evolution of the QGM is going through
an accidental BIC.
We focus in this work on both symmetry protected and accidental BICs. Figure 1 demonstrates both
types of BICs, tracing the evolution of the fundamental guided mode of a homogeneous slab with
increase of the periodic modulation contrast β. Being doubly degenerate by symmetry at β=0 (no
modulation), the guided mode splits for nonzero β into a symmetry-protected BIC and a quasiguided mode (QGM), the latter having a high but finite Q-factor. These two modes are further
separated as β increases. However, as can be seen in Fig. 1, for a certain value of β, the QGM
transforms into an accidental BIC with an infinite Q factor. This transformation is accompanied by
a morphological change of the wave function, which is further investigated and discussed in this
work.
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Reflection and transmission coefficients at plane interfaces between
transformation-optics media
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The reflection and transmission phenomena occurring at the
plane interface between two transformation-optics media are
analyzed. In order to compute the reflection and
transmission coefficients the wave vectors and the
polarizations of the incident, reflected and transmitted waves
are described inside the anisotropic and inhomogeneous
media at the interface plane. The reflection and transmission
coefficients are derived in terms of the coordinate
transformations which are describing the transformationoptics media.
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In this work the reflection and transmission at the
interface between two transformation-optics media are
theoretically studied. Two transformation media joined by a
plane interface are considered. When an incident wave
propagating inside the first medium arrives at the interface
plane, usually, a transmitted wave propagating inside the
second transformation medium and a reflected wave
propagating inside the first medium will occur.
By heuristic means, was found that when the
normal and parallel metrics of the joined transformation
media are identical at interface, the incident wave passes
into the second medium without being reflected [1]. The
concept of transformation-optics was used to design
different devices capable to manipulate both the wave paths
and the wave vectors of the propagating waves. Some of
these devices contain interfaces which have an important
role in performing the desired manipulation of the wave
paths and wave vectors [2-4]. Also, in the case of these
devices, the normal and parallel metrics of the joined
transformation media are different at interface. In order to
describe the optical properties of these devices, the
reflection and transmission coefficients have to be
evaluated.
Following the steps of the method proposed in this
theoretical study, one can compute the reflection and
transmission coefficients at interfaces between two
transformation-optics
media.
The
reflection
and
transmission coefficients are described in terms of the
coordinate transformations which are generating the
transformation-optics media.

References
[1] M. Rahm, S.A. Cummer, D. Schurig, J.B. Pendry, D.R.

Smith, Optical Design of Reflectionless Complex
Media
by
Finite
Embedded
Coordinate
Transformations, Phys. Rev. Lett. 100: 063903, 2008.
[2] M. Giloan, Designing Devices for Wave-Vector
Manipulation Using a Transformation-Optics Approach,
Phys. Rev. Appl. 8: 014005, 2017.
[3] M. Giloan, R. Gutt, Optical imaging system based on
transformation-optics lenses, J. Opt. 22: 015103, 2020.
[4] M. Giloan, R. Gutt, Designing flat optical devices for
path and wave vector manipulation by space
transformation along a fixed direction, JOSA B 38: 9 –
16, 2021.

1. Introduction

Metasurfaces are smartly engineered two-dimensional
structures that offer an attractive alternative to their bulk
three-dimensional analogue. Because of their subwavelength thickness, they are less lossy, more compact and of
relatively ease of fabrication. To describe metasurfaces, effective models have to encapsulate the microscopic distributions of currents and fields resulting in transition conditions relating the field differences at the two opposite sides
of the film to their mean values. Through this homogenization process, the effects of the microscopic distributions
are encoded in macroscopic parameters which can be interpreted in terms of effective surface currents and surface
polarisations. In their most general form, these conditions
are called General Sheet Transmission Conditions (GSTCs)
[?].

2. The actual and the effective problems

2.1. The actual problem

We consider the Maxwell’s equations in three-dimensions
for dielectric materials with permittivities denoted ε0 ε±
r in
the two substrates, ε0 εscr in the scattering particles and a
uniform permeability µ = µ0 . The particles are evenly
distributed at the interface x = 0 between the two subsha1_base64="9C0JZ1kyXAd7EnWuvQ0OBssmTxE="></latexit>
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We revisit the classical zero-thickness Generalized Sheet
Transition Conditions (GSTCs) which are a key tool for
efficiently designing metafilms able to control the flow of
light in a desired way. It is shown that it is more convenient
to use an enlarged formulation of the GSTC in which the
original metafilm is replaced by GSTCs that exclude the
layer from the physical or computational domain. These
new “layer” transition conditions have the same form as
their “sheet” analogues hence they do not necessitate additional complications in their use; their advantage is that they
provide a well-posed problem hence guaranty the stability
of numerical schemes. These assessments are demonstrated
for an all-dielectric structure; the effective susceptibility
tensors are derived thanks to asymptotic analysis combined
with homogenization technique and bounds for the susceptibilities entering the balance of energy are provided. Validation of the effective model is provided by means of comparison with direct numerics in two and three dimensions.
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Abstract

εsc
r
ε+
r

x

0

y

∂P!
− ∇!Mx × x̂,
∂t
∂M!
!E × x̂" = µ0
− ∇!Px × x̂,
∂t

ε-r

Figure 1: Actual problem of a metafilm composed by dielectric scattering particles evenly distributed at the interface between two dielectric substrates (with spacings dy
along y and dz along z).

strates, with spacing dy along y and dz along z.√We define
S = dy dz the area of the periodic cell and d = S. In the
time domain, the electric E, displacement D and magnetizing H fields satisfy the Maxwell’s equations in the actual
problem (figure 1), namely
rotH =

∂D
, D = ε0 εr (x)E,
∂t
∂H
rotE = −µ0
, divH = 0
∂t
(1)

where H and E × n are continuous at the interfaces. Mathematically, !H × x̂" = 0 and !E × x̂" = 0.

2.2. The effective problem, surfacic homogenization

Using an asymptotic analysis combined with homogenization tools, it is possible to obtain an effective model in
which the metasurface is replaced by the following transition conditions:

(2)

where for any field A = D, E, H we have defined the jump
!A" = A|e+ − A|-e- and mean Aav = 12 ( A|e+ + A|-e- )
operators across the metasurface’s layer (figure 2). The
vector x̂ is the unit vector along Ox, P = Px x̂ + P! ,
M = Mx x̂ + M!(with P!· x̂ = M!· x̂ = 0), and the operator ∇!Mx × x̂ = ∂z Mx ŷ − ∂y Mx ẑ The vectors P and M

refer to the electric and magnetic polarization densities, respectively. Expectedly, we obtain zero cross-susceptibility
tensors hence we have

GST

and where the 6 effective susceptibilities are defined in
terms of the solutions of so-called elementary problems
(see details in [1]). The average electric field has to be understood as
1
Ẽav = Dx,av x̂ + E!,av ,
(5)
ε0
actu

3. Validation of the effective model

We provide below illustrations of the efficiency of the effective model by means of comparisons between the results of
the effective and actual problems (in the harmonic regime
in two- and three-dimensions). For the actual and the effective problems, the Finite Element Method (FEM) has been
used in Comsol Multiphysics (see details in [1]).

In figure 3, we report the comparaison of the actual
field Ey for an ensemble of clover-like silicon particles (the
source is indicated with a black circle) shown for y < 0
and the effective field for which the interface containing
the particle has disappeared. The figure 4 show the same
comparison in 3D for cuboid-shaped silicon particles with
the air as unique substrate.
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since it involves the fields being continuous at the dominant order corresponding to vanishing effect of the thin
metafilm.
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where the subscript “av” refers to the average values of the
fields at both sides of the interface, and where χee , and χmm
are the electric-to-electric and magnetic-to-magnetic surface susceptibility tensors whose forms are
 xx
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Figure 2: Effective problem in which the GSTCs (2) apply
across Γ- = {x ∈ Ω|x = -e- } and Γ+ = {x ∈ Ω|x = e+ )
with e = e- + e+ .

Figure 3: Real part of Ey for a layer comprising an array
of clover-like silicon scattering particles. The field calculated in the actual problem is shown for y < 0 and the field
calculated with the GSTCs is shown for y > 0.

(3)

C

z
x

)

2.5

Figure 4: Real part of Ey in the effective problem (top) and
in the actual problem (bottom) for the cuboid particles.
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Abstract
In this paper, we present a cylindrical microwave imaging
system based on a multi-frequency bi-focusing (MFBF)
imaging technique using Extended Gap Ridge Horn
antenna (EGRH) probe for medical applications. The
proposed probe antenna is designed to operate between
0.5 GHz to 1 GHz and filled with a high permittivity
material to have an impedance match to the human body.
This system has been successfully simulated using CST
Microwave studio.

the cutoff frequencies of the next two higher modes to
get an antenna that operate in ultra-wide band [4]. In our
design fc <0.5GHz, the EGRH feed with a coaxial cable
of 50Ω by connecting the inner conductor of the coaxial
to the lower ridge in the waveguide, then an horn with
exponential ridge is added to the double ridge waveguide
to match the antenna to the imaging area,and finally the
antenna is filled with a material of !r = 50 to match the
impedance with human body. The imaging system of

1. Introduction
Over the last two decades, microwave imaging (MWI)
for medical applications has been investigated as a novel
and promising imaging and diagnostics technique for
tumor detection, due to the multiple advantages such as its
noninvasive, non-ionizing, and penetrating characteristics.
However, designing antennas for medical application
present some challenges that should be solved such as
the overall size and good impedance matching in low
frequencies to ensure the penetrations of the wave in
human body. In the last years, many ultra-wide band
antennas(UWB) have been proposed in the literature for
medical applications and other radar based microwave
imaging such as Vivaldi antenna [1, 2], printed patch
antenna, Bow-tie antenna, Horn antenna and Extended Gap
Ridge Horn antenna (EGRH)[3]. In this paper, we present
a EGRH for microwave imaging, the antenna is filled with
a material of permittivity !r = 50 which similar to the
average permittivity of human body. The simulated results
obtained by CST Microwave studio are then processed in
Matlab to reconstruct the image using (MFBF) algorithm
that allows us to detect the position of the target.

Figure 1: Simulated EGRH antenna.
figure 2 contains 8 EGRH displayed as a circular array
of antennas along a cylinder with circumference radius
of 100mm where the EGRH of figure 1 constitutes the
basic element of the array, where one antenna works as
transmitter and the other antennas receive the scattered
signals; The principal step of microwaves imaging is
getting the specific target response from the data, this
process must be applied before starting the reconstruction
of the image by simulating the model with the target and
without the target. As result we get two matrices of 8*8
elements of scattered signals, with and without target. By
using the equation 1 we get the target response, this direct problem is solved by the numerical software tools CST.
Ttargetresponse = Starget − Snotarget

2. Imaging System Design
The key component of the proposed system is the EGRH,
inspired from [3], depicted in Figure 1. The antenna consist
of a double ridge waveguide that has a cut-off frequency
close to 0.5GHz. The technique of inserting ridges in
the waveguide compared to the simple wave-guide of the
same dimensions lowers the cutoff frequency and increase

(1)

The S parameters result of the simulation are imported for
processing in Matlab using an (MFBF) algorithm of image
reconstruction (inverse problem) based on equation 2 from
[5].
√
√
!!
ρRj −f
ρTi −f
I(xf , yf ) =
E(ρTi , ρRj )∗ −j∗k∗ρR −f ∗ −j∗k∗ρT −f
j
i
e
e
T R
i

j

(2)
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Figure 5: Target at x = 50mm and y = 50mm.
Figure 2: Microwave imaging system.

4. Conclusions

3. Results and discussion

In this work a microwave imaging System based on the
Multi-Frequency Bi-Focusing technique is presented to be
used for medical application such as brain and breast cancer
detection using EGRH antennas.

The system in figure 2 has been simulated using the numerical software tools CST to test the performance of the
(MFBF) algorithm developed, we inserted a metallic cylinder of radius 5mm as target in three different positions:
(x = 0mm & y = 0mm) figure 3, (x = 50mm &
y = 0mm) figure 4, and (x = 50mm & y = 50mm) figure
5. To have a better accuracy on the detection of the target
we used UWB signals to reconstruct the image, the addition
of the phase and amplitude of each frequency which has the
same amplitude and phase at the position of target we get
as result an image with a size very close to the actual size
of the target for tree different positions.
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Abstract
SAR (Synthetic Aperture Radar) systems are commonly used to observe the globe, and in particular the sea surface, since they
can offer high spatial resolution data. To exploit SAR data, a description of the relationship between electromagnetic backscatter
and the sea surface is essential. Thus, it is possible to use empirical (geophysical) or EM models. In this paper, we investigated
and presented models for sea surface radar backscatter calculations and then used to estimate wind speed from Sentinel-1 images.

Introduction
The sea surface wind field is a crucial input parameter for studies of other ocean parameters such as waves, currents, marine
meteorology, etc. Likewise, it is one of the indispensable factors in the study of the observation of oil spills and the detection of
ships. Among the various wind sources available, the estimation of wind speed from radar data (SAR) is particularly interesting
since it can give high spatial resolution wind parameters. For this approach, it is possible to find many references on the
estimation of the wind speed from the various SAR data in L, C, and X band. The common point of these studies is that the
estimation of the speed of the wind is based on the geophysical model functions (GMFs) which empirically describes the
dependence of the radar diffusion on the wind speed and the geometry of the observations. These GMFs are constructed and
validated by the series of scatterometer missions. On the other hand, few studies use the GMFs built by electromagnetic (EM)
calculations to estimate the wind speed since it is more complicated. However, EM models more generally describe the
relationship between radar backscatter and sea state, as they include temperature, salinity, and wave spectrum in the equation,
instead of only wind parameters as in empirical GMFs (EP). In order to evaluate the fidelity of the radar backscatter calculations
by the EM models, and therefore the possibility of estimating the ocean parameters, we compare in this paper the wind speeds
estimated by the EM and EP models for several cases in terms of polarization, angle of incidence and spatial resolution.

Description of several EM models
There are several EM models to describe radar backscatter from the sea surface, depending on the computational approach,
such as quasi-exact methods, or asymptotic ones. Among different models, we distinguish the asymptotic methods which can be
used for the inversion problem since they are simpler, and can give the results more quickly. There are two main categories in
the asymptotic approach: i) models based on the Bragg resonance mechanism, and ii) those based on the low slope approximation.
Bragg resonance models
Models based on the Bragg mechanism include two types: i) one is based on the Small Perturbation Model (SPM) method
[1] to describe small-scale sea surface backscatter, and ii ) the other is based on the combination of Kirchhoff (KA) approximation
for the large-scale surface and SPM, it is called composite two-scale model (CTSM) [1-2]. The principle to build these models
is the Bragg resonance which is described as
𝐾 = 2𝑘 × 𝑠𝑖𝑛𝜃
(1)
where K is the spatial wave number of the waves, k is the radar wave number, and θ is the radar incidence angle.
The description of the two-scale composite model is presented in general as in [2]
⃗
𝑘
𝑠
𝑠
𝑠
⃗ − 2𝑘
⃗⃗⃗⃗𝐻 )𝑑𝑘
⃗
𝜎𝑐𝑜𝑚𝑝
= 𝜎𝐾𝐴
+ ∫ 𝑊 ( ) 𝜎𝑆𝑃𝑀
(𝑘
(2)
𝑘𝑧

where W is the probability density function (PDF) of the large-scale wave surface slope.
Small Slope Approximation (SSA)
Like the composite model, the small-slope approximation uses the Kirchhoff approximation and the Bragg mechanism to
calculate the large-scale and small-scale surface radar backscatter, respectively. Nevertheless, it handles the diffusion problem
with a single processing process without the intervention of the arbitrary splitting parameter between the surface roughness
structures, as observed in the composite two-scale model. In general, the SSA [3] is defined by
𝑠 (𝑘,
𝜎𝑝𝑞
𝑘0 ) = |

𝐵0 (𝑘,𝑘0 ) 2
𝑄𝑧

2

| ∫ 𝑒 −𝑄𝑧 [𝜌(0)−𝜌(𝑟)] 𝑒 −𝑖𝑄𝐻 𝑟 𝑑𝑟

(3)

where 𝐵0 (𝑘, 𝑘0 ) is the Bragg kernel, and 𝜌(𝑟) is the wave autocorrelation function.

Resonant curvature approximation (RCA)
The resonant curvature approximation (RCA) model is based on the SSA approximation to correct the radar backscatter
calculation in horizontal polarization. Indeed, as presented in [4], the normalized radar cross section (NRCS) calculated by the
CTSM and SSA is much lower than that given by the empirical models. The RCA equation [5] is defined as
𝑠 (𝑘,
𝜎𝑝𝑞
𝑘0 ) = |

𝐾0 (𝑘,𝑘0 ) 2
𝑄𝑧

2

| ∫ 𝑒 −𝑄𝑧 [𝜌̃(0)−𝜌̃(𝑟)] 𝑒 −𝑖𝑄𝐻 𝑟 𝑑𝑟

(4)

The main difference between SSA and RCA is that the Bragg kernel 𝐵0 (𝑘, 𝑘0 ) in (3) is replaced by that of Kirchhoff as
shown in (4), and the autocorrelation function 𝜌(𝑟) is replaced by 𝜌̃(𝑟).

(a)

(b)

(c)

(d)

Figure 1. Comparison of NRCS calculated by CMOD5.N, CTSM, SSA and RCA in (a) pol-VV and (b) pol-HH for the angle of incidence from 20° to
40°. And estimated wind map from the Sentinel-1 image in VV-pol, acquired in IWS mode on Nov. 29, 2015 from 18:13:00 to 18:13:25 UTC. Wind
directions are retrieved by the LG method [7] at the scale of 5 km. (c) Wind estimates by CMOD5.N. (d) Wind estimates by SSA-Hwa+McD. The color
bar represents estimated wind speed (m/s).

Sea surface roughness spectrum
In the above EM models, the sea surface roughness spectrum is a crucial parameter to accurately calculate the radar
backscatter. In general, it includes two parts like
𝑆(𝐾, 𝛷) = 𝑆(𝐾, 0) × 𝑓(𝐾, 𝛷)
(5)
where 𝑆(𝐾, 0) is the omnidirectional part, and𝑓(𝐾, 𝛷) is the angular spread function. There are many studies on the modeling
of the wave spectrum, but they can be divided into two categories: semi-empirical model (Elfouhaily, Donelan…) and the
empirical one proposed by Hwang. In this paper we use the spectrum proposed by Hwang in [6], but other simulations are
possible with other spectra.

Comparison of NRCS calculation models and estimation of wind speed from Sentinel 1 images
Figure 1 presents the NRCS calculated by CMOD5.N (empirical model), CTSM, SSA and RCA for the angle of incidence
from 20° to 40°. For the lower angle of incidence (θ = 20°), the EP and EM models offer the same level of NRCS in pol-VV and
pol-HH. Nevertheless, for a higher angle, in particular θ = 40°, only the asymptotic models give results similar to those given by
the empirical reference model CMOD5.N. In particular, as indicated in [5], the level of the SERN calculated by RCA was
improved compared to that given by SSA in pol-HH. In order to illustrate the wind speed estimation results, we present an
example in Fig. 1 ((c) and (d)) where the wind maps estimated at the 5 km scale by CMOD5.N and SSA-1 from a sample of
Sentinel-1 images in VV-pol.

Conclusion
We have presented in this paper the comparison between the EM and EP models for the calculations of the radar backscatter
of the sea surface. Based on these models, the wind speed is estimated from the Sentinel-1 image in band C. The results obtained
show that the asymptotic models give the level of NRCS closer to that given by CMOD5.N than the composite model at two
scales. And the electromagnetic models were then used in the inversion problem in order to estimate the wind speed (which
allows access to the sea state) from the SAR images. Other results will be presented at the conference with the presentation of
ongoing and future work.
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Abstract
Microwave imaging offers both advantages and challenges as a medical imaging modality. Current research efforts mainly focus
on two applications: (i) imaging of breast cancer for early diagnosis and (ii) continuous monitoring of brain after the stroke. As
a rapidly evolving technology, medical microwave imaging has matured to reach clinical trials phases. Recent developments in
the area are extensively shaped with the clinical outcomes such as increased importance of differential imaging techniques.
In this paper it will be presented a new microwave measurement configuration for the breast cancer imaging. The system consists
of 36 modified Vivaldi antennas located circularly in an alumina matching medium. The operating frequency of the system is
0.4-8Ghz. The imaging system is clinically tested with 322 patients and now in the process of medical certification. During the
talk the clinical results will be presented as well.
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Abstract
We present results on a novel design of high Q-factor Silicon Nitride (SiN) 1D Photonic Crystal (PhC) cavities side-coupled to
curved waveguides, operating with both silica and air cladding, which we then employ in a Hybrid External Cavity Laser
(HECL) configuration. We demonstrate the operation of these lasers as novel transducers for refractive index changes that are
induced by analyte specific absorption of infrared radiation by the target analytes present in gas or liquid phase.
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Abstract
As a novel type of artificial media created recently,
metamaterials demonstrate novel performance and
consequently pave the way for potential applications in the
area of practical engineering in comparison with the
conventional materials. Acoustic metamaterials and
phononic crystals possess a wide variety of exceptional
physical features. These include effective negative
parameters, band gaps, negative refraction, etc. Doing so,
the acoustic properties of existing materials are extended.
Acoustic metamaterials are periodic structures with the
effective properties that can be tuned seeking for the
dramatic control on wave propagation. Homogenization of
the infinite periodic system is needed aiming to calculate
permittivity of metamaterial. Dispersion properties of
surface waves propagating at the interface between a
nanocomposite made of a semiconductor inclusions
systematically distributed in a transparent matrix and lowdimensional acoustic metamaterial, constructed by an array
of nanowires implanted in a host material are investigated.
We observed propagation of surface plasmon polaritons. It
is demonstrated that one may dramatically modify
properties of the system by tuning the geometry of
inclusions.

1. Introduction
During the past years interest in creating materials allowing
to control the flow of electromagnetic waves (e.g. light) in
exceptional ways has increased dramatically. Novel
engineering tools have opened the wide avenues to
construct artificial materials possessing properties that are
not possible in case of the naturally existing materials. The
new design is possible due to the wide variety of inclusions.
Moreover, the novel response appears because of the
specific interactions with electromagnetic fields. These
designs can be scaled down and constructed thanks to the
nanotechnology. Hyperbolic metamaterials stand for as a
multi-functional platform providing a fertile ground for
realization of waveguiding, imaging, sensing, quantum and
thermal engineering beyond conventional devices. This
metamaterial utilizes the concept of engineering the basic
dispersion relation of surface plasmon polaritons aiming to

generate exceptional electromagnetic modes having a wide
spectrum of applications. The hyperbolic metamaterial can
be considered from the perspective of the polaritonic
crystal. Doing so, the coupled states of light and matter
provide a fertile ground for a larger bulk density of
electromagnetic states.
Based on the frequency range, one may divide sound waves
into the types as follows: low frequency, intermediate
frequency and high frequency. Noise has strong penetrating
power and dissipates slowly during propagation. Doing so,
it is a challenging task to engineer the sound waves.
Moreover, sound waves can also resonate with certain
important organs of the human body. Consequently, health
is dramatically affected. Hence, it is particular importance
to focus on the investigation of the sound waves and
vibration control. The study of surface waves and
plasmonics stand for as another inherent part of
nanophotonics. The former allows to reduce the length
scales and dimensionality of various electromagnetic
phenomena. Not surprisingly, nonreciprocity and
unidirectional propagation of surface plasmon-polaritons
(SPPs) have recently stimulated a tremendous interest.
Magnetooptical nonreciprocity in the transverse Voigt
geometry is mostly dealt with in these studies, including
topological quantum-Hall-effect states. Herein we consider
a novel approach allowing for propagation of SPPs at the
acoustic metamaterial interface. It is worthwhile noting, that
inclusions of the composites are fulfilled from the
transparent conducting oxides (TCOs) making a stronger
case towards implementation the properties of possible
devices.

2. Geometry of the problem
Herein, we deal with the plane interface between a
nanocomposite (NC) semi-infinite layer, which fills the
half-space x<0 and an adjacent to it hypercrystal filling the
half-space x>0 (Fig. 1). It is worthwhile mentioning, that
the surface waves under consideration propagate along z
axis. It is worthwhile noting, that the structure under the
study can be constructed by means of molecular beam
epitaxy [1], chemical vapor deposition, atomic layer
deposition and sacrificial etching [2]. Nanocomposite is
presented as a non-conductive transparent matrix with a

permittivity εn, in the volume of which regularly distributed
semiconductor nanoparticles with permittivity εm. The
dielectric function of the TCO based nanoparticles is of
particular interest. An emerge of high-conducting metal
being transparent has opened the wide avenues recently.
The issue has attracted lots of interest within scientific
community because of the metal being opaque for light.
From the perspectives of the potential applications,
transparent conducting metals described by high DC
conductivity (σDC) are anticipated for optoelectronic
devices, ranging from solar cells to electronic paper, touch
screens and displays. Though, since

(b)

s DC = ne e2t / m of a

2
2
metal is associated with plasmon frequency w p = ne e / e 0 m

Fig. 2. Relative permittivity components of the
nanocomposite and hypercrystal versus frequency. Herein,
f=0.3. (a): e n = 11.8 , e d = 2.25 ; (b) e n = 2.25 , e d = 11.8 .
Herein AZO inclusions are employed in nanocomposite and
hypercrystal.

through the free-electron density ne, a high-conducting
metal (with a high ne) is naturally opaque for light due to its
permittivity ε being usually very negative caused by its high
ωp. Typical techniques to produce transparent conducting
metals include the decrease of the ne, by utilizing
transparent conducting oxides (TCOs).

In the frequency ranges below the frequency ω||0 the
semiconductor-dielectric metamaterial possesses hyperbolic
properties. It is worthwhile noting, that in this frequency
range the presence of conventional surface plasmon
polaritons waves with propagation parallel to the optical
axis is feasible under specific conditions. One may conclude
from Fig. 2, that propagation of DSW is possible in case of
e n = 2.25 , e d = 11.8 . It is worthwhile noting, that regime
of DSW propagation is possible in case of e || , e nc > 0 .

4. Conclusions
Through theoretical derivation the excellent transmission
characteristics of SPPs were analyzed and verified
effectively in this paper. The dependence of the
transmission characteristics on frequency for different
filling ratios was obtained in this paper. Moreover, the
possibilities to increase frequency ranges of DSW existence
have been demonstrated. This work is of great significance
to further research of optical devices based on SPPs.

Fig. 1. Schematic geometry under study, consisting of a
semi-infinite hypercrystal (x>0) and a nanocomposite with
semiconductor
inclusions
(x<0),
metamaterial
(hypercrystal) unit cell (inset).

3. Discussion
Herein, the permittivity components of a hypercrystal and
nanocomposite versus frequency are studied numerically
aiming to identify the frequency ranges of Dyakonov surface
waves (DSWs) and SPP waves existence (Fig. 2).
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Abstract
A bifunctional metasurface was fabricated to facilitate
quantitative phase imaging. The silicon-based metasurface
is made of elliptical nanopillars and acts as a polarization
splitter allowing for the recording of two images, where one
is shifted from the other. The two images were then used in
an iterative calculation to retrieve the phase information of
technical samples like lenses.

1. Introduction
Current image detectors are sensitive only to the intensity
of an incoming light. As such, while the phase contains
more crucial information about the optical path of the incident light before reaching the detector, the phase cannot
be readily detected. Information about optical path, in turn,
can be related to structural or morphological components of
biological or technical samples. Quantitative phase imaging (QPI) aims to recover the phase from available intensity
recordings by numerical calculation using multiple images
of the sample as constraints [1]. One such calculation is
based on the transport-of-intensity equation (TIE), which
relates the phase of the field to the intensity variation along
the propagation direction. In actuality, TIE-based QPI is
implemented by recording a focused and a defocused image of the sample by detector displacement. Single-shot
TIE refers to the simultaneous recording of the two images
without the need to mechanically displace the camera, allowing for the QPI of dynamic events.
In this work, we present a bifunctional metasurface to
facilitate single-shot TIE [2]. Metasurfaces are composed
of subwavelength unit components that can control different properties of light including its wavefront [3]. Dielectric metasurfaces are particularly interesting due to the
possibility to achieve multifunctionality while maintaining sufficient device efficiency. By introducing structural
anisotropy to the unit components, the properties of multiple polarization components of the incident beam can be
modulated simultaneously and independently. We exploit
this interesting property in fabricating a bifunctional metasurface that splits the two orthogonal polarization components of a beam and creates two images of the sample,
where one is shifted from the other, for use in phase calculation via TIE. We demonstrate the effectiveness of the

metasurface in the QPI of technical samples.

2. Metasurface design and fabrication
2.1. Optical system
The QPI system consists of a 4f optical setup, where the
sample is placed at the front-focal plane of the first lens or
the input of the 4f and illuminated by a 45◦ -plane polarized
light. The Fourier components are then modulated by the
metasurface placed at the back-focal plane of the first lens.
Here, the transmitted beam is angularly split into the TE
and TM-polarized components by the metasurface, and the
TM component gains an additional propagation phase shift
also introduced by the metasurface. After Fourier transformation by the second lens, the output of the 4f setup
consists of two laterally separated images, one of which is
axially shifted, of the sample. To achieve such a function,
the following polarization-dependent phase profiles are introduced by the metasurface:
2π
η tan θ
λ
2π
φTM (η, ν) = −
η tan θ
λ
!
2π
1
+
∆z 1 − 2 (η 2 + ν 2 )
λ
f
φTE (η, ν) =

(1)

(2)

where θ is the magnitude of the angular displacement introduced by the metasurface, ∆z is the axial defocus of
the TM relative to the TE component, λ is the illumination wavelength, f is the focal length of the lenses in the
and (η, ν) are the spatial coordinates in the Fourier plane.
2.2. Metasurface design and fabrication
The bifunctional metasurface is designed for an operating wavelength λ = 850 nm and is composed of elliptical nanopillars made of amorphous silicon (nSi = 4.07 +
0.02i). The height of the nanopillars is h = 411 nm and
they are arranged in a square lattice with spacing a = 350
nm. The structural parameters (i.e. elliptical diameters: Dx
and Dy ) of the nanopillars necessary to introduce certain
combinations of phase shifts for both polarizations were
first determined. This was done by FDTD calculations of

Figure 1: Scanning electron micrograph of the bifunctional
metasurface based on elliptical nanopillars made of amorphous silicon. Scale bar: 400 nm.

Figure 2: (a) Analytic phase profile o f a c onvex lens,
f = 250 mm. (b) Reconstructed phase profile f rom the
metasurface-based single-shot TIE.

periodically arranged uniform pillars, sweeping the diameters from 70-270 nm. The phase profiles in Eqns. 1 and 2
are then discretized by setting η = ma and ν = na, where
m, n are the grid elements. In each grid, the phase value is
converted to the optimal diameters of the nanopillar.
The metasurface is fabricated by first depositing amorphous silicon on a fused silica substrate by low power
chemical vapor deposition. The patterning is then implemented using electron-beam lithography, followed by dry
etch based on the Bosch process. For the complete details,
interested readers are referred to the supplementary information of [2]. Figure 1 shows a scanning electron micrograph of the fabricated metasurface.

two other similar and established techniques: conventional
TIE (C-TIE) and multiple-plane phase retrieval (MPPR).
Qualitative comparisons show correspondence between our
metasurface-based technique, and C-TIE and MPPR. Quantitatively, the root-mean-squared errors (RMSE) between
the experimental reconstructions and the analytic were calculated as RMSEMS−TIE = 0.7804, RMSEC−TIE =
0.6632 and RMSEMPPR = 0.7772. These comparisons
demonstrate the viability of the metasurface-based TIE as
an alternative for QPI.

4. Conclusions
In conclusion, we proposed a compact optical configuration
for single-shot quantitative phase imaging. The system is
based on a 4f optical setup integrated with a bifunctional dielectric metasurface at the Fourier plane. We demonstrated
the effectiveness of our proposed technique in the wavefront reconstruction of technical samples. This represents a
first important step towards rapid quantitative phase imaging of dynamic samples.

3. Results and Discussion
The overall transmission efficiency of the fabricated metasurface was found to be 68% and 65% for the TE- and TMpolarized incident beams, respectively, for λ = 850 nm.
From k-space measurements, the angular deflections were
verified to be as designed θTE/TM,meas = 0.071 rad, corresponding to a lateral separation of d = 7.0 mm between the
centers of the two beams.
After the single-shot recording of the two laterally
diplaced images, numerical post-processing was implemented to crop and center the two intensities. These were
then used in an iterative calculation of the TIE [4], which is
given by
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Abstract
We have proposed a THz range, multi-band, metasurfaceintegrated Fabry- Perot cavity antenna. The perforated single
layer metasurface provides 40% wide stop bandwidth and it
is used as superstrate. The metasurface integrated antenna
resonates at the frequencies of 180.0 GHz, 189.46 GHz,
199.02 GHz and 208.82 GHz. The maximum peak gain of 13
dBi is at 189.46 GHz among the four bands. Nearly 5% of
gain enhancement is achieved in all four bands after loading
the metasurface on the antenna.

1. Introduction
The high demand for fast data transmission rates, low latency,
high reliability and interference-free operation has heralded
the use of millimetre-wave and terahertz- wave regimes [1].
In addition, multiband operation is also essential as most of
the modern handheld wireless devices operate in multiple
bands of frequency to provide multiple utilities with a single
antenna. One of the main limitations of the THz regime
arising from a high attenuation and atmospheric path loss of
the signal can be overcome with bulky and expensive highgain antennas. Therefore, in recent years, Fabry-Perot cavity
(FPC) antennas are gaining in popularity as they are simpler
in construction, economical and attain high gain and
directivity at microwave, millimeter-wave, terahertz
frequencies, and even at optical frequencies [2]. The FPC
antenna can be designed using periodic structures such as
frequency selective surfaces (FSS) and metasurfaces (MS) in
different arrangements to increase the gain and directivity by
placing it as superstrate [3,4].
Most low-profile FPC antennas consist of a multilayer cavity
and/or multilayer configuration. Such designs increase the
volume and make it more difficult to realize high-frequency
integrated systems [2,4]. Recently, silicon and GaAs based
microstrip patch antennas (MPA) are also fabricated to meet
the monolithic integration requirements, but these are
expensive, complex and high maintenance in profile [1,4]. To
overcome some of these drawbacks, we present a simple,
cost-effective, robust and mass-producible FSS based
metasurface (MS-FSS) integrated with a multi-band MPA for
THz range application. Our design of MS-FSS has 20x20
array of periodic holes in a square lattice arrangement on a
dielectric substrate. It has 40% wide stop bandwidth ranging
from nearly 175 GHz to 272 GHz. It is then used as a partially
reflecting surface (PRS) by placing it above the antenna (as a
superstrate) to make the FSS integrated MPA work as a FPC
antenna. It helps to enhance the gain of the stand-alone MPA

due to multiple reflections between the highly reflective FSS
and the antenna ground plane, as in a Fabry–Perot (FP)
resonator. Our design results in multiple resonances at 180.0
GHz, 189.46 GHz, 199.02 GHz and 208.82 GHz. Nearly 5%
of peak gain enhancement is achieved in all the four bands
after loading MS-FSS on MPA. An improvement of 2-3 dB
is also seen in the reflection coefficient of FP-MPA.

2. Multi-band MPA and MS-integrated MPA
2.1. Stand-alone Multi-band MPA
Figure 1 (a) shows the schematic of THz-range multi-band
MPA. The MPA is of conventional design and is made up
with dielectric substrate backed by the metallic ground plane
and the metallic patch is printed on the top of the substrate.
We have used Rogers RT Duroid 5880 as the substrate
(relative permittivity of 2.2, thickness 0.79 mm). The
substrate has the length (Lg), width (Wg) and thickness of
12.00 mm, 12.00 mm and 0.79 mm respectively. The ground
plane is of copper with comparable length and width, and a
thickness of 0.35 mm. The rectangular patch is of length and
width of W x L = 0.6mm x 1 mm. The rectangular patch has
four slots in it as shown in Fig.1 (a). The length and width of
slot 1 and 2 is a x b = 0.2 mm x 0.2 mm, whereas the length
and width of slot 3 and 4 is c x d = 0.2 mm x 0.4 mm. The
slots are inserted in the patch to achieve multiple resonances
in the MPA. Four slots have been cut in the patch to provide
additional resonance frequencies other than the natural
resonance of the patch which is 180 GHz. The photograph of
the prototype antenna is shown in Fig. 1(b).
2.2. THz Range FSS based Metasurface
The metasurface uses the same substrate with similar
dimensions as in section 2.1 and is shown in Figs. 1 (c, d).
The holes are of radius (r) 0.2 mm and hole-to-hole spacing
(a) is 0.4 mm, arranged in square lattice arrangement. The
FSS structure consists of 20 x 20 array. The perforation is of
through holes of 0.79 mm thickness. The MS-FSS shown in
Fig. 1(d) is fabricated using CNC drilling technique, which
is easy, fast and simple to use. CST MW StudioTM software
is used for the design and analysis in time domain solver.
2.3. Metasurface-integrated Multi-band MPA
The MS-FSS is used as PRS for the multi-band MPA after
loading it on the MPA at a distance of 1mm (0.5 λ0), where
λ0 is the resonant wavelength (considered 180 GHz). The
inset-fed multi band MPA (Fig. 1(a)) is selected as the
primary source for the FPC antenna.

(a)

(a)

(b)

(c)

(b)

(d)

Figure 1. (a) Schematic of multi-band MPA, (b) photograph of
multi-band MPA, (c) schematic of FSS-MS with its unit cell
dimension in zoomed view and (d) photograph of a smaller-size
FSS-MS with 10x10 array.

(c)

(d)

Figure 2. Simulated (a) reflection coefficient of stand-alone
MPA, (b) S-parameters of the FSS, (c) reflection coefficient of
MPA and MS-FSS superstrate loaded MPA and (d) peak gain
as a function of frequency of the MPA and MS-FSS superstrate
loaded MPA (the arrows represent the increment of peak gain).

3. Results and Discussion
S-Parameters and Gain of Multi-band MPA, MS-FSS and
integrated system
Figure 2 (a) is the simulated reflection coefficient of the
stand-alone MPA. It shows four prominent resonance peaks
indicated with star shapes. The MPA resonates at 180 GHz,
189.46 GHz, 199.02 GHz and 208.82 GHz, with reflection
coefficients of -28.86 dB, -39.04 dB, -29.13 dB and -20.13
dB respectively. Figure 2(b) depicts the calculated reflection
(S11) and transmission (S21) coefficients of MS-FSS in the
frequency range of 100-300 GHz. The unit cell shows high
reflection and low transmission coefficient in the frequency
range of 174.70 GHz to 251.75 GHz as shown in with blue
shaded region, which works as stop band, with a width of
39.8%. At 166.40 GHz and at 257.56 GHz, the structure has
low reflection coefficient and high transmission coefficient,
working as narrow pass bands.

4. Conclusion
A simple, cost-effective, robust and mass-producible FSSMS integrated multi-band MPA for THz band is presented.
The stand-alone MPA shows multiple resonances from 180
GHz to 209 GHz. The MS-FSS attains a wide stop bandwidth
of 40% from 175 GHz to 272 GHz. This wide stop band is
utilized by keeping the MS-FSS on the MPA as superstrate at
a suitable height and making it work as a PRS for the MPA.
This MS-FSS integration with MPA works as the FPC
antenna and allows to enhance the gain of the stand-alone
MPA. The antenna with MS-FSS structure has shown a
significant peak gain improvement of nearly 5% in all the four
resonating frequencies. Moreover, 2-3dB improvement in
reflection coefficient is also attained for all the resonance
frequencies of MS-FSS integrated FP-MPA. Our design for
the prototype is novel, and is the first proposal for using
perforated single layer metasurface as a superstrate in the THz
regime. It is suitable for wireless communication, material
characterization, and security applications in defense.

Figure 2 (c) shows the reflection coefficient of MPA and
superstrate loaded FP-MPA, and these are found to match
exceedingly well. The reflection coefficients attained by FPMPA are -33.57 dB at 180.0 GHz, -41.33 dB at 189.46 GHz,
-32.00 dB at 199.02 GHz and -20.43 dB at 208.82 GHz,
shown with black solid line in Fig. 2(c). The reflection
coefficient improves by nearly 2-3 dB after loading the
superstrate on MPA.
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Figure 2(d) depicts the simulated peak gain for the MPA (in
black solid line) in the direction of = 00 (bore-sight). The
stand- alone MPA attains peak gains of 7.45 dBi at 180 GHz,
7.93 dBi at 189.46 GHz, 7.13 dBi at 199.02 GHz and 6.53 dBi
at 208.82 GHz. The maximum peak gain of nearly 8 dBi is
obtained by the multiband stand- alone MPA at 189.46 GHz
at bore sight. FP-MPA (shown with blue solid line) has peak
gains of 12.22 dBi at 180.0 GHz, 13.02 dBi at 189.46 GHz,
12.24 dBi at 199.02 GHz and 11.19 dBi at 208.82 GHz. At all
the four resonance frequencies, the FP- MPA has achieved a
significant gain exceeding 11 dBi. On comparing the peak
gains before and after loading the superstrate (FP-MPA), we
note an increment in gain of nearly 4.7% at 180 GHz, 5.1% at
189.46 GHz, 4.9% 199.02 GHz and 4.7% at 208.82 GHz as
shown by the arrows in Fig. 2(d).
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Abstract
We theoretically and experimentally study the THz
electromagnetic properties of an undoped-InAs slab whose
permittivity is optically modified by a photo-generation
process. We show a high modulation of the THz
transmission up to 90% from 0.75 to 10 THz at very low
pump fluence in the continuous wave regime. We also
demonstrate a high-speed transmission modulation rate up
to 2 MHz range with a modulated pump.

1. Introduction
The development of the technology based on terahertz
(THz) electromagnetic radiation is crucial for many
application domains such as security, medicine, nondestructive inspection, astronomical instrumentation,
spectroscopy, imaging and wireless communication. To
respond to the demand for versatile THz components
operating in the THz gap (0.1–10 THz), artificial structures
such as metasurfaces have been recently investigated to
dynamically control THz waves.

wave (CW) and modulated by an IR laser of around 800nm
wavelength. In the experimental set-up, the collimated THz
wave radiates the InAs membrane located in the sample
holder of the optic set-up, which in turns is traversed by the
IR laser. The maximum power is 500 mW and the spot
diameter is 2 mm when it is collimated. The rest of the optic
set-up is composed of a FTIR spectrometer for frequencies
from 1 to 10 THz.
These experimental results reveals that a modulation
depth of 90% at 1 THz is obtained with a continuous laser at
irradiation lower than 10 W.cm-2 for a 6 µm thick InAs slab,
Fig. 1. This strong modulation is demonstrated to originate
from the photogenetation of an epsilon-near-zero (ENZ)
material that boosts the absorption of the THz wave within a
sub-wavelength thick (λ/50) InAs slab. Since the IR pump
intensity drives the ENZ frequency, the ENZ absorption
effect provides an efficient way to modulate the THz signal
over a broadband from 1 to 10 THz.
In addition, the experimental results performed in the
dynamic regime reveals that a cut-off frequency of 3 dB
attains 2 MHz, Fig. 2.

2. Discussion
We have theoretically and experimentally studied the THz
electromagnetic properties of photo-generated carriers in an
undoped-InAs slab. The modifications of the permittivity
induced by an optical pump are calculated by solving the
ambipolar rate equation for the photo-carriers. Photo-carrier
diffusion plays a crucial role in the search of an optimal
geometry [1-2].
To understand and to reveal the real impact of the photocarrier diffusion in the InAs material, we have created a
multiphysics code to calculate the electromagnetic
properties of the InAs slab illuminated by a THz plane wave.
We have analyzed the electromagnetic properties of the
InAs slab as a function of the thickness “h”, the pump
fluence and the polarization (TE and TM) of the THz wave
and demonstrated a high modulation of the THz radiations
[2].
We have carried out the experimental demonstration by
measuring the transmission of a THz-wave through a
micrometric-thick slab of undoped-InAs using a continuous-

Figure 1: Modulation of an undoped 6 lm thick InAs slab irradi-

ated with a pump irradiance of 8.1 W cm 2 at room
temperature

semiconductor multilayers», Semiconductor Science
and Technology, accepted manuscript online 22 June
2021.
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Figure 2: The transfer function of the InAs slab: the dots
correspond to the experimental data and the solid line to their
fit with a first-order low pass filter. The inset of the figure
shows the THz spectrum measured using a 10 Hz resolution
bandwidth for a laser amplitude modulation frequency 5 kHz.

3. Conclusions
We have demonstrated that the undoped-InAs is a
promising semiconductor for the development of on-chip
fast and efficiently THz components. A modulated pump at
an irradiance of few W/cm2 is enough to dynamically
control the THz transmission over a frequency range from 1
THz to 10 THz and with a modulation rate up to 2 MHz
range. These results open interesting routes for the design of
advanced THz modulators.

Acknowledgements
Authors thanks J.-F. Roux from IMEP-LAHC (Univ. of
Savoie) for the loan of the acousto-optic modulator.
This work was partially funded by the French Investment
for the Future program (EquipEx EXTRA, No. ANR 11EQPX-0016).
This work was funded by the French Labex IMOBS3.

References
[1] E. Alvear-Cabezón, R. Smaali, E. Centeno and T.
Taliercio,« Photogenerated metasurfaces at terahertz
frequencies induced by a continuous-wave low pump »,
Phys. Rev. B 98, 035305 (2018).
[2] E. Alvear-Cabezón, T . Taliercio, S. Blin, R. Smaali, F.
Gonzalez-Posada, A. Baranov, R. Teissier, E. Centeno,
« Epsilon near-zero all-optical terahertz modulator »,
Applied Physics Letters 117, 111101, 2020.
[3] E. Centeno, E. Alvear-Cabezón, R. Smaali, A. Moreau,
« Inverse-designed terahertz modulators based on

2

AES 2020, MARRAKESH - MOROCCO, JUNE 1 – 4, 2020

Synthesis of Ultra-Wide Bandgaps for 2-D Photonic Crystals of Finite
Thickness
Yuriy Sirenko1,2, Kostyantyn Sirenko1, Nataliya Yashina1*, and Gerard Granet3
1

O.Ya. Usikov Institute for Radio Physics and Electronics, National Academy of Sciences of Ukraine, Kharkiv, Ukraine
2
V.N. Karazin Kharkiv National University, Kharkiv, Ukraine
3
Université de Clermont-Ferrand, Institut Pascal, Clermont-Ferrand, 4 Impasse Blaise Pascal, France
*corresponding author Nataliya Yashina, E-mail: yashinanp@gmail.com

Abstract
The synthesis problem of 2-D photonic crystals of finite
thickness providing the ultra-wide stopbands for the plane
incident waves is solved on the base of EAC-method
(method of exact absorbing conditions) [1–11].

1. Introduction
2-D photonic crystals of finite thickness having the same
length of the period are able to produce clearly pronounced
stopbands. Their position on the frequency axis can be
effectively controlled by the variation of the geometric and
material parameters of a unit cell of a periodic structure
(see, for example, Fig. 1). This fact allowed proposing a
simple, but quite effective scheme for the model synthesis
of photonic crystals structures with ultra-wide stopbands.
1.0

WT

Figure 1: 2-D crystal of finite thickness.
The results presented for discussion have been obtained
when working with models of the method of exact
absorbing conditions (EAC) [1–11].

2. Formulation of the problem
The simple photonic crystal formed by circular dielectric
cylindrical rods with various e and s = 0 , oriented parallel
to the axis x , had been considered. The intersection of the
rods’ axes with the planes x = const defines the nodes of
the infinite in the directions y and z rectangular grid; the
cell size of such grid is l ´ l . The radius of rods is r .

Crystals of finite thickness h have been cut of from this
crystal (Fig. 1).
The numerical results have been obtained within the
framework of the approaches that had been implemented in
[11]. Here we considered the case of H -polarization, that
means that the vector E lies in the plane y 0 z .
The dimensions of all considered physical units are
omitted: they correspond to the International System of
Units, except the ‘time’ t that is the product of the real time
and the velocity of light in vacuum, thus t is measured in
meters.

3. Discussion of simulation
The wave number k = 2p l is varying within the so-called
single-wave frequency range, providing validity of the
relation W T ( k ) + W R ( k ) = 1 . Parameters e and s are the
relative permittivity and conductivity of the rods’ material;
l is a wavelength; W T ( k ) and W R ( k ) are the parts of the
input energy carried by spatial harmonics propagating to the
transmission ( z < -h ) and reflection ( z > 0 ) zones of the
periodic (along coordinate y ) structure [4]. The process of
band gaps formation in the structure was studied within
numerical experiments consisting in the crystal’s thickness
h increase; that is, the process of formation of sufficiently
wide bands of the parameter variation k , where W T ( k ) = 0
has been simulated. It turned out that for the four- and fivelayer crystals; the band gaps (BGs) or stopbands contours
become clearer and finally formed for the crystals
containing 10 or more layers.
Here is one of examples of synergetic operation of joint
fifteen layers crystal designed by means of putting together
three blocks of five-layer crystals. Each block is constructed
of dielectric rods of the radius r = 0.38l and permittivity
varying from e = 10.9 to e = 6.1 . Model excitation was
performed by H -polarized pulse. Consider three values of
e , providing each corresponding crystal in the single-mode
range 0.05 £ k = l l = kl 2p £ 0.95 with stopbands,
covering such intervals of frequency range, that if these
bandgaps are put in the same draft all together, they all

together cover without breaks a fairly wide range of the
frequency parameter k (see three upper fragments in
Fig. 2). In such way we obtained a structure with a bandgap
having
the
width
0.357 £ k £ 0.815,
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Bk = ëé 2 (k upper - k lower ) (k upper + k lower ) ûù ×100% , that is
approximately equal to 78.16% Important, that the
bandwidth of such stopband is practically insensible to the
sequence of five-layer crystals blocks, see two lower
fragments in the Fig. 2.

Figure 2: The synergistic effect of the joint operation of the
three thick photonic crystals h = 5l .

4. Conclusions
The bottom-up approach for band gap photonic 2-D crystals
construction is applied. It had been performed on the base of
EAC.
The results of simulation proved: bandgaps (stopbands)
of limited in thickness 2-D photonic crystals can be
significantly increased due to the synergistic effect of the
joint operation of several photonic crystals differing only in
the internal structure of the crystal’s unit cells.
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Abstract
We study the scattering of waves by a single row of resonant inclusions, of the Mie type. An effective model based
on matched asymptotic analyzed is used to account for the
small thickness of the array. Hence, instead of the effective
bulk parameters (permittivity and permeabilty), we end up
with interface parameters entering in jump conditions for
the electromagnetic fields; among these parameters, one is
frequency dependent and encapsulates the resonant behavior of the inclusions. Our effective model is validated by
comparison with results of full wave calculations.

1. Introduction
Starting in the 1990’s with the pioneering work of [1] in
the context of elasticity, resonant structures with subwavelength unit cells have been proposed in the context of electromagnetism [2], and in a unified mathematical context
[3]. In this case, the resonances are attributable to an inclusion placed in the unit cell and presenting a high contrast
in its material properties with respect to the surrounding
matrix. These resonances often referred to as Mie resonances occur at frequencies producing a wavelength in the
inclusion comparable to the inclusion size (and this size
is much smaller than the incident wavelength). The ability of these so-called locally resonant structures to forbid
the wave propagation has been exhibited and the forbidden
band gaps have been interpreted in terms of an effective
negative parameter being the mass density in elasticity and
the permeability in electromagnetism. Since then, locally
resonant materials have been intensively studied for applications including the design of efficient wave shields, see
e.g. [3] or absorbers of small thicknesses, see e.g. [4].
T

y
ϕh
e

x

(εi , µi )

h

θ

R
k

Figure 1: Scattering by an array of locally resonant inclusions
with permittivity εi and permeability µi (in the air).

Motivated by the design of compact metamaterial de-

vices and following the intuitive argument that each local
resonator vibrates almost like an independent unit, structures involving a single row of resonators or few rows have
been thought, see e.g. [5]. In this case, interrogating the
bulk response of the device becomes questionable. Indeed,
when the number of cells is too small, the metamaterial
device is dominated by boundary layer effects and the response of its bulk, in terms of effective parameters, is not
pertinent anymore; the failure of the effective medium theories for thick structures has been illustrated in [6]. Here,
we extend these works to the case of an array composed of
a single row of locally resonant inclusions (Fig. 1).

2. The actual and the effective problems
We consider transverse electric polarized waves propagating in the air and interacting with a row of inclusions with
relative permittivity εi and permeability µi (and we set for
the air ε = µ = 1). In the case where εi µi ! 1, the wavelength inside the inclusions is much smaller than in the air,
and resonances of the Mie type are possible. In this case,
asymptotic analysis can be conducted which result in an effective interface model, see [7], where the array of resonant
inclusions are replaced by jump conditions of the form
!

!E"e = hB ∂yE,
!∂y E"e = hS ∂yy E + hC ∂xx E − hD(k) k 2 E,

(1)
where we defined, for any field f , !f "e ≡ f + − f − and
f ≡ (f + + f − )/2, with f ± ≡ f (x, ±e/2). The effective parameters (B, C, S) depend only on the geometry of
the inclusions while D(k) has an additional dependence
on the frequency and it is the parameter which encapsulates the possible resonances of the Mie type. For instance,
for rectangular shape of inclusion, as we shall consider in
the numerical example, we have S = $he (1 − ϕ), B =
%
"
#
8e
e/h
πϕ
2
π
2
1 − e− (1−ϕ)πh
1−ϕ − π log cos 2 , C $ 8 (1 − ϕ)
and
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2
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1−
(2)
αn2 2 i 2 ,
D(k) = εi
h
ki − ki,n
n
with for n = (n1 , n2 ), ki2,n =

" n1 π # 2
e

wavenumbers at the resonances and αn =

+

$

n2 π
hϕ

8
π 2 n 1 n2 .

%2

the

3. Fano resonances

1

In our homogenized problem, the region |y| < e/2 is disregarded and the wavefield satisfies (1) for |y| > e/2; a solution of this problem for an incident plane wave at oblique
incidence θ reads
 ,
 eik(y+e/2) cos θ + Re−ik(y+e/2) cos θ eikx sin θ ,
E=

T eik(y−e/2) cos θ eikx sin θ ,
(3)
for y < −1/2 and y > e/2 respectively. Next, applying the
jump conditions (1) yields the scattering coefficient
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(4)
where z ∗ denotes the complex conjugate of z.
We report in Fig. 2 the variations of the reflection coefficients against the dimensionless frequency kh, Rnum being computed numerically and R from (4) (the incidence is
θ = 40◦ ). In the range kh ∈ [0, 1], the first monopolar resonance for n = (1, 1) in (2) is visible (it occurs for ki h = 8.9
whence kh $ 0.9, resulting in a wavelength within the inclusions being about half the inclusion length). The agreement between Rnum and its homogenized counterpart R is
good, about 2% and this accuracy is the same for any incidence θ up the grazing incidence (results not reported).
The resonance of the inclusions produces sharp variations
of the reflection with a typical Fano resonance curve characterized by a perfect transmission followed by a perfect
reflection. Results including the attenuation due to losses
in the dielectric will be presented, with the same accuracy
of the effective model to reproduce the scattering properties
in the actual problem.

Figure 2: Fano resonance of a row of resonant Mie scatterers in
the air (ε = 100, ϕ = 0.5, e/h = 0.5). Reflection coefficient |R|
against kh computed numerically (plain line) and from (4) (dotted
line). The wavefields A at kh = 0.7 realizing perfect reflection
and B at kh = 0.9 realizing perfect transmission (numerics and
from (3) in both cases).

sensitive to losses, the accuracy of the homogenized solution would be enhanced if one is able to account for them.
This requires to develop the model up to higher order and
this is not incremental.
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Abstract

2. Result

We investigate the spectral tuning of the SPP wave packets
by quasi-symmetric arrays composed of metal blocks with
two different structural lengths. The FDTD simulations
showed a resonance phenomenon in the gap between the
blocks when the two blocks have different lengths in the
longitudinal direction. Furthermore, the resonance of the gap
resulted in a significant spectral modulation of the reflected
SPP wave that depended on the structural length and
positional relationship of the blocks.

1. Introduction
Metamaterials consisting of nanoscale structures have led to
a significant development of optical manipulation techniques,
such as polarization control and nonreciprocal transmission
[1,2]. The artificial modulation of optical properties realized
by metamaterials is one of the foundations for the control of
light in free space and Surface Plasmon Polariton (SPP). SPP
manipulation techniques, such as unidirectional excitation
and wavelength selective focusing, have been demonstrated
theoretically and experimentally by arranging nanorod and
slit structures [3,4].
The specific optical properties of the metamaterial are
determined by the design and arrangement of the individual
resonator structure. In addition, when the distance between
resonators is shorter than the wavelength of the incident light,
mode coupling between resonators and near-field resonance
can occur. Therefore, the interaction between resonators
must be taken into account in metamaterials where the
resonators are densely arranged.
In this work, we investigate the interaction between the SPP
wave packet and a one-dimensional periodic structure of
metal blocks. The periodic structure was constructed by
periodically arranging Au blocks with two different
structural lengths at intervals less than the wavelength of the
incident SPP wave. An FDTD simulation reveals that the
walls of the adjacent blocks behave as MIM resonators, with
the gap between the blocks as an insulator layer only when
the longitudinal length of the two blocks are different. This
MIM resonator, referred to as gap MIM structure, caused
spectral modulations in the transmitted and reflected wave,
especially in the reflected wave. The spectral modulation
observed in the reflected wave can be adjusted by arranging
the two types of blocks.

Figure 1: Schematic of periodic structure used for FDTD
simulations.
Figure 1 (a) shows a schematic of the quasi-symmetric array
constructed by Au blocks with two different lengths in the
longitudinal direction. The height h and width w of the two
blocks was fixed at 100 nm, and they were arranged
periodically with a spacing d of 60 nm. In this study, we fixed
the length L1 of Block 1 at 200 nm, and the length L2 of Block
2 was set as a variable. We defined the left edge of Block 2
as the origin of the x-axis. The left edge of Block 1 was
placed at a distance S shifted from the origin. In this paper,
we call the “left edge model” when the left edges of the
blocks are coincident (S = 0 nm) and the “right edge model”
when the right edges are coincident (𝑆 = 𝐿2 – 𝐿1 nm). The
model with 𝐿1 = 𝐿2 = 200 nm was defined as the
reference model. A Au ridge as a coupler for launching SPP
WPs was placed on the same surface. The time evolution in
the vertical component of the electric fields ( 𝐸𝑧 (𝑡) ) for
reflected and transmitted waves of the array structure were
recorded at points T and R, respectively. To analyze the effect
of resonance between blocks, the horizontal component of
the electric fields (𝐸𝑧 (t)) was also recorded at point P placed
between blocks shown in Fig. 1.
Figs. 2 (a,b) show typical reflected and transmitted spectra
calculated by the fast Fourier transform (FFT) of the 𝐸𝑧 (𝑡)
measured at points R and T. The reflected spectra obtained
with the left edge model (red) and right edge model (blue) at
the condition of L2 = 290 nm show large modulation
compared to the reference model (black). The modulation in
the reflection spectrum occurs mainly at two wavelengths: an
increase in intensity around 650 nm and an asymmetric shape
around 820 nm. Compared with the reflected wave, which
has a large difference in spectrum between the left- and rightedge models, there is almost no difference in the transmitted
spectrum (Fig. 2 (b)).

multiplying the reflected wave spectrum in the reference
model by Fano spectra (eq. (1)) with the center wavelength
of 650 nm and 820 nm. The fitting results shown by the red
lines in Fig. 3 (a) are well fitted with the simulation results.

Figure 3: (a) The reflected spectra for different shift S at L 2
= 440 nm structures. (b-d) Related maps of the electric field
amplitudes 𝐸𝑦 at wavelength of 820 nm. S = 0 nm (b), S =
120 nm (c), S = 240 nm (d).

Figure 2: (a,b) Reflected and transmitted spectra obtained at
point T and R. (c) Resonance spectra of the gap between
blocks obtained at point P. (d,e) Electric field amplitudes 𝐸𝑧
on the xy plane at the wavelength of 650 nm and 820 nm.

4.

Fig. 2(c) shows the resonance spectra 𝐹(𝜔) calculated by the
Fourier transform from the horizontal component of the
electric field 𝐸𝑦 (t) acquired at the P. This graph indicates
clear peaks at 650 nm and 820 nm, which coincide with the
characteristic spectral modulation in the reflected spectrum
shown in Fig. 2 (a). These resonance peaks do not occur
when the length of the two blocks is the same. Fig. 2(d,e)
shows the vertical components of the electric field
distributions 𝐸𝑦 (𝑥, 𝑧) obtained at plane 8 nm above the Au
surface. The blocks show two types of resonances at 650 nm
and 820 nm. In this model, the two metal walls of adjacent
blocks act as semi-open MIM nanocavities [5], with the gap
between the blocks as an insulating layer.

In conclusion, we numerically investigated a quasisymmetric array structure composed of two metal blocks
with different structural lengths. This structure revealed that
the reflected wave has a spectral modulation highly
depending on the positional relationship of blocks caused by
Fano resonance. The incident direction dependence
phenomenon observed in this study has potential applications
to various optical devices, such as variable reflectivity
structures and unidirectional excitation of SPP.
Acknowledgements
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3. Discussion
We attribute the spectral modulation with a characteristic
asymmetric shape to the Fano resonance between the
reflected wave from the block wall and the resonance in the
MIM gap. Fano resonance is an asymmetric spectral
modulation caused by the interference of a narrow discrete
resonance with a broad spectral line or continuum [5]. The
characteristic spectral shape of the Fano resonance 𝐼 (𝜔) is
described by the following equation [6].
𝐼(𝜔) = [

(𝑞 + 𝛺)2
𝜂 + (1 − 𝜂)] 𝐵2 ,
1 + 𝛺2

Conclusions
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(1)

where q is the Fano asymmetry parameter, 𝛺 is the
dimensionless frequency, 𝜂 is the interaction coefficient, and
B is a constant. In this model, the reflection of the wall and
resonance at the gap corresponds to the broad spectral line
and narrow discrete resonance. In this model, 𝛺 is
determined by the resonance wavelength of the MIM
resonance occurring in the gap (650 nm, 820 nm), and q is
determined by the positions of blocks and the MIM gap.
Figure 3 (a) shows the reflection spectrum obtained by
varying S from 0 to 220 nm for the model with L2 = 440 nm.
A series of graphs indicate that a characteristic Fano-like
spectrum modulation around 820 nm. As shown in Figs. 3 (bd), varying S corresponds to varying the position of the MIM
gap relative to Block 1. We performed a fitting based on the
Fano resonance. The fitting curves were defined by
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ABSTRACT
In this paper, a meta-surface is developed as an effective solution for reducing mutual coupling between
two adjacent antennas. The meta-surface comprises an array of omega shape resonators placed above two
closely antennas. The simulated results show a 24 dB reduction in coupling when placing meta-surface over
two adjacent antennas separated by a spacing of 1/5 wavelength at frequency of 2.85 GHz. Furthermore,
the gain of antenna arrays with the meta-surface is also improved by 3dB.

(a)

(b)

Figure1: (a) Antenna Array with meta-surface; (b) simulated S-parameter with
and without meta-surface
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Abstract
We present the design and optimization of all-dielectric
nonlinear metasurfaces using a simple but effective sampling method combined with Monte Carlo simulation and
demonstrate that the use of sophisticated optimization
methods is not necessary. We apply this approach for
the optimization of metasurface composed of silicon disks,
which operates as a third harmonic beam deflector at a defined angle. Our results demonstrate a significant enhancement of radiated third harmonic intensity in the first diffraction order compared to that reported in literature.

1. Introduction
Various efficient methods for the design and optimization
of linear metasurfaces have already been developed and reported in the past [1]. Among them, the most popular methods are gradient descent method, evolutionary and machine
learning algorithms. Currently, attempts are being made to
apply these techniques also for the design and optimization
of nonlinear metasurfaces. However, this is quite a complex
task due to the many degrees of freedom involved, the nontrivial functional dependencies, and complexity of the nonlinear processes. Many works in the literature employ sophisticated optimization algorithms for these purposes [2].
Here, we present a simple yet powerful sampling
method in combination with the Monte Carlo simulation for
the design and optimization of holographic nonlinear metasurfaces. The metasurfaces consist of silicon nanodisks of
elliptical cross section deposited on a silicon dioxide substrate. The wavefront of the third harmonic signal is shaped
through adjustment of the nanodisk’s lateral dimensions.
The robustness of our approach is illustrated through the design and optimization of a nonlinear beam deflector that directs the incoming linear polarized plane wave at the fundamental frequency into the first diffraction order at the third
harmonic frequency. We reveal a capability of our approach
to solve dynamic problems with a varying number of optimization parameters that are unknown in advance.

2. Results
Our metasurface is composed of silicon elliptical disks
placed on a silicon dioxide substrate and generates a third
harmonic signal under external illumination. To design the
metasurface which produces a nonlinear beam deflection,
a set of resonators with the required smooth phase gradi-

Air

Silicon

z
y
x

Silicon

3

Glass

Figure 1: Sketch of the nonlinear beam deflection by a
dielectric metasurface, illustrating the generated third harmonic beam deflection in transmission direction.
ent and constant amplitude has to be firstly found (Fig. 1).
For this purpose, the phase and intensity maps of the third
harmonic (TH) signal is calculated as a function of the
disk’s ellipse diameters. This is done independently for
each resonator by modeling a unit cell with periodic boundary conditions and calculating the electromagnetic fields using COMSOL Multiphysics. The height of the resonators
and periodicity are fixed and chosen to be h = 285 nm
and p = 916.67 nm, respectively. The corresponding phase
map (color map) and the third harmonic intensity contour
(black and white dashed lines) are shown in Fig. 2(a). By
employing the sampling method, we then select six different resonators with equally spaced phase values and constant intensity in the parameter space. The disk parameters
are determined by the intersections (white dots) of a predefined number of phase contours (solid black lines) with an
intensity contour (dashed lines) that discretely covers the
2π phase range, as in [3]. We note that an arbitrary number of resonators with specified phase and constant intensity
can be picked from the map, which provides the convenient
flexibility to this method, especially, when the final number
of resonators in the optimized application is unknown.
Finally, the diffraction spectrum for the presented parameter selection (Fig. 2(a)) is calculated and shown in
Fig. 2(b). For orientation, the angle calculated with the
equation of Bragg’s law is inserted at the first diffraction
order bar. The TH radiation of the first diffraction order
is the maximum in the spectrum and in the near vicinity a
suppression of about 80% can be achieved.
Aiming to further improve the TH radiation, we apply
Monte-Carlo simulation to optimize the parameters of the
individual resonators, by searching over a four-dimensional

parameter space including resonator height, x- and ydiameters, and periodicity. In comparison to Fig. 2(b), the
enhanced TH radiation at the first positive diffraction order
by a factor of 250 is achieved for the optimized parameter
selection (not shown here).
(a)

[3] E. Almeida, O. Bitton and Y. Prior, Nonlinear metamaterials for holography, Nat. Commun. 7: 12533,
2016.

(b)

5.62°

Figure 2: (a) Calculated third harmonic phase map with
third harmonic intensity contour (black and white dashed
lines). The resonators with selected parameters are marked
by white dots. (b) Corresponding discrete diffraction spectrum of the radiated third harmonic intensity for the unit cell
model composed of the selected six resonators and shown
in Fig. 1.

3. Conclusions
In summary, we have shown that the proposed combination of the sampling method and Monte-Carlo simulation
can be effectively used in the design and optimization of
holographic nonlinear metasurfaces. We exemplarily use
this approach to design and optimize a dielectric metasurface composed of silicon nanodisks for the nonlinear beam
deflection application. The required phase gradient with a
constant amplitude is engineered by varying the lateral dimensions of the nanodisks and thus exciting different electric and magnetic resonances. The selected set of the optimized resonators demonstrates a significantly enhanced
intensity of the third harmonic beam radiated in the first
diffraction order. Our approach can be used to design metasurfaces with other different functionalities.
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Abstract
We observed evolution of the transmission and reflection
parameters of the composites containing magnetic microwire
inclusions during the composites matrix polymerization. A
remarkable change of the reflection and transmission in the
range of 4-7 GHz upon the matrix polymerization is
observed. Obtained results are considered as a base for novel
sensing technique allowing non-destructive and non-contact
monitoring of the composites utilizing ferromagnetic glasscoated microwire inclusions with magnetic properties
sensitive to tensile stress and temperature.

1. Introduction
Amorphous magnetic materials can present an unusual
combination of excellent magnetic properties (e.g. high
magnetic permeability, giant magnetoimpedance, GMI,
effect, magnetic bistability, Matteucci and Widemann effects,
) and superior mechanical properties (plasticity, flexibility)
making them suitable for numerous industrial applications
[1]-[2]. Furthermore the preparation method involving rapid
melt quenching is quite fast and cheap and above mentioned
magnetic softness can be realized without any complex postprocessing treatments [1].
The development of novel applications of amorphous
materials requires new functionalities, i.e. reduced
dimensions,
enhanced
corrosion
resistance
or
biocompatibility [1]. Glass-coated microwires prepared using
the Taylor-Ulitovsky method fit to most of aforementioned
expectation: such magnetic microwires have micronanometric diameters (typically 0.5-50 µm) covered by thin,
insulating, biocompatible and flexible glass-coating [1] and
can present excellent magnetic softness or magnetic
bistability [1],[3].
These features of glass-coated microwires allow
development of new exciting applications in various
magnetic sensors [1]-[3], as well as in smart composites with
tunable magnetic permittivity [2]-[3]. A few years ago the
stress dependence of the GMI effect is proposed for the
mechanical stresses monitoring in fiber reinforced
composites (FRC) containing microwires inclusions [2]-[4].
A novel sensing technique involving free space microwave

spectroscopy utilizing ferromagnetic microwire inclusions
presenting the high frequency impedance is quite sensitive to
tensile stress and magnetic field [4].
In this work we provide our recent results on study of
the stresses arising during the polymerization of the matrix in
FRCs on permittivity of the FRC with embedded microwire
inclusions.

2. Materials and methods
We used glass-coated Fe3.8Co65.4Ni1B13.8Si13Mo1.35C1.65
(metallic nucleus diameter, d=18.8 μm, total diameter,
D=22.2 μm, ρ =d/D= 0.88) microwires with low negative
magnetostriction coefficients, λs, prepared by TaylorUlitovsky technique described elsewhere [2]. The
temperature during the polymerization process has been
measured by a standard thermocouple.
For the composite matrix we used a vinylester resin
(DERAKANE 8084) resin, accelerated with Cobalt Octoate
(0,3 pph) and catalyzed with Methyl Ethyl Ketona (MEK
60%, 1,5 pph).
We used the free space measurement system previously
described in details in [4]. The reflection (R) and transmission
(T) coefficients were measure in free-space. The experimental
set-up consists of a pair of broadband horn antennas (1-17
GHz) and a vector network analyzer. The composite was
placed in 20 x 20 cm2 window to avoid the edge effects. This
window limits the applicable frequency range in 4-17 GHz.
More detailed description of the free space systems is given
in our previous publications [4]. The composites with ordered
glass coated amorphous wires embedded in the thermoset
matrix polymerization were prepared (Fig.1).

Figure 1 Sketch of a FRC with embedded
microwires .

70

Transmission (%)

The polymerizing matrix provides external stimuli for
the microwire inclusions (Fig. 1), which affects the magnetic
properties and the GMI effect of microwires.

3. Results and discussion
During the polymerization process of the resin, volume
shrinkage of about 8.2 % occurs and solid cured resin is
obtained. The mechanical properties of the cured resin are the
following: tensile strength of 76 MPa, tensile modulus of 2.9
GPa, and tensile elongation of 8-10%. However, apart of the
matrix shrinkage considerable heating takes place. Therefore,
in order to understand the processes during the
polymerization of the composite that can affect the
microwires we have measured the evaluation of temperature
using a thermocouple. Obtained temperature changes during
the polymerization represented at temperature, T, versus time,
t, are sown in Fig.2.

(a)

65

t < 15 min

60
55

t >15 min

50
4

100

6

7

frequency (GHz)

8

9

t

Reflection (%)

60

t

40
t= 0
t= 10 min
t= 15 min
t= 30 min
t= 60 min

20

(b)

0
4

Temperature (0C)

5

80

6

t
8

10

12

14

16

frequency (GHz)

80

Figure 3. The Transmission, T (a) and reflection,
R (a) parameters measured using free-space
system during the composite polymerization.
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We propose a novel sensing technique for non-destructive
composites monitoring utilizing ferromagnetic microwire
inclusions with magnetic properties sensitive to tensile stress
and temperature. We have studied in-situ the impact of matrix
polymerization on the evolution of the T- and R- parameters
of the composites with microwire inclusions. We observed
considerable variation of the T-parameter (in the range of 4-7
GHz) and R-parameter upon composite polymerization.
Observed dependencies are discussed considering the matrix
shrinkage during the polymerization and heating during the
matrix polymerization and their influence on magnetic
properties of glass-coated microwires.

40

Figure 2. Evolution of temperature upon
the polymerization.

As can be observed from the Fig.2, the matrix polymerization
produces a heating of the composite up to 80 oC. As described
above, we measured the transmission, T, and reflection, R,
parameters of the composite containing Co-rich microwires
(Fe3.8Co65.4Ni1B13.8Si13Mo1.35C1.65) using the free space
system.
As can be appreciated from Fig.3, considerable variation of
the T-parameter is observed in the range frequency, f, of 4-7
GHz upon thermoset matrix polymerization (Fig.3). A nonmonotonic variation of T-parameter upon polymerization is
observed (Fig.3a). Additionally, some changes of Rparameter are also observed in a wide f- range (Fig.3b).
Observed changes of electromagnetic properties can be
related to two main phenomena arising during the composite
matrix polymerization: heating and mechanical stresses. As
we mentioned above, apart of the matrix heating, the
polymerization is accompanied by change of density and
shrinkage. Therefore we can assume that the matrix shrinkage
produces compressive stresses in magnetic nucleus of glasscoated microwires. Observed T(f) dependencies with are nonmonotonic: some increase of T observed up to t=15 min (at f
≈4-7 GPa) followed by T decrease at t>15 min. Such
evolution of T-parameter can be therefore associated to the
heating and consequent cooling of the FRC.
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Abstract
Metasurfaces are typically modeled using boundary conditions restricted to dipolar responses. While generally effective, this modeling approach suffers in the case of large
incidence angles. To provide a better modeling accuracy,
we derive a model that includes dipolar and quadrupolar responses as well as higher-order spatially dispersive effects.
The effectiveness of this extended model is demonstrated
by predicting the angular scattering of a dielectric metasurface up to grazing angles. This work is expected to be
useful for designing spatial analog optical signal processing
metasurfaces for incident beams with large angular spectra.

1. Introduction
In recent years, there has been a growing interest in
the implementation of spatial optical analog processing
metasurfaces [1–7]. To help designing such structures,
one may employ conventional metasurface synthesis techniques, such as [8,9], which only include dipolar responses.
As shown in [10], such dipolar models work well within the
paraxial limit but start exhibiting significant errors for small
wavelength-to-period ratios and/or large incidence angles.
To overcome this limitation, we have extended the model
to include multipolar responses and spatially dispersive interactions [11, 12].

2. Metasurface Modeling
A common approach to model a metasurface is to replace
it by a fictitious zero-thickness sheet, supporting electric
and magnetic dipolar polarizations, for which convenient
boundary conditions may be formulated [8, 9, 13]. To improve the angular scattering modeling accuracy of such a
dipolar model, we have extended it to include quadrupolar
responses. The new boundary conditions, for a metasurface
lying in the xy plane, are given by [10]
!
"
k2
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# 2"
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2
where ∆E and ∆H are the differences of the fields on both
sides of the metasurface, P and M are electric and magnetic dipolar responses, and Q and S are electric and magnetic quadrupolar responses. These multipolar quantities
represent the response of the metasurface to an arbitrary excitation and include spatially dispersive interactions. They
are related to the average fields and fields derivatives at the
metasurface via
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These equations show that a quadrupolar metasurface provides a large number of additional degrees of freedom compared to a dipolar one. However, note that several important
properties related to the symmetries of quadrupolar tensors,
reciprocity and passivity/losslessness reduce the number of
independent parameters in (3), as explained in [14].
In order to demonstrate the performance of our model,
we compare its angular scattering predictive accuracy to
that of the conventional dipolar model. Consider the simulation setup presented in Fig. 1a, where a metasurface made
of dielectric cylinders is illuminated at oblique incidence by
a TM-polarized wave. Its transmission coefficient is plotted
versus wavelength and incidence angle in Fig. 1b. The performance of the dipolar model is first investigated by setting Q = S = 0 in (1), substituting the fields by those
obtained from full-wave simulation at θ = 0◦ and solving for the remaining non-zero susceptibilities. The latter

tures, show a much better agreement with the expected response, which is about 3.5 better than the dipolar model in
Fig. 1c.
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Abstract
We demonstrate tunable infrared metasurface by utilizing
metal-insulator transition material of VO2. Switching
optical property between dielectric and negative dielectric
opens new functionality of metasurface such as anticounterfeiting and adaptive radiative cooling in wide range
of spectra from near- to mid-IR range.

1. Introduction
Metasurface is two-dimensional ensemble of meta-atoms.
The scattering and absorption of metasurface can be
controlled by materials, shapes or arrangements of an
individual meta-atom. Figure 1 shows schematic view of
various meta-atoms showing different types of functions.
Dielectric structural colors based on an single crystal
silicon (Si) Mie resonator (Fig. 1(a) and (b)) have been
demonstrated with the resolution of 80,000 dots per inch
(dpi) [1]. By adding a Cr cap layer to the top of Mie
resonator (Fig. 1(b)), we are able to control the resonance of
electric dipole, resulting in achieving the diffraction-limited
resolution of 100,000 dpi. Such high resolution of structural
colors is useful for applications to anti-counterfeiting color
images [1]. However, the image can be easily observed by
conventional optical microscope. Hence, it is natural to
extend from visible image to near-infrared (IR) image in
order to protect easy access by microscope.
In this paper, we report tunable IR pixels based on metalinsulator transition material of VO2 and its application to
tunable IR image and adaptive radiative cooling by
changing temperature.

2. Tunable metasurface based on VO2
Since transition temperature of VO2 is 340K, the
permittivity of VO2 can be changed from positive ( >0)
to negative ( <0) drastically in near-IR range by
temperature. Such change in
induces great change of
reflectance of the metasurface. Thus, by replacing the
material of Mie resonator from Si to VO2, we are able to
realize tunable “color” pixels at near-IR [2]. Figure 1(c)
and (d) show schematically tunable meta-atoms between
dielectric ( >0) and metal ( <0).
Figure 2 shows scanning ion microscope image of
cylindrical VO2 metasurface. Here, at first 400nm-thickness
VO2 thin film was deposited by pulse laser deposition on
the (0001) sapphire substrate. After that, we fabricated
cylindrical array by electron beam lithography and reactive
ion etching.
Figure 3 shows IR microscope image of VO2 metasurface
observed by IR objective lens through bandpass filter at
1.5 m. As seen in Fig. 3(b), hidden characters of “HOT”
were clearly observed only above transition temperature of
340K. The resolution of the image exceeds 39,000 dpi at
1.5 m. We can embed hidden messages into the
metasurface which can be observed only at near-IR.

Figure 2 Scanning ion microscope image of cylindrical
VO2 metasurface formed on sapphire substrate.

Figure 1: Cross sectional view of various meta-atoms:
(a) all-dielectric, (b) M/D hybrid, and (c) and (d) M/D
switchable (D: dielectric, M: metal).

Figure 3: IR Microscope image of VO2 metasurface at
1.5 m: (a)T=298K and (b) 348K [2].

In addition, we will propose and discuss about adaptive
radiative cooling device based on Mie resonator in
atmospheric window of 8-13 m utilizing VO2 metasurface.
In this device, we are able to control emissivity with
depending on environmental temperature. Such devices are
useful from the viewpoint of active thermal radiation
control in mid-IR range [3].
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Abstract
We present our work on the design, fabrication and characterisation of conformable metasurface patches in the mmwave range for holographic applications.

1. Introduction
Metasurfaces Flexible metasurfaces merge the versatility of
rigid metasurfaces with the practical advantages offered by
a supple and conformable physical platform. In particular, they can be transferred onto virtually every target material or object, they can be mechanically tuned (statically
or dynamically) after fabrication and they can exploit the
mature manufacturing technology typical of printed electronics to scale up their area and manufacturing volume.
These advantages are perhaps best exemplified by our recent demonstration that holographic metasurfaces can be
placed on curved targets and, most importantly, that the
designed holographic image depends on the specific shape
of the target. [1, 2] Here we demonstrate that the flexible
hologrphic metasurfaces (FHMS) can be scaled to the GHz
range, for antennas and radar applications [3].

2. Results and Discussions
To design our metasurface we use the Gerchberg-Saxton
iterative phase reconstruction algorithm (GSA). The inputs
for the GSA are the required image and the source intensity.
The output of the GSA, after many iterations, is a phase
distribution which we encode into the metasurface. This
is achieved by texturing at subwavelength scale the surface
of the metasurface, defining suitably designed meta-atoms.
Each meta-atom enforces a unique de-phasing to reflected
radiation, between 0 and 360 degrees. In a recent paper [4]
we demonstrated a modified GSA with the ability to tailor
the holographic image to the shape of the FHMS, conformally coating a given target. The approach used a popular
three layers geometry to create boradband and efficient reflection holograms. Here we show that the scheme can be
adapted to the mm-wave range, choosing suitable substrates
and c-ring meta-atoms designs. The fabrication procedure
started depositing a sacrificial lift-off layer and a 5 µm thick
polymeric substrate (SU8 in this case) on a rigid carrier
(e.g. glass), followed by the deposition of 200 nm of gold
via e-beam evaporation. The meta-atoms were then defined

with an electron beam lithography step and trasnferred onto
the gold layer with a dry etch process. The sacrificial lift-off
layer was then dissolved to leave a free-floating membrane,
which was placed on a 400 µm thick polymeric membrane,
with a reflective backplane made of gold.
To characterise the FHMs we built a dedicated setup operating at 94 GHz. A mm-wave Gunn oscillator source is
coupled to free space with a corrugated feedhorn and the
beam is collimated with a suitable lens and directed at normal incidence towards the sample, via a polarising beam
splitter (with the electric field parallel to the optical table).
The FHMS is designed to create an image in reflection for
the orthogonal polarisation. The reflection goes through the
beam splitter, and is detected with a single mode waveguide X-Y scanning probe which is coupled to a heterodyne
receiver. The intermediate frequency (IF) signal from the
receiver is measured with a spectrum analyser. A laptop
controls a beam scanner that records the power as a function of spatial position to map the output beam from the
FHMS.
To demonstrate the successful realisation of a conformable holographic patch, we designed a FHMS for nonflat surfaces. Without loss in generality, we used on a nonflat cylindric design, using as the holographic image a focused spot displaced respect to the direction of geometric
reflection. Fig. 1 shows a photograph of the FHMS patched
applied to the target object and the raster scan image of the
reflected beam, acquired at 10 cm distance from the metasurfaces, for the bare aluminum cylinder and for the patched
case, both for the co- and cross-polarization cases.
In this communication we will discuss critically the limits and opportunities of the presented technology, placing
particular emphasys on the novelty offered by an advanced
design that allow to create different images for different curvatures and on the manufacturing of large scale holographic
metasurfaces.

3. Conclusions
FHMS are a robust and credible platform to translate the
metasurface technology out of the lab and deploy it in realistic environments. The ability to design at will the scattering of an object in the mm-wave range opens intriguing scenarios for antennas and radar applications. FHMS
are conformable and tunable and can be used for novel de-

Figure 1: Figure 1. a) Photograph of a flexible holographic patch applied to an aluminum target. b) co- and cross-polar raster
scan of the reflected beam for bare and patched cylinder.
signs or to retrofit existing devices with complex shapes and
topologies.
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Abstract
Lithography techniques conventionally used to make
artifical strucutres can only make quasi-two-dimensional
structures. We are developing new technologies which
makes it possible to produce a three-dimensional artificial
structure with a resolution of several tens of micrometers
smaller than the wavelength of the THz wave. In this talk, I
introduce the development of three-dimensional artificial
structures for THz wave control fabricated by using laser
processing and 3D printing technologies.

1. Introduction
Terahertz (THz) technologies have been gaining a great deal
of interests, but current THz optics is still facing various
challenges in their functionality and performance. Artificial
structures consisting of many periodical units smaller than
the wavelength of electromagnetic waves, such as
metamaterials, are attracting attention as a tool for the
development of THz optics because the optical properties of
them can be controlled by appropriate designing of the
structures. However, lithography techniques conventionally
used to make such artifical strucutres can only make quasitwo-dimensional structures with thicknesses much smaller
than the wavelength of THz waves (typically several
hundred micrometer). This is a serious limiting factor, as the
three dimensionality of the structure is important to extend
the functionality as THz optical components.
In recent years, laser processing and 3D printeing have
attracted attention as new techniques for producing threedimensional structures. Laser processing is a top-down
fabrication method that creates a three-dimensional structure
by irradiating a bulk material with laser light to remove
specific parts. Particularly, the use of an ultrashort pulse
laser enables extremely high-precision processing. On the
other hand, a 3D printer is a bottom-up modeling method
that forms a three-dimensional structure by accumulating
materials. Here, the use of laser light is also important for
producing fine structures.
We are developing these technologies and it has become
possible to produce a three-dimensional artificial structure
with a resolution of several tens of micrometers smaller than
the wavelength of the THz wave. In this talk, I introduce the
development of three-dimensional artificial structures for

THz wave control by using laser processing and 3D printing
technologies.

2. THz moth-eye structure fabricated by
femtosecond laser processing
A structure in which fine protrusion structures smaller than
the wavelength are periodically arranged is called “motheye”, which eliminates the discontinuous change in the
refractive index of the material interface that causes Fresnel
reflection and functions as a broadband antireflection film
[1]. For many THz applications, it should be important to
use a moth-eye structure to suppress the Fresnel reflection
loss. However, in the THz region where the characteristic
size is on the order of several tens to several hundreds of
micrometers, it has been difficult to fabricate using
conventional processing methods. We have succeeded to
fabricate a moth-eye structure of about 30 μm and a height
of about 100 μm was formed in a 6 mm square area by
scanning the focal point of the ultrashort pulse laser on the
surface of a high-resistance silicon substrate, (Fig. 1). The
transmission spectrum of the moth-eye structured subtracted
on the both sides was evaluated by THz time-domain
spectroscopy, and it was observed that the transmittance
increased over a wide range from 0.5 to 2.5 THz, showing
good agreement with the simulation results [2]. This
revealed that the three-dimensional structure fabricated by
this method functions as a broadband antireflection film in
the THz region.

Figure 1: Microscopic image and cross-sectional profile of
silicon moth-eye structure fabricated by femtosecond laser
processing.
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3. Fabrication of THz high-pass filter
using 3D printing
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Figure 2: (a) Optical microscope image and (b) THz
transmission spectrum of the THz high-pass filter fabricated
by the 3D printer and gold plating.

4. Conclusions
As introduced in this talk, new fabrication technologies
such as laser processing and 3D printing have sufficient
performance for fabricating artificial structures for
controlling THz waves. In the future, it may be a powerful
new method for developing THz optical elements.
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Bismuth shows outstanding optical properties, including a
metal-like response in the ultraviolet-visible and a dielectric
character with a giant refractive index in the infrared.
Herein, we explain how this enables bismuth-based
metamaterials to show a remarkable optical response over
these spectral regions. Such response can be tuned in a static
way by suitable metamaterial design and in a dynamic way
by harnessing the solid-liquid transition of bismuth. We
discuss the applications of such metamaterials to
information technology, energy harvesting and sensing.

fraction of the nanostructures within the metamaterial can be
melted to tune its optical response in an analog manner [4].
These properties make suitably designed Bi-based
metamaterials appealing for several photonic applications:
(i) they enable the analog tuning of the amplitude and phase
of light in the visible regime, as needed for high density
information processing [4]; (ii) they enable an efficient
trapping of ultraviolet-visible and/or infrared light in
subwavelength dimensions, as needed for photodetection or
solar energy harvesting [3,5]; (iii) they enable optically
monitored sensing with a high figure of merit as needed for
ultrasensitive non-invasive sensing applications.

1. Introduction
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character with a giant refractive index (n~10) in the infrared
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in the corresponding spectral regions [3,4]. Herein, we show
how to tailor and assemble such building blocks to achieve
Bi-based metamaterials showing an optical response tuned
by design in a selected spectral range from the ultraviolet to
the infrared. Besides such static tuning, we show how to
harness the solid-liquid transition of the Bi nanostructures
for an active tuning of the metamaterials’ optical response.
Finally, we discuss the applications of such metamaterials to
information technology, energy and sensing.
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Abstract

2. Results
The considered metamaterials are built from Bi
nanostructures: nanoparticles, nanorods, nanofilms with a
three-dimensional distribution within a transparent matrix.
By suitably selecting the nanostructure morphology and
organization, their plasmonic and high-index response can
be tailored and hybridized with cavity modes to tune the
spectral response of the metamaterial. Such tuning can be
achieved both in the ultraviolet-visible and infrared, to
achieve ultranarrow resonances or a broadband perfect
absorption of light. These spectral features can also be tuned
dynamically by harnessing the solid-liquid transition of the
Bi nanostructures. In particular, upon controlled heating, a
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Abstract
In this work, we present our recent work on manipulating the polarization of electromagnetic waves with metastructures.
We start from how to tune the polarization of electromagnetic waves via time retardation with a microstructured surface, and
then to control them based on a dispersion-free metastructure. Further, we show a freely tunable polarization rotator for
broadband terahertz waves by using a metastructure, and also an example on dynamically switching the polarization of the
infrared light based on the phase transition of vanadium dioxide. The investigations provide some guidelines to control the
polarization of electromagnetic waves at subwavelength scale.
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Abstract
In this work single-walled carbon nanotube tuning
properties are studied for phase shifting applications. The
dielectric rod waveguide with loaded carbon nanomaterials
was experimentally studied in ultra-wide frequency band of
0.1-0.5 THz.

1.

Introduction

The research and development in the frequency region of
0.1-1.0 THz is extremely significant for the wide range of
applications, such as telecommunication and imaging
systems, material spectroscopy, medical imaging and
treatments, etc. Despite the problems in technology and high
prices for basic components (phase shifters, directional
couplers, etc.), the THz systems offer higher date rates for
telecommunication, high spatial resolution in the
visualization of objects, small size of antennas and other
elements. The state-of-the-art of the THz devices reveals
serious problems with radiation sources with continuous
wave semiconductor-based source, electronically tunable
phase shifters, amplifiers, etc.
Carbon nanotubes (CNT) offer unique properties due to their
natural small dimensions and outstanding electrical
properties. Their tunability properties makes them very
attractive in application to the THz system [1-3]. Integration
of CNTs with the dielectric rod waveguide (DRW)
technology enables novel technology platform for tunable
THz systems.

2.

absorption peaks related to electron transitions. Therefore,
the change of capacity and resistance under different light
wavelength illumination is different at different
wavelengths (Fig. 3-4)

Results and Discussions

Phase shifter can be developed by introducing the optically
controlled varactor to the DRW [4]. The phase change of
10-20 deg with almost negligible change in attenuation less
than 0.1 dB can be achieved (Fig.1) in the frequency range
of 75-500 GHz. Besides, DRWs have no cut-off frequency
enabling broad band operation. In [5-6], the DRW antenna
was proved to operate in the frequency band of 0.1-1.1 THz.
The effect of the dielectric constant tuning of single-walled
carbon nanotubes under light illumination is observed in the
very wide frequency range of 0.1–1 THz. The optical
absorption spectrum is not uniform and it consists of several

Figure 1: a) Schematic drawing of the two-port S-parameter
measurement setup. DRW is loaded with a CNT layer and
exposed to varying illumination conditions. b) Image of the
measurement setup. c) Measured amplitude shifts due to the
illumination of the CNT layer. d) Measured phase shift. e)
Time dependence of the phase shift in the CNT-loaded
DRW at 150, 220, 400 and 500 GHz.

3.

Conclusions

CNTs are perspective materials for very wide applications
in millimeter wave and THz frequency range. Phase shifter
based on DRW loaded with CNT layer is a perspective
candidate for ultra-wide band device application. The ultrawide band optically controlled CNT-based phase shifter can
enable THz beam steering.
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Figure 2: Radiation pattern measurements of DRW antenna
array at 90 GHz without and with illumination of the CNTloaded DRW.
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Abstract
Highly doped semiconductors are ideal materials to realize
plasmonic and metamaterial based systems operating from
the infrared to the THz frequencies. In this work, we show
that nano-antennas, hyperbolic metamaterials and epsilonnear-zero metasurfaces can be designed with such materials.
These systems are demonstrated to enhance light matter
interactions and can be applied for infrared spectroscopy.

1. Introduction and Results

[2] R. Smaali, F. Omeis, E. Centeno, T. Taliercio, F.
González-Posada, L. Cerutti, Giant Rabi splitting at the
phonon line within all-semiconductor metallicinsulator-metallic antenna, Phys. Rev. B Rapid Com.
100: 041302, 2019.
[3] R. Smaali, F. Omeis, A. Moreau, E. Centeno, and T.
Taliercio, Miniaturizing optical antennas using
hyperbolic metamaterial wires, Phys. Rev. B 95:
155306, 2017.
[4] R. Smaali, T. Taliercio, A. Moreau, E. Epsilon-nearzero enhancement of vibrationalsignals for infrared
spectroscopy, submitted

Owing to their control over the electromagnetic waves
(EW), plasmonic and metamaterial devices are pivotal in a
lot of applications such as for communication, security, and
biomedical domains. There is an increasing demand for such
photonics systems operating from the infrared to the THz
range. The use of doped semiconductors is an interesting
approach to couple infrared radiation with collective
oscillations of electrons leading to the desired plasmonic
resonances.
We theoretically and experimentally demonstrate that
InAsSb is a suitable highly Si-doped semiconductor to
realize: (i) ideal metal-insulator-metal antennas performing
the strong coupling between gap-plasmon and phonon
modes, Fig. 1 [1-2], (ii) miniaturized antennas based on
hyperbolic metamaterials [3], and (iii) epsilon-near-zero
metasurfaces for surface-enhanced infrared spectroscopy
[4].
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Figure 1: (a) Reflectance spectra as a function of the
wavenum- ber and the antenna’s width. (b-e) Maps of the
magnetic field modulus calculated for each absorption lines
labelled in the panel (a). Note that magnetic modulus scales
are different.
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Abstract
Light emission can be significantly suppressed in 3D
photonic crystals at the frequency of a photonic band gap
but a refractive index contrast above 1.8 is needed. We
present 3D quasiperiodic structures that can significantly
reduce the density of states even at lower index contrasts.
The suppression of 10 dB is demonstrated in simulations
with refractive index contrast of 1.4. A refractive index
contrast of 1.6 is investigated experimentally in microwave
regime.

1. Introduction
Complete suppression of light emission can be obtained in
3D photonic crystals at the frequencies of a photonic band
gap. For that to occur the band gaps for light propagation in
different directions should overlap in a certain frequency
range. Structures that were proposed so far require a
refractive index contrast of at least 1.8 to open a complete
photonic band gap [1]. This excludes the application of
glasses and polymers. For these materials directional band
gaps have a smaller frequency range. Also the central
frequencies of directional band gaps differ for different
directions in photonic crystals and thus an overlap cannot be
obtained.
This problem was successfully resolved in 2D photonic
crystals using quasicrystal structures with higher than 6-fold
symmetry [2]. Though the possibility to suppress emission
in structures with an arbitrarily small refractive index was
not investigated, the required contrast was significantly
reduced in comparison with periodic structures. At the same
time the progress with 3D quasicrystals was limited up to
now and complete emission suppression was not
demonstrated so far in low refractive index media [3].
Here we present quasiperiodic structures that allow an exact
positioning of the Bragg peaks in reciprocal space [4]. Using
this approach we demonstrate complete photonic band gaps
with very small refractive index contrast in 2D and strong

emission suppression in 3D structures [5]. Additionally, we
present experimental characterization of the proposed
structure produced by additive manufacturing for the
microwave regime.

2. Results
The quasiperiodic structures were generated using the
levelling of a random wave function. The random wave
function is a sum of N sinusoidal gratings with constant
wave number |𝑔⃗𝑖 | = 𝑔, optimized orientation and random
phase 𝜙𝑖 . The refractive index perturbation is then obtained
by levelling with a sign function:
𝛥𝑛(𝑟⃗) = Δ𝑛 ∙ sgn{∑𝑁
⃗ + 𝜙𝑖 )} (1)
𝑖=1 sin(𝑔𝑖 ∙ 𝑟
The Δ𝑛(𝑟⃗) represents the refractive index variation around
the average index 𝑛̅ . The structure for 46 gratings is
presented in Fig. 1, where 92 Bragg peaks are
homogeneously distributed on the sphere keeping an
icosahedral symmetry.

Figure 1: a) The distribution of the 92 Bragg peaks (46
gratings) on the sphere of radius 1. b) A small volume of
the structure obtained by the overlap of the gratings from
a).
The emission in the quasiperiodic structure is studied
numerically by introducing a small dipole in the center of
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the simulation volume. The emission is compared to the
emission in a homogenous structure with the mean
refractive index 𝑛̅ . The structure size is increased to
evaluate the maximal emission suppression. In the case of a
complete photonic band gap, the suppression should
increase exponentially with the structure size. In our
structures we observe a saturation of suppression at large
volume sizes, approaching 10 dB maximal suppression (see
Fig. 2). A similar behaviour is observed for a larger number
of gratings and a smaller refractive index contrast of 1.38.
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The proposed structures were also manufactured using a 3D
printer for the 40 GHz microwave range. For that
polylactide (PLA) plastic was used which has a refractive
index of approximately 1.59 at this frequency. The
transmission through the slab of structured material was
measured at different angles indicating the original
distribution of Bragg peaks in reciprocal space.

Figure 2: Normalized power emitted by a dipole antenna
in the quasiperiodic structure with 46 gratings and a
refractive index contrast of 1.6. The power is
normalized to emission in the homogeneous medium
with refractive index 1.3. The frequency is normalized
by the wave number of the gratings and the speed of
light. Different structure sizes 𝐿 are shown, the lattice
constant of the gratings was 220 nm.

3. Discussion and conclusion
The obtained results show that 10 dB suppression can be
obtained in low refractive index media by careful reciprocal
space design. Quasiperiodic structures allow an optimized
distribution of Bragg peaks in reciprocal space which are
not bound to periodic boundary conditions. The application
of levelling and random phase distribution leads to
homogenous structures out of two materials, where one
material can be air.
The suppression of 10 dB in glasses and polymers opens the
way for strong light manipulation with low refractive index
media. Further investigations are required to improve the
suppression beyond 10 dB.
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Abstract
We use the Schur complement and partial factorization
to compute the scattering matrices of large-scale complex optical systems and large-area metasurfaces, achieving
orders-of-magnitude speed-up and reduced memory usage
over existing methods.

1. Introduction and Background
The linear transport of any static optical system is fully
characterized by its scattering matrix S, which maps
any incident wavefront β (expressed as a vector) to
the
! corresponding outgoing wavefront α through αn =
m Snm βm . Scattering matrices are used extensively in
wavefront shaping and imaging in scattering media [1], and
they also fully describe the incident-angle-dependent transmission and reflection from metasurfaces [2] and the inputoutput relations in photonic circuits [3], with no approximation. However, numerical computation of the S-matrix requires significant computing time and memory, so existing
methods can only compute the S-matrix for small systems.
Electromagnetic scattering problems in frequency domain can be written as a system of linear equations Ax = b
where matrix A = −(ω/c)2 εr (ω, r) + ∇ × µ−1
r (ω, r)∇×
is the electric-field Maxwell operator, and x and b are the
electric field profile E(r) and the equivalent source profile
respectively written as column vectors. Given one input
bm , solving the scattering problem reduces to the standard
problem of solving for xm = A−1 bm . However, this only
yields the m-th column of the S-matrix. To characterize
the system’s response to M $ 1 distinct input states, such
computation needs to be repeated M times.
Iterative methods for solving xm = A−1 bm can minimize memory usage but do not scale well with M . Direct
methods can reuse the LU factorization of matrix A but take
more memory. Also, both methods involve repetition over
the M input states so they are slow when M is large, and
they both compute unnecessary information such as field
profiles in the interior of the system. The recursive Green’s
function method (RGF) and rigorous coupled-wave analysis (RCWA) can compute the full S-matrix without looping
over inputs but scale poorly with the system size as they do
not make use of the sparsity of matrix A in the transverse
directions.
Here, we propose and implement a new frequencydomain method that can compute the entire S-matrix in one
shot with no repetition while making full use of the sparsity of all matrices involved. Our method is applicable to

complex systems with arbitrary εr (ω, r) and µr (ω, r) tensors, and for large systems it is orders of magnitude faster
than all of the above-mentioned methods while using less
memory.

2. Methods
We start by recognizing that the scattering matrix S can be
concisely written as
S = CA−1 B − D,

(1)

where the m-th column of matrix B = [b1 , . . . , bM ] is
the equivalent source profile that generates the m-th input
state, the n-th row of matrix C is the conjugated profile
of the n-th output state on the surface or a near-to-far-field
transformation, and matrix D optionally subtracts incident
fields from the input/output configuration. Under spatial
discretization, matrices A, B, C, D are all sparse.
Traditional iterative and direct methods compute X =
A−1 B, which contains much more information than is
needed. To compute only what is needed, we directly evaluate the much smaller matrix CA−1 B by constructing a new
sparse matrix K and performing a partial LU factorization
on it,
"
# "
#"
#
A B
L 0
U F
K≡
=
.
(2)
C D
E I
0 H
Here, L and U are lower-triangular and upper-triangular
matrices, and I is the identity matrix. The factorization is
partial as it stops after factorizing the upper-left block of K
into A = LU. Importantly, such L and U factors are not
what we are interested in. By equating the middle and the
right-hand sides of Eq. (2) for each of the four blocks, we
can see that matrix H, called the Schur complement, satisfies H = D −CA−1 B and gives the scattering matrix in
Eq. (1). The Schur complement is often used in domain
decomposition methods [4], but here we use it in an unconventional way to compute the scattering matrix S in a single
step with no repetition and without evaluating X = A−1 B.
The computing time of the proposed method only depends weakly on the number M of input states because the
partial factorization time is dominated by the large matrix
A instead of the smaller matrices B and C; the number
of non-zero elements in B and C can be further reduced
through a change of basis. The sparsity patterns of all matrices are maintained and can be fully utilized in the partial factorization process. Furthermore, storing matrices L

Figure 1: Computation time of the proposed method and other methods when solving for M columns of the scattering matrix,
for (a) a 500λ × 100λ disordered medium and (b) a 1 mm × 600 nm metalens. Solid symbols are raw data, and open symbols
are data extrapolated from smaller M or smaller systems.

Disordered medium
Metalens

This work
11.0
33.3

MaxwellFDFD
173.6
118.8

RGF
7.0
∼700

S4
∼1200
∼600

Table 1: Memory usage, in GB. The RGF and S4 values are extrapolated from smaller systems.
and U is typically the memory bottleneck for direct methods, but our method does not use L and U so we can drop
them during the factorization process to significantly reduce
memory usage.

memory.
The proposed method can readily apply to 3D vectorial
simulations, with arbitrary discretization schemes, and can
be generalized to compute other quantities such as force,
torque, and differential scattering cross sections.

3. Results
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Abstract
The growing demand on reconfigurability in neuromorphic computing, quantum computing and microwave photonics is
attracting increasing attention towards design and optimization of active integrated photonic components. Phase change
materials are materials in which phase transitions can be induced quickly and reversibly, resulting in pronounced changes
of their physical properties. Phase change materials are becoming increasingly popular element of photonic components
for manipulation of light. By changing a phase of the material near a localized electromagnetic element, being a part of an
electronic or optoelectronic component or a functional element of a metamaterial, it is possible to realize non-volatile,
reconfigurable, time dependent and (re)programmable functionality. Due to a drastic change of the material properties
during the phase transition resulting in the time-dependent changes in the absorption rate and heat conduction near the
switched element, one has to describe electromagnetic, thermal and phase transition processes in a self-consistent manner.
In this presentation we report on recent developments and applications of a multiphysics description of phase change
material based nanophotonic systems.
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Abstract
In this paper, we introduce our research based on the singular
eigenstates in EP. The first is formation of circular
polarization eigenstates and the second is formation of
Huygens dipoles at EPs. The studies introduced in this paper
provide new photonic functionalities caused by the singular
eigenstates at EP in NH systems.

1. Introduction
In recent years, the physics of systems described by nonHermitian (NH) Hamiltonians has attracted a great deal of
attention from researchers. The NH systems with PT
symmetry exhibit PT phase transition from PT symmetric
phase to PT broken phase across exceptional point (EP). The
eigenvalues and eigenmodes coalesce at the EP, which is very
unique property of NH system with PT symmetry [1].
Since photonic systems are naturally described by NH
Hamiltonian due to radiation loss and material gain/loss,
many photonic systems involving NH photonics have been
reported and shown variety of intriguing phenomena [2].
So far, many studies have been reported on NH photonics,
but only a few have focused on the phenomena occurring
directly at the EP [3]. Especially, few studies have focused on
singular eigenstates with ±π/2 phase difference.
In this paper, we introduce our research focusing on the
singular eigenstates in EP. The first is formation of circular
polarization eigenstates [4] and the second is formation of
Huygens dipoles [5] at EPs. The studies introduced in this
paper provide new photonic functionalities caused by the
singular eigenstates at EP in NH systems.

2. Singular eigenstate at EP
The simplest example of photonic systems described by NH
Hamiltonian with PT symmetry is coupled two resonators
described by 2x2 matrix as follows,
𝑖𝛾
𝜅
ℋ=(
).
𝜅 −𝑖𝛾
Here, γ is loss/gain rate of resonators and κ is a coupling
constant. Eigenfrequency and eigenstates of the Hamiltonian
are
𝜔± = ±√𝜅 2 − 𝛾 2
and

1
(−𝑖𝛾 ± √𝜅 2 − 𝛾 2 ).
𝜅
When κ = γ, the eigenvalues and eigenstates coalesce,
which means only one mode can exist in spite of a coupled
two resonator system. The singularity point is called an EP in
NH systems. The eigenstate at EP can be written as,
1
(
),
−𝑠𝑖𝑔𝑛(𝜅)𝑖
which means the relative phase difference between two
resonators is ±π/2 and the sign is determined by the sign of
the coupling constant κ. In this study, we investigate physical
phenomena induced by the singular eigenstate with ±π/2
phase difference in photonic systems.

3. Circular polarization eigenstates at EP
First, we introduce switchable polarization eigenstates in a
NH plasmonic system by using GST phase transition. we
discuss about circular polarization eigenstates induced by
singular eigenstates at EP in Jones matrix [3]. Figure 1(a)
shows the proposed coupled plasmonic resonators. Although
the x- and y-bars cannot couple due to the symmetry in the
case of dx = 0 nm, symmetry breaking due to the shift dx
induces the coupling between the bars and coupling strength
can be controlled through the value of dx.
To achieve the system described by a NH matrix with
(passive) PT symmetry, GST is put at the one end of the ybar as an additional loss material (Fig. 1(a)), which introduces
loss contrast between the x- and y-bars (difference in
imaginary parts of diagonal terms). At 1.5 μm, crystal phase
GST has finite loss while material loss is negligible in
amorphous phase. Therefore, the system described by a NH
matrix with (passive) PT symmetry is realized only by crystal
phase GST. Once GST phase is changed to amorphous, the
system becomes the system described by usual Hermitian
matrix, which suggests that GST phase transition is applicable
to reconfigurable NH photonic systems at near infrared
frequency region.
Figure 1(b) shows trajectories of the polarization
eigenstate derived from Jones matrix on Poincaré sphere in
the case of crystal GST. As the shift dx increases, two
polarization eigenstates move from x-, y- polarization to ±45degree polarization. Importantly, two polarization eigenstates

approach the same pole (left-circular polarization), which
indicates PT phase transition through the EP occur in
polarization space. The circular polarization eigenstate
corresponds to the singular eigenstate (1, i) at EP in x, y basis.
Therefore, the proposed plasmonic system loaded by crystal
GST can be described by NH matrix with loss biased PT
symmetry.
Figure 1(c) shows the trajectories for amorphous GST. In
contrast to the results of crystal GST, the trajectories are
always on the equator of the Poincaré sphere, which means
polarization eigenstates are linear polarization regardless of
the coupling strength. The results show that the system is
described by usual Hermitian matrix because of negligible
loss of amorphous GST. By using crystal-amorphous phase
change of GST, polarization eigenstates can be switched from
elliptical to linear polarization.

Figure1: (a) A schematic of the proposed structure.
Trajectories of polarization eigenstates on Poincaré
sphere for (b) crystal and (c) amorphous phases.

4. Huygens dipole formation at EP
Next, we introduce formation of Huygens dipole by the
coupled SRRs described by NH Hamiltonian due to the
difference in radiation losses. Huygens dipole is defined as a
combination of electric and magnetic dipoles which arranged
orthogonally each other [6]. Radiation fields from a Huygens
dipole survives at only one direction and the radiation to the
opposite direction is eliminated by destructive interference.
Therefore, unidirectional radiation can be achieved by
formation of Huygens dipole in artificial structures.
In order to mimic electric and magnetic dipoles in
artificial structures, induced electric and magnetic dipoles in
a split ring resonator (SRR) at the lowest resonance are
employed (Fig. 2(a)). Different gap orientations of SRRs
makes the system NH. Since phase of electric and magnetic
dipoles are initially different by π/2, 0 or pi phase difference,
which is necessary for Huygens dipole, can be obtained at the
singular eigenstates with π/2 phase difference at EPs.
By sweeping geometrical parameters, we can observe two
EPs, which is manifested by self-intersecting Riemann
surface structure in complex eigenfrequencies (Fig. 2(b)).
These EPs correspond to singular eigenstates by positive and
negative coupling constants. We expect that unidirectional
radiation due to the formation of Huygens dipoles should be
observed at two EPs. To confirm this, we plot z-components
of Poynting vector Pz at upper and lower surfaces of
simulated models as shown in Fig. 2(c). Black arrows indicate
direction and amplitude of Poynting vector in a log scale.
Clear unidirectionality is observed at EP1 and EP2, which
support the formation of Huygens dipoles. Furthermore, the
radiation direction reverses between EP1 and EP2, meaning

that the sign of the coupling constant flips from negative to
positive.

Figure2: (a) A schematic of the proposed structure. (b)
Real eigen frequency surfaces for the coupled system. (c)
Poynting vector flows at EPs.

5. Summary
In this study, we introduced photonic phenomena induced by
singular eigenstates at EPs in NH systems. The singular
eigenstate with π/2 phase difference is unique property of EP
in NH system, which can not be achieved in usual Hermitian
coupled systems. First, we proposed and numerically
investigated the switchable polarization eigenstates in the NH
plasmonic system by using GST phase transition. The loss
contrast was introduced by adding crystal GST, and PT phase
transition through the singular eigenstate at EP was
demonstrated. Moreover, crystal-amorphous phase change of
GST realized the switching of the polarization eigenstates
from elliptical to linear polarization. Next, we theoretically
and numerically investigated the coupled SRRs described by
NH Hamiltonian due to the difference in radiation losses.
Unidirectional radiation was observed at singular eigenstates
at EPs, which support the formation of Huygens dipoles.
Furthermore, the radiation direction reversed between EPs,
meaning that the sign of coupling constats flip from negative
to positive. The photonic functionalities originating from
singular eigenstates at EPs would pave the way to realize
reconfigurable NH based photonic devices.
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Abstract
Metamaterials have been primarily studied in electromagnetics and acoustics to date. In the fields of photonic and phononic crystals, structures simultaneously exhibiting both photonic and phononic—so-called phoXonic—properties have been proposed, but this has not been
done for metamaterials. Here we propose the concept of a
phoxonic metamaterial, and demonstrate a working design
in the GHz electromagnetic and kHz acoustic range that
can simultaneously exhibit negative electromagnetic refraction at the same time as being a single-negative acoustic
metamaterial. Possibilites for quadruple-negative phoxonic
metamaterials, that exhibit dual double-negative behaviour,
and applications to acousto-optic modulation are envisaged.

1. Introduction
Phoxonic crystals are periodic structures that are at
the same time photonic and phononic crystals. First
proposed theoretically,[1, 2] they were later verified
experimentally.[3, 4] Simultaneously confining photons
and phonons because of photonic or phononic band
gaps, they show applications in sensing and cavity
optomechanics.[4, 5]
Metamaterials are artificial media composed of unit
cells much smaller than the wavelength. First developed for
electromagnetic waves, they exhibit counterintuitive properties such as negative refractive index[6] and cloaking[7].
Such behavior is determined by the electrical or magnetic
character of the constitutent meta-atoms. Over a similar period of time, acoustic metamaterials showing negative effective density and modulus were introduced.[8, 9] In the
acoustic case, many studies have focused on various phenomena analogous to those in electromagnetism.
In spite of this progress, the obvious step of combining
electromagnetic with acoustic metamaterials in one structure, i.e., the creation of a phoxonic metamaterial, does not
appear to have been carried out. Such a system would have
similar advantages to phoxonic crystals, but with the added
convenience of easier miniaturization. Phoxonic metamaterials with simultaneously negative dielectric constant, magnetic permeability, density and modulus—which could be
termed quadruple-negative phoxonic metamaterials—may
make interesting candidates for acoustic-optic modulators

in the form of flat superlenses.
Here we propose a realisable design for a phoxonic
metamaterial, that exhibits negative electromagnetic refraction for GHz electromagnetic waves at the same time as a
complete metamaterial band gap for kHz acoustic waves,
and demonstrate its properties by numerical simulation.

2. Phoxonic metamaterial design
Our design is based on a modification of the doublenegative microwave electromagnetic metamaterial proposed in Ref. [11], by incorporating a low elasticmodulus silicone rubber layer, as shown for a unit cell
in Fig. 1. A central high-dielectric constant (!=38,
loss tangent γ=10−4 ) ceramic disc (Murata Manufacturing, radius 2.33 mm, height 2.03 mm) of Young’s
modulus E=174 GPa, Poisson’s ratio ν=0.31 (from resonant ultrasonic spectroscopy) and density ρ=5136 kg
m−3 is embedded in an epoxy block (Rogers Corp. RT
Duroid 5880, !=2.2, γ=9×10−4 , E=965 MPa, ν=0.34,
ρ=2200 kg m−3 ), itself surrounded by a thin layer of silicone rubber (Ecoflex 00-30, !=2.5, γ=0.01, E=71500 Pa,
ν=0.44, ρ=1030 kg m−3 ). Two copper layers of thickness
9 µm (conductivity 5.7×10−7 S m−1 , E=128 MPa, ν=0.36,
ρ=8960 kg m−3 ) containing hole arrays complete the unit
cell, of dimensions 6×6×3.5 mm3 . The electromagnetic
properties refer to the ∼10 GHz regime. We carried out
numerical simulations in both electromagnetism (ANSYS)
and acoustics (COMSOL) to determine dispersion relations
and propagation characteristics at selected points thereon.
The unit cells and their internal elements are assumed to
be in good acoustic contact (facilitated in practice, for example, by strong clamping or very thin adhesive), including
disc-shaped gaps in the thin copper layers which we assume
are filled with silicone rubber.

3. Dispersion relations
Figure 2 shows the electromagnetic and acoustic Γ−X dispersion relations, both calculated in the absence of losses.
We have marked with a red dot points on the dispersion
relation to focus on. In the electromagnetic case, for a frequency of 11.7 GHz, this corresponds to a point in which
the material exhibits negative permittivity and permeability

ceramic

a local resonance.
In future one would hope to demonstrate by calculation
a metamaterial with the four negative effective parameters
! (permittivity), µ (permeability), B (bulk modulus) and ρ
(density), i.e. a quadruple-negative phoxonic metamaterial.
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T. Hill, A. Krause, S. Gröblacher, M. Aspelmeyer, O.
Painter, Laser cooling of a nanomechanical oscillator into its quantum ground state, Nature 478: 89-92,
2011.

with a y-polarized electric field. For the acoustic case, at
a similar point on the dispersion relation, we can identify
an xz-polarized wave at a frequency of 0.924 kHz, below a
complete (i.e., for all propagation directions) metamaterial
band gap that opens because of the introduction of the silicone rubber layer which supports vibrations of the central
epoxy/ceramic mass. We suspect that the structure corresponds to a metamaterial with a negative effective density,
i.e., a single-negative acoustic metamaterial, exhibited in
the frequency range of the acoustic band gap.
Although we have not yet introduced elements in the
design to produce a double-negative acoustic metamaterial,
the existence of an acoustic metamaterial gap arising from
a local mechanical resonance implies that our structure is
an example of a phoxonic metamaterial with triple-negative
character (i.e., single-negative acoustic and double-negative
electromagnetic).

[6] R. A. Shelby, D. R. Smith, S. Schultz, Experimental
verification of a negative index of refraction, Science
292: 77-79, 2001.
[7] D. Schurig, J. Mock, B. Justice, S. A. Cummer, J.
B. Pendry, Metamaterial electromagnetic cloak at microwave frequencies, Science 314: 977-980, 2006.
[8] Liu, X. Zhang, Y. Mao, Y. Zhu, Z. Yang, C. T. Chan, P.
Sheng, Locally resonant sonic materials, Science 289:
1734-1736, 2000.
[9] N. Fang, D. Xi, J. Xu, M. Ambati, W. Srituravanich,
C. Sun, X. Zhang, Ultrasonic metamaterials with negative modulus, Nat. Mater. 5: 452, 2006.

4. Conclusions

[10] T. Ueda, S. Adachi, N. Michishita, M. Akiyama,
T. Itoh, Multilayered volumetric composite right/left
handed metamaterial structures composed of dielectric resonators and parallel mesh plates, IEICE transactions on electronics 93: 1063-1071, 2010.

We have demonstated by numerical simulation a triplenegative phoxonic metamaterial. In the electromagnetic
case a backward wave is identified for a chosen point on
the dispersion relations below the band gap. For the acoustic case we have identified a band gap that arises because of
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Abstract
By harnessing mechanical and optical resonances in tandem
one can enhance the magnitude of actuation and optical
response in dynamically reconfigurable nanostructures
driven by microwatt optical signals and low-intensity
acoustic vibrations. We review recent work on structures
exhibiting profound opto-mechanical nonlinearity and
bistability.

Summary
Nanomechanical metamaterials represent a highly adaptable
platform of the engineering of profound electro-, magnetoand acousto-optic switching coefficients, and a range of
optical phenomena that are vanishingly small, rare or nonexistent in natural media. Here, we demonstrate systems in
which coupling of near-infrared electromagnetic and MHzfrequency flexural resonances delivers strongly nonlinear
optical properties.
Ponderomotive, non-thermal optical forces can control the
structural configuration and thereby the optical response of

an all-dielectric nanowire metamaterial, enabling all-optical
transmission modulation at in a structure <1/3 of a wavelength
thick, at low (μW/μm2) intensities. This optomechanical
nonlinearity is, moreover, strongly directionally asymmetric
– i.e. dependent upon the direction of light propagation
through the nanostructure.
Nanowires decorated with plasmonic resonators can be
driven to provide a bistable optical response by acoustic
signals modulated at their natural mechanical frequencies.
These hybrid nano-opto-mechanical systems opens new
opportunities to develop low-power photonic switching
devices.

Acknowledgements
This work is supported by the UK Engineering and Physical
Sciences Research Council (Grant Nos. EP/M009122/1 and
EP/T02643X/1) and the Singapore Ministry of Education
(Grant No. MOE2016-T3-1-006). JL and TL would also like
to acknowledge the support of the China Scholarship Council
(grant nos. 201708440254 and 201806160012 respectively).

AES 2022, MARRAKESH - MOROCCO, MAY 24 – 27, 2022

Software-defined reconfigurable metasurfaces for programmable
wireless environments
Maria Kafesaki1,2,*, O. Tsilipakos1,2, Ch. Liaskos1,3
1

Intitute of Electronic Structure and Laser, Foundation for Research and Technology Hellas, 70013 Heraklion, Greece
2
Department of Materials Science and Technology, University of Crete, Heraklion, Greece
3
Department of Computer Science and Engineering, University of Ioannina, Greece
*corresponding author, E-mail: kafesaki@iesl.forth.gr

Abstract
Programmable reconfigurable metasurfaces are expected to constitute a key element in the future programmable wireless
environments. Here we discuss the design and fabrication of a programmable, reconfigurable and multifunctional metasurface
able to operate as all-angle perfect absorber, beam steering and beam focusing device, accounting also for all aspects imposed
by the programmability incorporation.
Reconfigurable intelligent metasurfaces are a subject of intensively increasing investigation in recent years, as they are
associated with great potential in the realization of advanced wireless environments, important for 5G and beyond wireless
communications. A key feature in such environments can be the programmability, i.e. the ability to dynamically control the
wave propagation via software. To this extend software-defined metasurfaces, i.e. metasurfaces with multifunctional,
reconfigurable response controllable (dynamically) via a software, are associate with unique potential. In this talk we will report
our efforts to realize such a programmable reconfigurable metasurface. Our designed and fabricated metasurface is able to act
as all-angle perfect absorber, beam steering and beam focusing device, being also compliant with all the practical restrictions
imposed by the programmability incorporation. The reconfiguration of the metasurface is achieved via integrated circuits acting
as varactor-varistor elements, able to offer local control and a continuously tunable impedance [1-3].
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Abstract
With the increasing focus on ecological compatibility and recyclability of electromagnetic materials, immense efforts are applied
to find cheap and bio-friendly alternatives. Such material at microwave frequencies can be just conventional water. Water in
this range of interest has high dielectric permittivity, and can be used to engage strong Mie resonances in the devices performance
for enhanced scattering and absorption of microwaves even in single inclusions. In the talk I review different water-based devices
for microwave control and sensing. Among the effective implementation of water-based elements there are examples of
metasurfaces, absorbers, dielectric resonance antennas, radio-frequency components and structures with a so-called bound state
in the continuum as a sensor.
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Abstract
Metasurfaces have a remarkable capability to synthesize complex wavefronts, with diverse applications in beam
focusing, imaging, and flat optics. Complementing established applications, we show how the ability to steer waves
can be seen as a mechanical phenomenon, and how the underlying metasurface physics can be harnessed to shape
optomechanical forces. We discuss the potential of metasurfaces as ideal platforms for optomechanics because of
their large-area and ultra-lightweight form factor. Such metasurface control of optical forces can facilitate novel
approaches to optical levitation and propulsion at the macro scale.
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Abstract
Here we review how cloaks for dc and low-ac magnetic fields have been theoretically proposed and experimentally
demonstrated using different approaches. They range from exact cloaks for uniform dc fields to actual cloaks being used in
future particle accelerators. We also present how the cloak of static and quasistatic magnetic fields by metamaterials can be
realized in very simplified situations, including the case of using only a single homogeneous and isotropic material.
We thank European Project MetaMagIC for support.
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Abstract
A variorder Bessel beam generator is experimentally demonstrated with two metasurface devices. Two cascading
metasurfaces are employed to generate Bessel beams in the terahertz range. The order of generated Bessel beam can be turned
by rotating the metasurface. The order of the Bessel beam is changed from zero-order to fourth-order when the rotation angle of
metasuface components from 20 degrees to 80 degrees.
Bessel beam which is a kind of diffraction-free beams with superior self-healing capability has many potential applications
in the fields of optical particle control, microscopy, nonlinear optics, materials processing, and quantum communication [1-4].
Generally, an axicon is used to generate Bessel beam. In 2015, Wei et al. demonstrated a high-order terahertz Bessel beam using
a polymer spiral axicons with different topological numbers, which is fabricated with 3D printing technique [5]. In 2017, Wu et
al. further generated a zero-order terahertz Bessel beam by using a terahertz quarter wave plate and Teflon axicons [6]. However,
this method is rather inefficient, because large size of axicon is unprofitable for devices miniaturization. Recently, rapid
developments of metasurface provide new opportunities to realize ultracompact and high-efficiency terahertz devices.
Metasurfaces are ultrathin artificial structures composed of sub-wavelength meta-atoms with arranged in a special sequence,
which have extraordinary capabilities to control electromagnetic wavefront based on Huygens’ principle [7-8]. In 2017, Chen
et al. designed a wavelength-independently subwavelength Bessel beams using metasurfaces, they experimentally achieved the
meta-axicons with a high NA up to 0.9 capable of generating Bessel beams with full width at half maximum about as small as
~λ/3 [9]. Whereas, this device is static, which means that the order of Bessel beam is non-tunable once the opening angle of
axicon is fixed.

Fig. 1 Experimentally measured intensity and phase distributions of Bessel beams with different orders.
Here, a device which consists of two metasurface components placed face to face is designed to generate Bessel beams
with tunable order in the terahertz range. The order of Bessel beam can be changed linearly by rotating one of metasurface
relative to another metasurface. The basic elements of the designed metasurface are silicon pillar with heigh of 300 µm and

variable diameters changing from 30 µm to 160 µm, which was fabricated on a silicon substrate with heigh of 700 µm and
periodic of 200 µm using the reactive ion beam etching technique. The performances of the device are measured with a homebuild terahertz focal plane imaging system. Experimental results demonstrate that a zero order Bessel beam is obtained when
the rotation angle between two metasurfaces is zero, and the order of Bessel beam can be changed from first-order to fourthorder when the rotation angle is increased from 20 degrees to 80 degrees with a step of 20 degrees. The measured intensity and
phase distributions are shown in Fig. 1, it can be seen the Bessel beams with different order have been generated well.
This work demonstrates an approach to generate tunable special field distributions with radially symmetric and provide a
way to construct active metasurface devices.
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Abstract
Metasurfaces have the potential to emerge as essential components for classical and nonclassical optical fields. In this talk, I will
first present two examples on how to use metasurfaces to design quarter-wave plates that can not only allow broadband circularto-linear polarization conversion but also generate vector vortex beams or function as a versatile beam splitter. After that, I will
talk about a conceptually new approach to the room-temperature generation of circularly polarized, well-collimated single
photons.
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Abstract
Since the sensitivity around EPs is significantly enhanced, Non-Hermitian photonics has become an emerging research area
that has been extensively studied in different spectral regions using various optical systems. Here, we demonstrate sensing of
amyloid-beta (Aβ) protein, a well-known precursor for Alzheimer's disease by an abrupt phase transition near an exceptional
point in non-Hermitian metasurfaces. The efficacy of the proposed sensing scheme is experimentally verified by detecting a
minuscule amount of the monomer form of A! at the sub-picomole level.
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Abstract
In this talk I will consider space-time metamaterials of
travelling-wave type and introduce the theory of
homogenisation of these modulated media [1]. This
framework provides analytical expressions for the effective
permittivity, permeability and magnetoelectric coupling of
these media in the long wavelength limit. From the derived
parameters we will see how it is possible to achieve
nonreciprocal effects away from the asymmetric band gaps,
and even down to the quasistatic limit if both the
permittivity and permeability are modulated, and how the
synthetic motion present in these systems allow us to make
a link to the Fresnel drag effect of light in moving media
[2].
Our theory also unveils a regime when the modulation
speed approaches that of waves in the background medium
where homogenisation breaks down and a new mechanism
for gain emerges [3], enabling a form of nonreciprocal
broadband amplification that could be realised in graphene
[4], or that could be chirally selective by implementing an
Archimedes screw for light [5].
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(a) Sketch of pace-time modulation of the permittivity
and/or permeability of travelling wave kind. (b,c) The
long wavelength dispersion relation of the
electromagnetic modes is nonreciprocal if both the
permittivity and permeability are modulated, and the
sign and magnitude of the bianisotropic coupling can be
tuned with the modulation parameters, e.g. by
modulating the permittivity and permeability in or outof phase, and by modulating at speeds larger or smaller
than the speed of light in the medium. Reproduced
from [1].
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Abstract
Mid infrared wavelength is unique to apply the detection of the small amount of molecules with molecular vibration or rotational
modes. Especially absorption type of frequency selective meta surface can be used for the mid infrared light source, detectors
according to the Kirchhoff’s thermal ra- diation low. Here we summarized the recent progress of plasmonic meta surfaces in
mid infrared wavelength region. The experimentally measured optical properties were com- pared with simulations by Finite
difference time-domain calculations. Also, we demonstrate applications of these structures for the plasmonic IR-light sources
and detec- tors.and another sensing devices.
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Abstract
We design, fabricate and experimentally test waveguide arrays with subwavelength width and periodicity to manipulate the
spatial phase of microwaves. The electromagnetic performance of the waveguide arrays is optimized by use of a particle
swarm algorithm. For example, we implement a waveguide array wall that transmits microwaves with incidence angles
between -80 and +80 deg with a transmittance of more than 88%, a spatial filter that refracts incident waves with incidence
angles smaller than +/-20 deg at a refraction angle of 0 deg in the forward direction and a device that deflects normally incident
waves at very large deflection angles in the backward direction.
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Abstract
The demonstration of exotic electromagnetic metasurfaces
has benefited from the advance of computational electromagnetic simulations and the continued maturation of
nanolithography. Recently, deep learning has shown a unmatched ability for the forward and inverse design of electromagnetic metasurfaces. I will overview this exciting and
rapidly expanding area of research, highlighting novel examples and provide an outlook.

1. Introduction
Electromagnetic (EM) metasurfaces, or simply metamaterials (MMs), have demonstrated novel electromagnetic phenomena that is difficult or impossible to achieve with naturally occurring materials. [1] One reason for the success of MMs was their simple underlying design principles.
Specifically, one could design relatively advanced EM response through specification of only a few unit-cell geometrical parameters. The unit-cell was then replicated to
form a larger surface or volume, and since metamaterial are
sub-wavelength, the larger arrays maintained unit-cell EM
properties. The underlying sub-wavelength design principles afforded another salient MM property – that of electromagnetic similitude. That is, since metamaterial design requires conductive sub-wavelength resonant elements, they
could be scaled to any band of the electromagnetic spectrum where these requirements could be met.
Although great success has been achieved with the
metamaterial approach, it is fundamentally a forward design process. That is, one is guided by theory, computational EM simulations (CEMS), experiments, and intuition.
As more advanced metamaterial structures are sought, including all-dielectric metasurfaces – as well as their combination with exotic natural materials – a trade between design simplicity and exotic EM properties arises. Theory
may be incomplete and insufficient to guide design of the
desired EM response. Further the parameter space may be
too large to permit an exhaustive search, with little guidance
from the intuition afforded to the simpler classical metamaterial designs. [2]
Ideally, one would like to specify some desired electromagnetic response, and then to have some design process
give the metamaterial geometry and constituent materials
for such a response. [3] Such a design process is called
an inverse problem, and is an outstanding problem in many
fields including electromagnetic metamaterials and meta-

surfaces. We overview deep learning based forward and
inverse design of metasurfaces.

2. Results
In this work we investigate deep inverse methods for design of metamaterials and metasurfaces with the goal of
achieving a desired scattering property, such as reflectivity,
transmissivity, or absorptivity. Our approach uses a forward
trained deep neural network which is specially designed to
solve ill-posed inverse problems. Here we compare several
inverse methods based on deep learning on three metamaterial design problems. Our results indicate that deep learning
inverse methods produce accurate designs to achieve a custom desired scattering. [4] We also demonstrate that not
all metamaterial design problems are ill-posed, and in such
cases a conventional deep neural network is the best choice.
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Abstract
This presentation focuses on the results obtained during the two projects SAFAS and SAFASNAV, which highlight the evolution
from the concept of broadband absorber with metamaterials to a realization of this concept in structural material for naval
application. The French Ministry of Defense (DGA), through the National Research Agency (ANR) and the Astrid and Astrid
Maturation programs, funded the research that led to these results. The simulation results were obtained using GENCI's HPC
resources (Grant c2016107558).
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enabling subwavelength control of guided waves
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Abstract
Metasurfaces with unparalleled light controllability have shown great potential to revolutionize conventional optics. However,
they mainly require free-space light excitation, making it challenging to integrate them on-chip fully. Here, we present
metasurface-incorporated waveguides that synergize subwavelength metaphotonic architectures with photonic integrated
waveguide platforms. Such meta-waveguides achieve various functions in a completely integrated platform, such as steering
and focusing guided waves into free space, projecting holograms with controlled phase and amplitude control, and generating
laser emission carrying orbital angular momenta. Our study shows a viable route toward complete control of light across
integrated photonics and free-space platforms and paves the way for creating multifunctional photonic integrated devices with
agile access to free space.
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Abstract
Nnanostructures can be exploited to enhance nonlinear
optical processes via the strong light confinement by their
resonant modes. The sensitive dependence of these modes
on the geometry and material composition offers ample
opportunities for tailoring the optical response of the system.
I report about sum-frequency generation (SFG) by
individual dielectric and plasmonic nanocylinders, pumped
by two pulsed beams with different photon energies. A rich
size- and polarization-dependent behavior is observed,
disclosing strategies to manipulate the nonlinear properties
of nanoscale systems.

1. Introduction
Nanoscale optical integration is nowadays a strategic
technological challenge and the ability of generating and
manipulating nonlinear optical processes in sub-wavelength
volumes is a key-enabling asset for the realization of
efficient probes for sensing and photonic sources for the
next-generation communication technologies. Yet, to date,
confining nonlinear processes beyond the diffraction limit
remains a challenging task because phase-matching
conditions, which ensure efficient energy transfer from the
fundamental to the nonlinear wave in the bulk, cannot be
realized at the nanoscale.
Significant efforts have been recently devoted to the
investigation of nonlinear optical processes in plasmonic
nanoantennas [1,2]. The strong local field enhancement they
exhibit makes them promising candidates to overcome the
lack of phase-matching at the nanoscale. In this framework,
we devised a plasmonic nanoantenna working in the nearinfrared region of the electromagnetic spectrum, which
allows boosting the second-harmonic generation (SHG)
efficiency. This is achieved by optimizing the nanoantenna
geometry to feature (i) a doubly resonant response at both
the fundamental and emission wavelengths; (ii) a spatial
overlap between the modes involved in the process; and (iii)
a broken symmetry, to enable efficient SHG through

electric dipole emission. We found that this nanoantenna
concept behaves like a strongly coherent nanoscale light
source, featuring low photoluminescence in the visible
range and a marked third-harmonic generation (THG) along
with an intense SHG [3]. We recently applied this concept
to an extended array of non-centrosymmetric nanoantennas
demonstrating its potential for nonlinear sensing [4].
Due to the relatively low nonlinear conversion efficiencies
in these nanoscale systems, a widely accepted approach
consists in treating independently different order nonlinear
processes such as, for instance, THG and SHG. We show
that this paradigm can dramatically fail in these noncentrosymmetric plasmonic nanoantennas, highlighting a
SHG-mediated cascaded pathway in THG [5]. This
mechanism can be unveiled thanks to the commensurate
emission yields of SHG and THG in this nanostructure. We
have disentangled this cascading effect from bulk mediated
THG based on the characteristic nonlinear emission
fingerprint of these processes, which can be identified
through the analysis of the overall emission polarization.

2. Results
In this context, I will also present the evidence of
interference effects between THG and degenerate sumfrequency generation (SFG), produced by combining the
original pump beam with a frequency-doubled beam, both
on AlGaAs nanopillars and on asymmetric Au
nanoantennas. We recently demonstrated that both these
nanoscale systems can sustain intense SHG associated with
the bulk second-order susceptibility of the material [6]. I
will show that, in coincidence with the first order anapole
configuration of the AlGaAs system [7], SFG can be
controlled by the polarization of the impinging beams,
obtaining signal yields higher than THG generated by the
original pump beam alone. Conversely, the polarization
state of the nonlinear radiation emitted by Au nanoantennas
depends by the interplay between SFG and THG. For both
systems, due to the degeneracy in the output wavelength,we
are able to observe a marked interference between the two

processes, which is mediated by the resonances in these
nanosystems.
These results demonstrate the possibility of tailoring the
coupling efficiency between nonlinear processes in
nanoscale systems nanoantennas and represent a crucial step
towards the realization of nanoscale photon conversion and
manipulation at room temperature, thereby opening new
possibilities in quantum optics and in nonlinear optical
sensing.
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Abstract
We give both analytically and numerically a demonstration
of the possibility to realize a simple plasmonic
demultiplexer based on Fano and electromagnetic induced
transparency resonances. The demultiplexer consists in a Tshaped waveguide with an input line and two output lines.
Each output line contains two stubs attached at two positions
far from the input line. We derive in closed form the
expressions for a selective transfer of a single propagating
mode through one line keeping the other line unaffected.
The analytical results obtained by the Green’s function
method are confirmed by numerical simulation using
Comsol Multiphysics Software.

1. Introduction
The interaction of incident electromagnetic waves
propagating through different paths in a composite material
in presence of scatterers, may result in constructive or
destructive wave phenomena giving rise to resonances or
anti-resonances in the transmission spectra. When a
resonance falls near an anti-resonance, we obtain an
asymmetric line profile called Fano resonance [1], however
when the resonance falls between two anti-resonances, we
obtain the so-called electromagnetic induced transparency
(EIT) resonance [2]. These resonances are the consequence
of the interaction of a discrete localized state with a
continuum of propagating states. Even though these
resonances have been first observed in quantum systems, it
was shown that Fano and EIT resonances can be also
obtained in classical systems such as: coupled micro
resonators [3], photonic crystal waveguides coupled to
cavities [4], metamaterials [5] and photonic circuits [6].
In a recent paper [7], we have shown the possibility to
realize a photonic demultiplexer based on induced
transparency resonances. The demultiplexer consists of a Yshape waveguide with an input line and two output lines.
Each line contains two grafted resonators in a given position
away from the input line. The idea consists in coinciding at a
given frequency a resonance on one line with a transmission

zero on the other line. The necessary conditions for realizing
selective transfer of a single mode through one line while
keeping the other line unaffected are deduced and an
experimental confirmation of these results has been
performed [7]. However, these circuits operate in the radiofrequency domain which renders their usefulness less
important.
In this communication, we use plasmonic nano-waveguides
to realize a T-shaped plasmonic demultiplexer operating in
the telecommunication domain. Such system is based on
metal-insulator-metal structures which support surface
plasmon polaritons. Hence, the proposed device enables to
confine and manipulate the propagation of light below the
classical diffraction limit [8]. The demultiplexer consists in
an input waveguide and two output waveguides. Each line
contains two grafted resonators at two different positions
(Fig. 1 (a)) away from the input line. Our goal is to use the
properties of Fano and plasmon induced transparency (PIT)
resonances in order to get the analytical expressions that
should be satisfied by the different lengths of the
waveguides in order to realize a reasonable transmission in
one line whilst keeping the other line unaltered. The
analytical results obtained by means of the Green’s function
method [9] are confirmed by numerical results using Comsol
Multiphysics Software. The waveguides are filled with air,
whereas the surrounding metal is made of silver, the
corresponding permittivity is given in [10].

2. Analytical and numerical results
From the transmission and reflection coefficients [7], we get
the expressions of the different waveguides lengths which
should be satisfied in order to realize a complete filtering in
one line while the other line is kept unperturbed. In the case
of a lossless demultiplexer based on PIT resonances, the
geometrical parameters should be taken such that:
d
d
d
d
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;d 4
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2 2
2 2
2
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Where, d = d1+d2 and = d2-d1. Similarly, in the case of a
lossless demultiplexer based on Fano resonances, the lengths
of the waveguides should be chosen such as:
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Figure 2 gives the transmission coefficients T 1 and T2
through both lines as well as the reflection coefficient R in
the input line for the structure depicted in Fig. 1 (a), with d0
= d1 + d2 = 520 nm and = d2 - d1 = 100 nm. The waveguide
lengths are given by Eq. (1). One clearly notices that when
the transmission in the first output (red curve) is maximal
(T1 = 0.8) around 194.12 THz, both the transmission in the
second output T2 (blue curve) and the reflection R (black
curve) becomes close to zero (i.e. T2 = R ≅ 0). Similarly,
when the transmission in the second output (blue curve) is
maximal (T2 = 0.8) around 238.82 THz, the transmission in
the first output T1 (red curve) and the reflection R (black)
becomes close to zero (i.e., T1 = R ≅ 0). Both resonances are
of PIT type as they are squeezed between two transmission
zeros. Figure 3 gives similar results but for the geometrical
parameters given by Eq. (2) (see Fig. 1(a)) with d0 = 520 nm
and ε = 150 nm. Equivalently, we observe that when the
transmission in the first output (red curve) is maximal (T 1 =
0.8) around 134.62 THz, the transmission in the second
output T2 (blue curve) and the reflection R (black curve)
vanish (i.e., T2 = R = 0). Similarly, when the transmission in
the second output (blue curve) is maximal (T 2 = 0.8) around
156.03THz, the transmission in the first output T 1 (red
curve) and the reflection R (black curve) vanish (i.e. T1 = R
= 0). Both resonances are of Fano type as each of them fall
near a transmission zero. Both analytical (full curves) and
numerical results (circles) are in good agreement. Figures 1
(b) and (c) give the Hz-field maps in both lines for two
filtered PIT resonances at f1=194.12 THz and f2=238.82
THz respectively. These modes correspond respectively to a
filtered resonance in one line and a stopped resonance in the
second line (blue and red curves in Fig.2). Each mode is
transmitted in its own line.
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Figure 2: Transmission and reflection coefficients in
different outputs for the demultiplexer depicted in Fig. 1 (a)
with d0=d1+d2= 520 nm and = d2-d1 = 100nm.
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Figure 3: Transmission and reflexion coefficients in
different outputs for the demultiplexer depicted in Fig .1 (a)
with d0 = 520 nm and = 150 nm.
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Abstract
Surface Phonon Polaritons (SPhPs) can be excited in the
Reststrahlen band of polar dielectrics where the dielectric
function is negative. Antennas supporting surface phonon
polaritons are an alternative to plasmonic resonators in the
infrared, due to their reduced losses and higher field
confinement. We investigate the near-field response of
arrays of Silicon Carbide antennas by means of scattering
scanning near field microscopy. Knowledge of the nearfield response is needed for many applications requiring
coupling of the antennas to other elements.

1. Introduction
The lifetime of plasmonic excitations depends on the
material properties of the metal employed, and is related to
the typical electron-electron scattering rate. As a
consequence, plasmon dephasing happens in the range of
tens of femtoseconds, and the quality factor of plasmonic
resonances for isolated antennas is rather low. The loss in
metallic antennas at optical frequencies has limited their
employment in a variety of applications where high quality
factors and low losses are required [1]. In the mid-IR polar
dielectrics can also behave, from an electromagnetic point
of view, as metals due to the presence of a region called the
Reststrahlen (RS) band where the real part of the dielectric
function 𝜀1 is negative. The RS band is enabled by the
strong dispersive lineshape of 𝜀1 around a TO phonon.
Antennas made of polar dielectrics allow subwavelength
confinement and the lifetime of their localized SPhPs
resonances are higher than in metals (on the order of
picoseconds, two orders of magnitude higher than for
plasmons) due to the smaller phonon-phonon scattering rate
which determines SPhPs decay. Consequently, SPhPs
antennas provide much stronger field confinement and
lower losses if compared to analogous plasmonic structures
in the IR. Many possible photonic applications require
knowledge of the near-field spectral behavior of the system
under investigation, which cannot be obtained or easily

inferred from far-field measurements. Scattering scanning
near field optical microscopy (sSNOM) has been
demonstrated as a powerful tool to investigate the near-field
properties of optical resonators [3]. Here, we report on the
near-field study a metasurface composed of Silicon Carbide
(SiC) cylindrical antennas [4].

2. Results and Discussion
One limitation of SPhPs is the narrow frequency band in
which they can be excited. SiC is particularly interesting as
its RS band is one of the largest of known polar dielectrics,
spanning from 𝜔TO=796 cm-1 to 𝜔LO=973 cm-1. Moreover,
SiC is already employed in power electronics and its
processing is CMOS-compatible. Among different
geometries, arrays of SiC pillars have attracted considerable
attention thanks to their rich electromagnetic response,
including broadly tunable modes [5] and nonlinear response
[6]. In Fig. 1(a) a SEM image of a portion of one of the
arrays is reported, along the experimental FTIR (b) and
simulated (c) reflectance spectra for different metasurfaces
with varying spacing P.

Figure 1: (a) SEM of a portion of a SiC pillars array.
Experimental (b) and simulated (c) reflectance spectra for
different array spacing P. The different modes are
highlighted by dots.

with the monopolar mode, which has no counterpart in the
far-field. This mode arises from the near-field illumination
of the tip, which allows excitations of modes that are
otherwise “dark” due to having net zero dipole moment. We
confirm this with simulations where we take into account
the presence of the AFM tip in the form of a metallic sphere
located on top of a pillar. To isolate the contribution of the
tip we first solve for the pillar in the absence of the sphere
with plane wave excitation, and then we use this field as a
background that we subtract from the full simulation
including the sphere. An additional peak analogous to what
observed in the experiments is found in the tip-induced
scattering cross section [4].

The modes of the structure can be described from the
coupling of simple longitudinal and transverse resonances
of a single pillar to the bare SiC surface supporting SPhPs
at 𝜔=951 cm-1 [6]. Three main resonances can be identified
from the spectra, a monopolar mode (M) redshifting with
increasing P and two transverse dipolar resonances (TD1
and TD2) at 𝜔TD1=921 cm-1
and 𝜔TD2=955 cm-1
independent of P. For P=2.5 𝜇m the field enhancement
simulations for the three resonances are reported in Fig. 2.

3. Conclusions
In conclusion, we reported on the near-field study of the
spectral response of arrays of SPhPs SiC pillar resonators in
the mid-IR by means of sSNOM. The understanding of the
near-field spectral response of SPhPs resonators is of critical
importance for their employment in any application
requiring near-field interaction. We further employ 3D
electromagnetic simulations to understand the effect of the
sSNOM tip in modifying the response of the SPhPs
antennas.

Figure 2: Simulated field profiles for the M mode (a) the
TD1 mode (b) and the TD2 mode (c).
We study the near-field response of the arrays by
positioning the sSNOM tip either on top of one of the
pillars, or on the substrate between them, as shown in Fig. 3.
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Abstract
Here, we report for the first time a facile one-step
fabrication route of anisotropic palladium nanoparticles (Pd
NPs) with high SERS performance by polymer selfassembly.

morphology of the produced nanostructures. In addition, the
number of Pd NPs can also be modulated by adjusting the
synthesis parameters such as precursor concentration and
PMMA solution. A high number of NPs (Figure 1) separated
by small gaps was obtained at high Pd precursor
concentration and led to high SERS performance substrate
despite the weak plasmonic properties of Pd.

1. Introduction
Recently Akil et .al have reported ring like structure and also
nano cube particles for gold/silver nano particles obtained
by a self-assembly shape-controlled technique, simple, fast
and independent of reducing agent in two different
researches. In this technique, MNPs are formed in a “one
step” upon spin coating, on conductor or n doped semiconductor substrate, of a dispersion of homopolymer
(Polymethyl methacrylate) and metallic salt as precursor.
There is neither reducing agent or copolymer nor
preliminary functionalization of the surface in this
fabrication method. In this project we aim to extend this
synthesis way to Pd nanomaterials due to the potential of Pd
in photocatalysis and the difficulty to produce anisotropic Pd
nanoparticles by simple synthesis methods [1-5].

2. Discussion

Anisotropic Pd NPs are spontaneously formed upon the spin
coating of Pd precursor-PMMA (polymethyl methacrylate)
dispersion on N-doped silicon wafer/ITO due to a rapid
evaporation of the volatile solvents from PMMA. Precisely,
the spin coating leads first to a self-assembly of PMMA into
micelles containing Pd2+, and then the solvents’ evaporation
leads to the formation of nano porous PMMA film, where
Pd NPs are localized inside holes. The substrate conductivity
plays a major role in the synthesis mechanism since it allows
a spontaneous reduction of the Pd precursor into Pd
nanoparticles. The repulsive interaction force between the
couple (hydrophilic Pd phase /hydrophobic PMMA phase)
and the substrate allows us to control the final size and

Figure 1. a) SEM images of high-density substrate of closely
separated anisotropic Pd NPs. b) SERS of 4Mercaptopyridine 10-6 M and average Raman spectra of 4Mercaptopyridine 10-3 M obtained with self-assembly
synthesis.

3. Conclusions
In summary, Mono-dispersed anisotropic Pd nano particles
has been synthesized using a simple one-step method
without any surfactant or reducing agent. With adjusting of
synthesis parameters, different morphologies with high
SERS performance were obtained.
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Abstract
We present excitation and active modulation of Surface
Plasmon Polaritons (SPPs) at degenerately doped PN++junction based on lattice matched Indium Gallium Arsenide.
The device is experimentally characterized, showing farfield voltage assisted reflectivity modulation for mid-IR
wavelengths. Numerical simulations of the device have
confirmed the experimental findings and predict data rates
of up to 1Gbits/s. Decreeing the device physical dimensions
can lead to data rates in excess of 50Gbits/s, thus providing
a new pathway toward fast plasmotronic devices.

both electrically and optically as a function of applied
forward bias, with the measured change in reflectivity
compared to the theory, see Figure 1.

1. Introduction
Photonics and in particular plasmonics has been recognized
as a key technology for fast data communication and
computing [1-3]. In this work we present an optoelectronic
switch for functional plasmonic circuits based on active
control of Surface Plasmon Polaritons (SPPs). The device,
which we refer to as Surface Plasmon Polariton Diode
(SPPD), consists of a degenerate PN++ semiconductor
junction with an active drift-diffusion region formed between
two control electrodes (see Fig. 1). Under forward bias
minority carriers (electrons) are injected in the P- doped layer
and for applied voltage higher than a critical value Vc the Player acquires a metal like characteristics impeding the
propagation of the SPP across the active region and
establishing the OFF state of the device. The lattice matched
Indium Gallium Arsenide (In0.53Ga0.47As) is identified as the
best semiconductor material for the practical implementation
of the optoelectronic switch providing high optical
confinement, reduced system size and fast operation. A
steady-state SPP signal modulation higher than -20dB is
predicted, and responsivities in excess of -1000 dB/V for Si
and -500 dB/V are expected for applied bias close to a critical
values Vc=1.14V for Si and Vc=0.81V for In0.53Ga0.47As.
The numerical results show a well-defined distinction
between the OFF and ON response times, with the former
being substantially faster. Consistently, a faster response is
observed for the In0.53Ga0.47As device with 3dB data rates
in excess of 50Gbit/s. A proof of concept experimental study
has been performed to assess the main switching mechanism
behind the SPPD operation. Degenerate p-n++ junctions are
grown epitaxially on InP and fabricated by spin-doping on
Si-on-insulator (SOI) wafers. The devices are characterize

Figure 1: Schematic of the Surface Plasmon Polariton
Diode (SPPD). The device consists of a lattice matched
Indium Gallium Arsenide PN++-junction grown epitaxially
on Indium Phosphide (InP) substrate. A grading with period
Λ=2.4 μm is used to couple far-IR incident light to the SPP
modes propagating the junction interface.

2. Device characterization
The SPPD device fabrication involves standard UV
lithography, dry-etching, and metal deposition. A
degenerately doped PN++- junction was grown by
molecular beam epitaxy with doping concentrations
NA=1×10^18 [1/cm^3] and ND=3.4×10^19 [1/cm^3]. Upon
fabrication, the SPPD is characterized through polarizationdependent reflectivity measurements using a Bruker v80V
Fourier transform infrared (FTIR) spectrometer working in
fast-scan mode and normalized to reflection of a gold
surface. Figure 2a shows the TE and TM polarization
reflectivity spectra of the unbiased device obtained
experimentally and compared to the theory. The reflectivity
spectra for the TM polarized light shows distinctive dips at
λ~6.7μm and λ~11.4μm, whereas for TE polarized light a dip
in reflectivity is observed at λ~8.2μm. The observed dip in
the TM reflectivity at λ~11.4μm is attributed due to
excitation of a SPP at the junction interface, while the dips in
the TM reflectivity at λ~6.7μm and TE reflectivity at
λ~8.2μm correspond to Fabry-Perot resonances in the
dielectric P- layer. As expected, only in the case of TM
polarization do we observe an SPP mode propagating at the
PN++- junction. To the best of our knowledge this result is

the first experimental demonstration of SPPs at doped
semiconductor junctions.

times are inversely proportional with the applied external bias
for V<Vc=0.87 V, and saturate at ≈0.5ns for V>Vc. This is
because the electron injection rate into the P-layer is
proportional to the applied bias. The ON times are weakly
dependent on the external bias since excess minority carriers
in the P-layer are removed by the process of diffusion and
charge recombination. Overall, our data shows that for
moderate applied voltages (V~Vc), 3dB data rates in excess
of 1Gbit/s can be achieved. Finally, it should be noted that
further improvement in the switching rates and minimization
of the power dissipation can be accomplished by reducing the
size of the SPPD drift-diffusion region and varying the P and
N++- layers doping concentrations while keeping the SPP
operation frequency within the mid-IR spectral range. The
potential for such speed up was already studied theoretically
[3] where we have shown that optimal SPPD device
architectures can provide data rates in excess of 50Gbits/s.

Figure 2: (a) Transverse magnetic (TM) and transverse
electric (TE) polarized reflectivity spectra of the SPPD
grating device (see insert) under zero bias. (b) The absolute
change in reflectivity is experimentally obtained under
various forward bias voltages (solid lines) and compared to
the self-consistent electro-optic simulations (dashed lines).
(c) Far field reflectivity (dashed lines) under step-type of
input voltage (dashed black line) with various maximum
forward bias voltages. SPPD 3dB response times as
function of the applied external bias. In the calculations the
operation wavelength is set at λ=12μm.

3. Conclusions
We have demonstrated excitation and modulation of
Surface Plasmon Polaritons (SPPs) at degenerate
semiconductor interfaces. The modulation of the SPP
modes under the presence of an external forward bias was
studied experimentally and compared to numerical
simulations, validating the switching mechanism underlying
the device operation. The observed SPP modulation is the
result of minority carrier injection across the metallurgical
junction. Based on the excellent match between theory and
experiment, we have perform time-dependent numerical
studied of the SPPD response times under step-type of input
bias. Our results show that the current device can support
data rates of up to 1Gbit/s, which can be further improved
for optimized geometries. Overall, the presented results
indicate that SPP modes on degenerate semiconductor
junctions can be utilized as signal carriers, an important step
toward realization of fast optoelectronic circuit elements.

To assess the SPPD signal modulation, we have performed
reflectivity studies under applied forward voltage bias. The
numerical (dashed line) and experimental (solid lines) results
are depicted in Figure 2b where we plot the absolute change
in reflectivity |∆R(λ,V)|=|R(λ,V)-R(λ,0)| for a set of forward
voltages. As the external forward bias is increased, a far-field
reflectivity modulation with respect to the unbiased device is
observed. This behavior is consistent with expectations and is
revealed both in the experimental data and numerical results.
In our earlier theoretical studies [3] we have shown that
semiconductor based Surface Plasmon Polariton Diodes
(SPPDs) can provide excellent switching rates. To assess the
response times of the experimental device, we have used the
already validated self-consistent electro-optic model and
performed a transient analysis under the input voltage biases
used in the reflectivity studies (see Figure 2c). As the SPPD
is forward biased, the far-field reflectivity is modulated
corresponding to SPP switching OFF. The modulation of the
signal increases with increasing bias. A well-defined
distinction between the OFF and ON times is observed, with
the latter being substantially faster. This distinction can be
attributed to the different physical mechanisms that are
involved when the device is under forward and zero bias.
Namely, the OFF times are governed predominantly by the
time of flight of minority carriers (electrons) across the PN++
depletion region while the ON times are facilitated by charge
diffusion and recombination in the quasi-neutral regions. The
3dB ON/OFF times as functions of the applied bias are
shown is Figure 2d. Close inspection reveals that the OFF
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Abstract
We develop a new method for inverse design of plasmonic
nano-antennas. We demonstrate the accuracy of this method
for a plasmonic antenna used for heat-assisted magnetic
recording (HAMR). We also use non-linear material
interpolation to counter the non-physical field amplification,
and filtering-and-projection regularization to ensure
manufacturability of the design. Successful design of a
plasmonic aperture to produce an electric field as small as
60 nm x 30 nm is presented.

Figure 1 shows the evolution of the antenna during the
inverse calcuation, for generating an electric filed of the
size of 60nm x 30 nm. The material used is gold film of 60
nm thick, and the field is produced in magnetic recording
medium whose properties are given in [3]. Figure 2 shows
the obtained filed from such an antenna. It is seen that the
design can produce a desired field of nanometer size.

1. Introduction
Inverse design of plasmonic structures has only been
reported in recent years and is almost exclusively based on
frequency-domain solvers such as the Finite Element
Method (FEM). FDTD method is not a popular choice in the
inverse design of plasmonics due to the problem rooted in
plasmonics where numerical error in electromagnetic
simulations of plasmonic structures is highest at the metaldielectric interfaces. we develop a new method of
calculating discrete sensitivity with the FDTD method and
incorporate this method into the density-based topology
optimization framework [1]. The method accepts any
objective function that is only dependent of frequencydomain variables, i.e., solutions of Maxwell’s equations at a
designated frequency. As a result, the method solves similar
problems as the wide-spread FEM-based approach which
also gives solutions in frequency domain. The accuracy of
the method is illustrated through design of a plasmonic
nano-antenna to produce a field as small as 60nm x 30 nm.

Figuer 1: 1st (top left) 14th (top right) 24th (bottom left) and 34th
(bottom right, and final) iterations of the inversion calculation of
the antenna for producing a confined field.

2. Results and Discussion
Bowtie aperture antennas are known to produce highly
localized fields and have potential applications in optical
lithography [2] and high density data storage [3]. The
enhanced electric fields are confined within only a tiny
region of the nanometer length scale near the surface of the
nanostructures and decay significantly thereafter. As an
example, we use our method to design an antenna to
produce a field with a size of 60nm x 30 nm in magnetic
material.

Figure 2: Final field distribution in magnetic recording
medium.

3. Conclusions
We present a method for inverse design of plamonic
antennas using the FDTD method as the direct solver. A
density-based topology optimization method with the FDTD
method and the filtering-and-projection regularization is
carried out to successfully recover near field patterns of a
plasmonic bowtie aperture antenna.
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Surface enhanced absorption was clearly reported to occur in the infrared region of
the spectrum of light. In this presentation, we show that it also occurs in the visible
region of the spectrum by using a dye, i.e. an azo-dye, which exhibits a good light
absorption in that region, and gold nanoparticles, which act as plasmonic
nanoantennas, when the azo-dyes and the nanoparticles are incorporated in the
bulk of solid films of polymer.
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Abstract
Open classical and quantum systems with effective paritytime (PT ) symmetry have shown tremendous promise for
advances in lasers, sensing, and non-reciprocal devices.
However, the microscopic origin of such effective, nonHermitian models is not well under-stood. In this work, by
microscopically modelling a double-quantum-dot-circuitQED set-up that is realizable in state-of-the-art experiments, we show that a non-Hermitian Hamiltonian emerges
naturally, which can be controllably tuned to observe both
PT -transition, as well as the effect of quantum fluctuations.

1. The set-up
The schematic diagram of the set-up is given in Fig. 1. The
main parts of the set-up consist of the DQD and the two
cavities. These are described by the following Hamiltonians
ε
ĤDQD = (ĉ†1 ĉ1 − ĉ†2 ĉ2 ) + tc (ĉ†1 ĉ2 + ĉ†2 ĉ1 ) + V ĉ†1 ĉ1 ĉ†2 ĉ2 ,
2
ĤC = ω0 (b̂†1 b̂1 + b̂†2 b̂2 ) + λ(b̂†1 b̂2 + b̂†2 b̂1 ),
ĤDQD−C = g0 Θ(t)(ĉ†1 ĉ1 − ĉ†2 ĉ2 )(b̂†1 + b̂1 ),

Figure 1: The set-up consists of two cavities connected to
each other, with the left cavity having a double-quantumdot out-of-equilibrium. The double-quantum-dot is configured to give a gain to the left cavity. If the gain is same as
the loss of the right cavity, the bosonic system of the cavities have an effective PT symmetric dynamics.

(1)

where Θ(t) is the Heaviside function. Here, ĉ†1,2 denote
fermionic creation operators for sites 1 and 2 that model
the DQD, ε is the energy difference between the two sites,
tc is the hopping amplitude between the two sites, and
V > 0 denotes the capacitive charging energy between the
two sites. b̂1,2 represent the bosonic creation operators for
the two cavities, each with frequency ω0 , that are coupled
via a number-conserving hopping process with amplitude
λ. Closely following the experimental set-ups, the DQD is
dipole-coupled to the (first) cavity it is in with strength g0
when the cavity is switched on at time t = 0. Thus, Eq.(1)
captures the microscopic model of the DQD and the two
cavities.
Each of the three main components is connected to
multiple baths. All baths are modelled by Hamiltonians
quadratic in bosonic or fermionic creation and annihilation
operators. Each cavity is coupled to its own bosonic bath
at inverse temperature β, with βω0 " 1. The presence of
these baths lead to a cavity decay rate of κ1 (κ1 ) for the first
(second) cavity. Each site of the DQD is coupled to its own

fermionic lead. The lead coupled to the first (second) site
has inverse temperature β and chemical potential µ1 (µ2 ).
The strength of coupling to both leads is taken to be same
and denoted by Γ. The entire set-up is realizable in state-ofthe-art experiments with DQD coupled to circuit-QED cavities. However, to model experimental set-up consistently,
we also have to consider that the DQD is dipole-coupled to
a phononic bath in the substrate on which it is located [1].
We look at the parameter regime that ensures a resonant DQD, i.e ω0 = ωq ; a weak cavity-DQD couplng, i.e.
√
g0 nphotons ! Γ (nphotons is the average number of photons in the cavity coupled to the DQD), and
ωq /2 $ −µ2 , µ1 $ V,
κ1 , κ2 , λ $ Γ $ ω0 .

(2)

In this parameter regime, the it can be shown that, for ε > 0,
the DQD will be population inverted in the steady state in
the absence of the cavities. The DQD thus acts as a controllable gain medium [2].

(a)

2. The effective PT symmetry

3

After integrating out the fermionic part and the bosonic
baths, we have the effective equations of motion for the
bosonic system,
!
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The 2×2 non-Hermitian Hamiltonian is given by
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where δ = 2g ∆Nss /Γ $ 1 by the choice of our parameters and ∆Nss = 'N̂1 (ss − 'N̂2 (ss , is the steady-state
population inversion in the DQD in the absence of cavities. Here 'N̂1 (ss ('N̂2 (ss ) is the population of the higher
(lower) energy state of the DQD in steady state in absence
of the cavity. The time-dependent quantum noise operator
ξˆA (t), resulting from the DQD gain, has almost zero mean
value, 'ξˆA (t)( ≈ 0, and a Lorenzian power spectrum for
the variance, i.e.
% ∞
!
dω 2Γeiω(t−t )
†
'ξˆA
(t)ξˆA (t" )( % g 2 'N̂1 (ss
. (5)
2
2
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0
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Figure 2: Oscillatory dynamics of the cavity operator expectation values in the PT -symmetric regime with empty
loss cavity and a coherent state in the gain cavity. (a)
The quadrature magnitudes show oscillations with period
TΛ = 2π/∆Λ. On the other hand, quantum fluctuations
show a linear growth with superimposed oscillations with
the same period. (b) Dynamics of the photonic current I(t)
also shows linear growth with superimposed oscillations.

In all of the equations above, the expectation value represents quantum statistical average, i.e. 'O( = Tr(ρtot O)
where ρtot is the density matrix for the initial state of the
whole set-up. The effective Hamiltonian in Eq. 4 can be
tuned to observe both active and passive PT transition just
by tuning the parameters ε and tc of the DQD and by tuning
the parameter λ of the cavities. As can be easily seen from
Eq. 3, the effect of the various phases will be observed in
the dynamics of the complex quadratures 'b̂" (t)( (* = 1, 2).
However, our complete microscopic derivation has lead to
occurrence of the additional noise term ξˆA (t), in consistency with fluctuation-dissipation theorem. The presence
of ξˆA (t) lets us study the effect of quantum fluctuations on
the dynamics of PT -symmetric and PT -broken phases.
As an example, here, in Fig. 2, we show the effect of
quantum fluctuations on the active PT -symmetric phase
where the eigenvalues of Heff are real. The dynamics is
shown starting from a state where the cavity with the DQD
(gain cavity) is in a coherent state with the other cavity
(loss cavity) is empty. The amplitudes of the complex
quadratures show periodic oscillations characteristic of the
PT -symmetric phase. However, the quantum fluctuations
of the quadratures, given by 'n̂" (t)( − |'b̂" (t)(|2 , where
n̂" (t) = b̂†" (t)b̂" (t), show linear growth superimposed with
oscillations. Similar behavior is seen in the photon current
I(t) = λIm('b̂†2 (t)b̂1 (t)(), where Im() refers to imaginary
part.

explore the effect of quantum fluctuations. While not discussed in the above summary, we have also explored the effect of passive PT -transition in input-output experiments.
Further, we have been able to show that as a consequence
of the passive PT -transition, loss induced lasing can be observed in the set-up.
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3. Conclusions and further work
The set-up of two coupled cavities with a voltage biased
DQD in one of them provides a perfect test bed for exploring effective PT -symmetry in the quantum regime, and
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Abstract
We present the optical and quantum properties of highly
efficient perovskite nanocubes and discuss our strategy
towards a compact integrated single photon source.

1. Introduction
The interest in perovskite nanocrystals such as CsPbBr3 for
quantum applications has rapidly increased, after the
demonstration that they can exhibit very efficient single
photon emission. The main drawback of these emitters is
their photostability under optical excitation.

2. Discussion
We present a full characterization of the quantum properties
of highly efficient perovskite nanocubes synthesized with a
method which ensures an increased photostability. These
emitters exhibit reduced blinking together with a strong
photon antibunching. Remarkably these features are almost
not affected by the increase of the excitation intensity well
above the emission saturation levels.

3. Conclusions
We will discuss the different strategies we are pursuing
to develop hybrid photonic devices by coupling single
nanoemitters with photonic structures such as deep
parabolic mirrors [1] and tapered nanofibers [2]. In
particular the deposition of a single emitter on a
nanofiber and the observation of single photon statistics
through the guided mode of the fiber will be reported,
showing the high potential of this platform for the
realization of a compact integrated single photon source.
Finally we will show how this hybrid system is a very
promising playground for novel chiral optics
experiments, including a spin-orbit coupling effect for
light [3].
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Abstract
We review recent work on plasmonic nanoantennas and
their applications in nonlinear optics and in optoelectronics.

1. Introduction
Nanometallic structures, such as resonant plasmonic
nanoantennas, are essential to the conversion of light to
surface plasmon-polaritons (SPPs) localized to ultra-small
volumes [1]. Such structures can provide highly enhanced
fields, strong confinement, high surface sensitivity, and can
double as a device electrode for applying voltages or passing
currents to active regions in optoelectronic devices. Here we
review some of their many applications, in the areas of
plasmon-enhanced nonlinear optics [2-5] and optoelectronics [6-9].

devices [8-10]. A key requirement is for the plasmonic
enhancement to overlap strongly with the active region of
the device, which requires that the nanostructure also
operate as a device electrode. Fig. 1 shows such a structure,
consisting of an array of Au nanoantennas contacted
perpendicularly by electrical contact lines. The contact lines
are centred on the nanoantennas (dipoles), which ensures
that they are minimally invasive optically, due to their
orthogonal alignment relative to the incident polarisation
which is along the nanoantenna axes. Structures such as
these are very promising for beam steering, as each row can
be routed to an individual contact such that a 1D phase
gradient is applied over the array [8]. Nanostructures that
consist of holes in a metal film are also of significant
interest, especially arrangements of nanoholes (e.g.,
heptamers), which can be fabricated via focussed ion beam
milling because they exhibit interesting and useful Fano
resonances [11, 12].

2. Applications in nonlinear optics
In nonlinear optics, plasmon enhancement can be applied to
the pump [2], or to the nonlinear emission [3-5], through
spectral alignment. An advantage of the former is that all
nonlinear processes involving the pump are enhanced, but a
disadvantage is that the pump, typically of high intensity,
can damage the nanostructures. Nonetheless, such
enhancement was exploited in high-harmonic generation via
re-collision radiation in Si [2], where a 10 enhancement
was observed for all harmonics emitted up to the 9th.
Alternatively, applying plasmon enhancement to the
nonlinear emission by designing them to be resonant with
the emission is advantageous because the latter is typically
weak, and the structures are non-resonant with the pump so
are less susceptible to damage. Such enhancement was
exploited in Raman scattering experiments [3-5], where the
nanoantennas were spectrally-aligned with the Stokes
wavelengths of graphene. Under this scenario, singleantenna scattering cross-section enhancements of over 500×
were observed [5].

3. Applications to optoelectronics
In optoelectronics, plasmon enhancement can be exploited
to improve the performance of, e.g., electro-optic
modulators [6], photodetectors [7], and beam-steering

Figure 1: HIM image demonstrating overlay alignment of a
10 × 10 μm2 gold nanoantenna array and its connection to 40
gold fingers on a pre-existing fan-out microstructure. Inset:
Magnified image acquired at a tilt angle of 54° reveals stepheight coverage of a fan-out finger by a nanoscale connector.
The structures were fabricated on a fused silica substrate.

4. Conclusions
Resonant plasmonic nanoantennas are useful for the
conversion of light to SPPs localized to ultra-small volumes.
They provide highly enhanced fields, strong confinement,
high surface sensitivity, and can double as a device
electrode for applying voltages or passing currents to active
regions in optoelectronic devices.
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Abstract
The nanofabrication of large-area optical metasurfaces with
tunable optoelectronic response is crucial in many fields
ranging from plasmonics to energy conversion. Here the
engineering of self-organized plasmonic nanostripe
antennas will be demonstrated, showing their performances
in photo-degradation of polluting molecules. In parallel, the
capability to strongly couple light to large area (cm2 scale)
ultra-thin semiconductor layers will be shown. Thanks to
nanoscale re-shaping of the interface to form flat-optics
nanogratings superior photon harvesting performances can
be achieved with strong impact in photonics and energy
conversion.

dimensional (1D) arrays of plasmonic nanostripes (Fig. 1).
Controlled tuning of localized plasmon resonances from the
visible to the Near- and Mid-IR can be achieved by tailoring
nanoantennas shape and/or light polarization, thus
demonstrating competitive sensing performances in SEIRA
[2], SERS [3], and plasmonic color routing [4]. Very
recently, the plasmon-enhanced photobleaching of dye
molecules has been shown, thus opening new avenues in
phochemistry and energy storage [5].

1. Introduction
The engineering of metasurfaces based either on plasmonic
nanoantennas or on atomic two-dimensional (2D) materials
is currently a very active field of research with a strong
impact in optoelectronics, sensing, and nanophotonics [1,2].
A recent trend in the field aims to increase the complexity of
lithographically designed metasurfaces for sensing and
optical spectroscopies to photo-conversion. However, in
order to scale-up these promising configurations to realworld devices and applications, alternative large-area
approaches are attracting an increasing attention. Here we
demonstrate the engineering of large-scale metasurfaces
based on self-organized plasmonic nanoantennas [3,4]. The
plasmonic response of self-organized arrays of nanoantennas
is tuned in order to boost the photo-degradation of polluting
molecules in solution, with strong impact in photochemistry
[5]. Within a parallel research line, large-scale flat-optics
MoS2 nanogratings are developed demonstrating broadband
photon harvesting [6,7] with strong impact in newgeneration photonic and energy conversion devices.

Figure 1 Self-organized plasmonic nanostripe arrays
(top-view SEM image).

3. Conclusions
In conclusion, we demonstrated the self-organized
engineering of anisotropic arrays of plasmonic
nanoantennas supporting tunable plasmonic response and
near-field enhancement for sensing. We have shown the
possibility to engineer plasmonic antennas featuring
plasmon enhaced photobleaching, paving the way for color
routing in novel large-scale flat-optics components.

2. Results and discussion

Acknowledgements

Self-organized plasmonic metasurfaces are fabricated with a
novel large area (cm2) approach exploiting the ion beam
induced wrinkling in glass substrates for the synthesis of
transparent faceted nanopatterns [1]. These templates are
ideal for the maskless confinement of quasi-one
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Abstract
We develop a highly sensitive apparatus for efficient
room temperature detection of the emission by Er3+
ions co-implanted with oxygen atoms in a Si substrate.
Our setup proves to be capable of detecting a lower
bound value for the emission intensity of about 104
photons/s, corresponding to an ion surface
concentrations down to 1012 cm-2. Yet, the open
challenge we aim here is to retrieve the spectroscopic
fingerprint of Er3+ with high resolution at these low
concentrations.
1. Introduction
The demand for single photon sources at the telecom
wavelength, which follows from the consistent
development of quantum networks based on
commercial optical fibers, makes Er:Ox centers in
silicon still a viable resource thanks to the optical
transition of Er3+: 4I13/2 → 4I15/2. Ultra-low doses of
implanted atoms in semiconductor nanostructures for
both electronic [1–5] and optoelectronic devices [6-9]
can achieve the limit of single atom doping by single
ion implantation method. Yet, to date, the
investigation and implementation of such systems
remains hindered by its extremely low emission rate.
We have recently observed room temperature
photoluminescence [9] resonant at 1550 nm at
concentrations down to 1012 cm-2. Here, we report on
the
development
of
a
state-of-the
art
microscpectroscopy which allows to retrieve the
spectral fingerprint of extremely low concentration of
Er3+ ions.
2. Results
We recently reported on the room-temperature
photoluminescence (PL) at the telecom wavelength
(λPL ≈ 1540 nm) of very low implantation doses of
Er:Ox in Si. The emitted photons, excited by a laser
centered at λEX = 792 nm, are collected by a custom-

made inverted confocal microscope. The lower-bound
number of detectable emission centers within our
diffraction-limited illumination spot was estimated to
be down to about 104 using an InGaAs single photon
avalanche diode (SPAD) [8]. This has allowed us
estimating an emission rate per individual ion of about
4 × 103 photons/s, which is in good agreement with
other values reported in literature [10]. Yet, retrieving
the spectroscopic fingerprint of Er3+ at these
extremely low concentrations and in confined devices
remains to date an open challenge [11]. Here, we will
report on our last experimental efforts obtained using
our inverted confocal microscope equipped with a
reflective high numerical aperture (NA) objective (NA
= 0.65) and coupled with a Short-Wave InfraRed
(SWIR) spectrometer equipped InGaAs CCD camera
(Andor Kymera 328i + iDus 490).
We will show electroluminescence maps and emission
spectra from photodiodes based on Er-doped silicon
realized within the QUASIX project funded by the
Italian Space Agency.
These preliminary studies are conducted with the aim
of realizing Er-based single photon source for
quantum information technology applied in space.
Acknowledgements
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Abstract
Magneto-optical (MO) effects are widely used in studying magnetic materials as well as to realize optical devices exploiting
non-reciprocal propagation of light. Enhancing MO effects is crucial for size reduction of key photonic devices based on nonreciprocal propagation of light and to enable active nanophotonics. Here, we disclose an approach that exploits multipolar Fano
resonances excitable in symmetry broken magnetoplasmonic nanocavities and arising from the hybridization of dark plasmons
with dipolar plasmonic resonances to achieve an unprecedented amplification of magneto-optical activity.
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Abstract
Graphene has a unique electronic band structure that is linearly dispersed and gapless. As a result, both electrons and holes
behave as relativistic charged particles of massless Dirac fermions. The quantum of plasma oscillation of these Dirac electrons
is called the graphene Dirac plasmon (GDP), which can dramatically enhance the interaction of terahertz (THz) photons with
graphene Dirac fermions. We have proposed an original current-injection graphene THz laser transistor, demonstrated singlemode THz laser oscillation at 100 K1-3), and discovered and demonstrated the THz giant gain enhancement effect by graphene
Dirac plasmons4-6). However, in order to realize room temperature high intensity THz lasing and ultrafast modulation operation,
which are necessary for the next generation 6G and 7G wireless communication systems, further breakthroughs are needed. We
introduce completely new physics and principles to simultaneously break through the limits of quantum efficiency and highspeed modulation operation by actively controlling the parity and time-reversal (PT) symmetry6) of GDPs with nanostructures
and applied voltages. In quantum mechanics, even if the system is non-Hermitian, real solutions are obtained if it preserves the
PT symmetry. The PT symmetry is expressed by a pair of complementary gain and loss elements. This gain-loss balance leads
to the existence of exceptional points at the real frequency axis in the exact PT-phase, resulting in the extraordinary frequency
response of spectral singularity like ‘unidirectionality’; the incident from the gain port gives normal transmission/reflection
whereas the incident from the loss port gives a perfect transmission without reflection7). This extraordinary anisotropic wave
propagation behavior has opened a new paradigm in laser physics like active control of the laser cavity Q values in various
materials8) including graphene metamaterials9-11). In this talk, we will present new ideas on the operating principle and device
structure of graphene plasmonic laser transistors12) with high radiation intensity and ultrafast modulation capability operating at
room temperature in the THz frequency band.
This work was supported by JSPS KAKENHI #16H06361 and #20K20349, Japan.
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Abstract
Deterministic sources of single photons are key elements for quantum information processing, simulation, and computing.
Implementing a scalable photonic integrated platform featuring quantum emitters and circuits is, however, challenging. I will
present a photonic integrated circuit based on dual-mode waveguides for the resonant excitation of two self-assembled InAs
quantum dots, paving the way to the integration of multiple sources on a chip. Our plug-and-play waveguide-based source can
generate streams of pure and indistinguishable single photons on-demand, so that a planar platform for quantum photonic
integrated circuits can be realized.
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Abstract
We review the formation of exotic chiral surface reliefs of azo-polymers by irradiation of structured light beams with optical
angular momentum, that is orbital and spin angular momentum. Such chiral surface relief will be applied to be advanced chiral
metasurfaces.
Structured light beams, including Laguerre-Gaussian (LG), Helical Ince-Gaussian (HIC), and Bessel beam (BB) modes, possess
an annular intensity spatial form and an orbital angular momentum (OAM), associated from a helical wavefront with an on-axis
phase singularity, as well as non-diffraction property, and self-healing wavefront. Thus, they have been widely studies in a
myriad of fields, including optical manipulation, super-resolution microscope, and quantum/optical communications [1,2].
Furthermore, the structured light field allows the orbital motion of the irradiated materials to form nano/micro-scale helical
structures [3-6].
Azo-polymers exhibit photo-induced mass transport, originating from an optical gradient force, anisotropic photo-fluidity, and
trans-cis photo-isomerization, thereby enabling the formation of photo-induced reversible reliefs which reflect the spatial
intensity profile and polarization of the irradiated light [7,8]. Thus, they provide a myriad of applications, for instance, the
development of rewritable photonic circuits, including photonic/plasmonic crystals, metasurfaces, and optical data storages.
To date, it is found that stuructured light beams with OAM twist azopolymers to form chiral surface reliefs, reflecting helical
wavefronts of the irradiated structured light fields, with the help of spin angular momentum (SAM) associated with circular
polarization [9-11]. Furthermore, it is discovered that the structured light beams even without OAM and only with SAM enable
the formation of chiral relief [12].
In this work, we review the formation of exotic chiral surface reliefs of azopolymers by employing versatile structured light
beams. Also, we address two-photon induced chiral surface reliefs by ultrafast structured light beams.
This study was funded by a Japan Society for the Promotion of Science (JSPS) fellowship (ID: P19352), JSPS KAKENHI
(JP16H06507, JP17K19070, JP18H03884, G21K14549), and JST Core Research for Evolutional Science and Technology
(CREST) (JPMJCR1903).
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Abstract
Ordered arrays of metallic nanostructures support collective modes known as lattice resonances, which give rise to very strong
and spectrally narrow optical responses. Here, we show that, thanks to their collective nature, the lattice resonances of a periodic
array of metallic nanoparticles can mediate an efficient long-range coupling between two dipole emitters placed near the array.

Scalable and efficient photonic designs using disordered metamaterial
nanounits
Ekmel Ozbay
Electrical and Electronics Engineering Department, Bilkent University, 06800 Ankara, Turkey
Abstract. Subwavelength metamaterial nanounits can efficiently harvest electromagnetic (EM) waves, resulting in near unity light
absorption in the narrow or broad frequency range. Thus, in last decades, many applications are interested for these metamaterialbased perfect light absorbers. Although advancements in nanofabrication have allowed for the realization of strong light–matter
interaction in a variety of optical nanostructures, the reproducibility and upscaling of these nanounits for large scale applications
has remained as a challenge. The most widely employed tool for fabrication of nanounits is electron beam lithography (EBL), a
high-cost and large-scale incompatible route. Although nanoimprint lithography (NIL) can be used to pattern nanounits in large
areas but this tool is also high-cost, complex and fabrication of packed, high aspect ratio nanodesigns is generally challenging.
Bottom-up approaches can be also adopted to obtain these 3D designs, however, these techniques have also material limitation. Due
to their ease of manufacture and excellent functionality, the concept of lithography-free planar light perfect absorbers has gotten a
lot of interest in recent years in many parts of the EM spectrum. To address this issue, my group has pioneered numerous fabrication
techniques over the previous five years.The i) strong interference in planar ultrathin designs1–3, ii) dewetting induced surface
texturing4, nanohole5 and nanoparticle formation6, and iii) oblique angle deposition of nanorods with deep sub-wavelength gaps7–
10, and iv) utilization of densely packed chemical synthesized trapping scaffolds 11–13 are examples of these studies. Later, this
disorder tightly packed nanounits have been brought into novel applications.
For this purpuse, first, we explored the material and architecture requirements for the realization of light perfect absorption using
these metamaterial designs from ultraviolet (UV) to far-infrared (FIR) wavelength regimes. We show that, by the use of proper
material and design configuration, it is possible to realize these lithography-free light perfect absorbers in every portion of the EM
spectrum14. This, in turn, opens up the opportunity of the practical application of these perfect absorbers in large scale dimensions.
In last couple of years, we adopted these lithography-free techniques in many applications including photoelectrochemical water
splitting, photodetection, light emission, sensing, filtering and thermal camouflage2,7–9,11,13,15,16. This presentation will summarize
our recent accomplishments in scaleble photonic and photoelectronic designs for various applications.

References:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Ghobadi, A., Hajian, H., Soydan, M. C., Butun, B. & Ozbay, E. Lithography-Free Planar Band-Pass Reflective Color Filter Using Series
Connection of Cavities. Sci. Rep. 9, 1–11 (2019).
Ghobadi, A. et al. Spectrally Selective Ultrathin Photodetectors Using Strong Interference in Nanocavity Design. IEEE Electron Device
Lett. 40, 1–1 (2019).
Kosger, A. C., Ghobadi, A., Rashed, A. R., Caglayan, H. & Ozbay, E. Generation of additive colors with near unity amplitude using a
multilayer tandem Fabry–Perot cavity. Opt. Lett. 46, 3464 (2021).
Ghobadi, A. et al. Ultra-broadband , wide angle absorber utilizing metal insulator multilayers stack with a multi- thickness metal surface
texture. Sci. Rep. 7, 4755 (2017).
Ghobadi, A. et al. Disordered Nanohole Patterns in Metal-Insulator Multilayer for Ultra-broadband Light Absorption: Atomic Layer
Deposition for Lithography Free Highly repeatable Large Scale Multilayer Growth. Sci. Rep. 7, 1–10 (2017).
Ghobadi, A., Hajian, H., Rashed, A. R., Butun, B. & Ozbay, E. Tuning the metal filling fraction in metal-insulator-metal ultra-broadband
perfect absorbers to maximize the absorption bandwidth. Photonics Res. 6, 168–176 (2018).
Yildirim, D. U. et al. Disordered and Densely Packed ITO Nanorods as an Excellent Lithography-Free Optical Solar Reflector
Metasurface. ACS Photonics 6, 1812–1822 (2019).
Eftekhari, Z., Ghobadi, A. & Ozbay, E. Lithography-free disordered metal–insulator–metal nanoantennas for colorimetric sensing. Opt.
Lett. 45, 6719 (2020).
Eftekhari, Z. et al. Strong light emission from a defective hexagonal boron nitride monolayer coupled to near-touching random plasmonic
nanounits. Opt. Lett. 46, 1664 (2021).
Soydan, M. C., Ghobadi, A., Yildirim, D. U., Erturk, V. B. & Ozbay, E. Deep Subwavelength Light Confinement in Disordered Bismuth
Nanorods as a Linearly Thermal-Tunable Metamaterial. Phys. Status Solidi - Rapid Res. Lett. 2000066, 1–6 (2020).
Ghobadi, T. G. U. et al. Strong Light–Matter Interactions in Au Plasmonic Nanoantennas Coupled with Prussian Blue Catalyst on BiVO4
for Photoelectrochemical Water Splitting. ChemSusChem 13, 2577–2588 (2020).
Ulusoy Ghobadi, T. G., Ghobadi, A., Karadas, F. & Ozbay, E. Large scale compatible fabrication of gold capped titanium dioxide
nanoantennas using a shadowing effect for photoelectrochemical water splitting. Int. J. Hydrogen Energy 45, 1521–1531 (2020).
Soydan, M. C. et al. Lithography-Free Random Bismuth Nanostructures for Full Solar Spectrum Harvesting and Mid-Infrared Sensing.
Adv. Opt. Mater. 8, 1–11 (2020).
Ghobadi, A., Hajian, H., Butun, B. & Ozbay, E. Strong Light − Matter Interaction in Lithography-free Planar Metamaterial Perfect
Absorbers. ACS Photonics 5, 4203–4221 (2018).
Ghobadi, A., Hajian, H., Gokbayrak, M., Butun, B. & Ozbay, E. Bismuth-based metamaterials: From narrowband reflective color filter to
extremely broadband near perfect absorber. Nanophotonics 8, 823–832 (2019).
Soydan, M. C. et al. Lithography-Free Random Bismuth Nanostructures for Full Solar Spectrum Harvesting and Mid-Infrared Sensing.
Adv. Opt. Mater. 8, (2020).

AES 2022, MARRAKESH - MOROCCO, MAY 24 – 27, 2022

Universal light encoders: artificial intelligence hardware for light processing
components and integrated systems
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Abstract
In this invited talk, I will review our recent theoretical and experimental results in the field of Universal Light Encoders (ULE)
artificial intelligence (AI) hardware for a new class of flexible ultra-flat components (thickness < 100nm) for high efficiency
(close to unitary) vectorial control of light [1-4]. These devices are supported by a layer of “physical” neural network units in
suitably engineered optical nanoresonators. These systems act as universal approximators of arbitrary defined input-output
responses, processing information at the speed of light. I will discuss basic optical components and new integrated systems for
the real-time processing of high-dimensional visual information.
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Abstract: We shall present an overview of our recent investigations into the time-dependent effects observed in
transparent conductive oxides photoexcited at the epsilon near zero point. We will then discuss the role of the epsilonnear-zero mode in establishing the temporal dynamics in strongly coupled plasmonic systems.
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Abstract
I will present our recent research showing that organic conducting polymers can be used as a new type of materials for
dynamically tuneable nanooptics, including chemically and electrically controlled plasmonic nanoantennas.1,2
References:
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Quantum dynamics in structured photonic fields
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Abstract
Phase- and polarization-textured laser pulses have been realized in a wide range of frequencies spanning the XUV to the THz
regimes. This contribution presents few examples on how to use these pulses or combination thereof to induce new types of
optical quantum transitions and/or laser-dressed states. For instance, it is found that electronic toroidal states can be triggered
and controlled on the picosecond time scale using polarization-structured THz vector beams [1]. As well, micrometer size gas
samples can be magnetized within femtoseconds using a combination of XUV pulse from a free-electron laser combined with
an IR laser pulse carrying orbital angular momentum [2,3].

[1] J. Wätzel et al. Adv. Quantum Technol., 2: 1800096. https://doi.org/10.1002/qute.201800096 (2019).
[2] J. Wätzel et al. Physical Review Letters (2022) at press.
[3] G. De Ninno et al. Nature Photonics 14, 554–558 (2020).
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Tunable Mie resonances in silicon nanostructures probed with
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Abstract
In this talk, I will present results on thermo-optic and electromechanical tuning of optical Mie resonances in high-refractiveindex silicon nanostructures. Using in situ electron energy-loss spectroscopy, we show that the high thermo-optic coefficient of
silicon enables tuning between the near field of Mie resonances supported by silicon nanoparticles in the visible. We also
demonstrate an electromechanical platform composed of a silicon nanobeam dimer to electrically tune the optical response.
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Abstract
We present Riesz projection based methods relying on contour integration for efficiently computing quasi-normal modes and
modal expansions of near-field and far-field physical quantities. We use a finite-element method based implementation of these
methods for the analysis of nanophotonic resonators for quantumoptics applications. We use Bayesian optimization methods for
finding best geometry parameters yielding, e.g., resonators with maximized quality factor.
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Abstract: We provide a spin and orbital angular momentum representation of the inverse Faraday effect in a metal.
We analytically show the role of the spin and orbital angular momenta of light (SAM and OAM, respectively), as
well as the spin-orbit interaction (SOI), in the generation
of an optoinduced magnetization. We also show that resonances in plasmonic nanoantennas enhance and confine the
IFE on the nanoscale, thereby leading to static magnetic
fields directly applicable in a vast application domain including all-optical magnetization switching and spin-wave
excitation.
Light is known to possess polarization and spatial degrees of freedom, manifested by its linear momentum as
well as spin and orbital angular momenta[1]. Remarkably,
the SAM of light can be transferred to electrons in matter,
a phenomenon which refers to as the IFE [2, 3]. The IFE
has attracted much attention for its ability to generate lightinduced magnetization, thereby opening the prospect of an
ultrafast magnetic data storage and a non-contact excitation
of spin-waves. On the basis of a hydrodynamic model of the
conduction electron gas [4, 5], we provide a spin and orbital
angular momentum representation of the IFE in a metal [6].
The OAM and SOI of light provide additional degrees of
freedom in the control of the IFE usually solely attributed
to the SAM. We also investigate a resonant IFE within individual nanoantennas [7, 8]. Upon illumination, individual
subwavelength gold coaxes and cylinders are shown to develop a strong optomagnetic field on the nanoscale that is
controllable by the helicity of the light. In pulse optical
regime, this magnetic field is found to reach 0.3 T upon
excitation at a light intensity below damage threshold.
Our model shows that both the SAM and OAM contributions to the IFE in the metal bulk rely on an optical drag
effect [9]: the underlying optoinduced current densities are
proportional to the Poynting energy flow (optical momentum) inside the metal. In the case of an axisymmetric optical system, we find a direct proportionality between the
optoinduced drift current at metal surfaces and the radial
component of the SAM of light. In the paraxial approximation, the contribution of the SAM vanishes, and the IFE
is driven solely by the OAM of light, which is consistent
with the interpretation of the spin and orbital angular momenta of purely transverse light fields [10, 11]. We also
show that the SOI of light [12] plays a significant role in
the IFE. Finally, we numerically quantify the relative contributions of the SAM and OAM to the IFE in a thin gold

film illuminated with four different focused beams carrying
SAM and/or OAM (see table 1). We find that the SAM of
light is the main source of drift current density regardless
of the helicity of the incident light. However, the compensation effects between SAM-driven surface and bulk currents of opposite handedness reduce the contribution of the
SAM to the observable optoinduced magnetization. Except
for circular polarization, the OAM of light is found to be
the main contributor to the IFE. We also numerically confirm the importance of the SOI of light in the IFE, which
manifests both via SAM-to-OAM and OAM-to-SAM conversions at the focus. The OAM of light thus opens new
degrees of freedom in the control of the IFE in metals, thus
potentially impacting various research fields, including alloptical magnetization switching and spin-wave excitation.
SAM
OAM

l=0,s=1
78%
22%

l=1,s=0
0.2%
99.8%

l=1,s=1
36%
64%

l=-1,s=1
49%
51%

Table 1: The table shows relative contribution of OAM and
SAM of light into the IFE for four different combinations of
the l and s parameters defining the incoming beam entering
the microscope objective.
We also investigate the generation of an optomagnetic
field in plasmonic nanoantennas upon illumination with a
circularly polarized light (Fig. 1). We predict an optomagnetic field reaching 0.3 T at laser fluence below nanostructure damage threshold. We also show that the substrate
introduces an important asymmetry of the optomagnetic
response of plasmonic nanoantennas fabricated via a topdown technological approach. For a 50-nm thick gold coaxial nanoantenna (Fig. 1b), the optomagnetism is mainly
localized within the substrate, which appears to be advantageous for many applications involving magnetic material
within the substrate. Optomagnetism in resonant plasmonic
nanoantennas may impact a broad field of applications and
techniques including spintronics, magnonics and data storage via the development of on-chip nanoscale plasmonicmagnetic architectures. Optomagnetism may also provide
new degrees of freedom in nano-object tweezing based on
the combination of optomagnetic and pure optical forces.

Figure 1: Optically-induced static magnetic field generated by (a) a gold nanocylinder (diameter: 50 nm, thickness: 12 nm)
in oil (n=1.45), and (b), a coaxial nanoaperture in a 50-nm thick gold film on a glass substrate (n=1.5). The inner and outer
diameters of the coax are of 50 nm and 70 nm, respectively. The wavelength is equal to 800 nm for each configuration.

The authors are indebted to Ulrich Fischer for helpful discussions. This work is funded by Conseil régional de ”Bourgogne
Franche-Comté”; EIPHI Graduate School (ANR-17-EURE-0002); Agence National de le Recherche (ANR-18-CE42-0016).

References
[1] Les Allen, Marco W Beijersbergen, RJC Spreeuw, and JP Woerdman. Orbital angular momentum of light and the
transformation of laguerre-gaussian laser modes. Phys. Rev. A, 45(11):8185, 1992.
[2] PS Pershan, JP Van der Ziel, and LD Malmstrom. Theoretical discussion of the inverse faraday effect, raman scattering,
and related phenomena. Physical review, 143(2):574, 1966.
[3] Riccardo Hertel. Theory of the inverse faraday effect in metals. J. Magn. Magn. Mater., 303(1):L1–L4, 2006.
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Abstract
Possibilities of producing novel photonic materials provided by the crystal growth will be discussed including examples of
materials exhibiting various interesting optical and electromagnetic properties.
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Abstract
The fabrication of hybrid systems composed by optical nanocavities and quantum dots represents a key approach to induce new
and distinctive physico-chemical properties, with significant implications in fields ranging from cavity quantum electrodynamics
to polariton chemistry [1,2]. Here, strong coupling between surface plasmon polaritons and nanocrystal quasiparticles such as
excitons [3,4] and phonons [5] has been investigated through steady-state and time resolved spectroscopies, thus confirming
the possibility of altering the intrinsic nanomaterial response by means of properly tailored optical nanoresonators.
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Abstract
We report on a novel, graphical method, using a 3D
mechanical design program, CATIA V5R20, to obtain and
analyze exact scan patterns or a pair of rotational Risley
prisms - in comparison to other scanning modalities,
produced by the most common galvanometer laser scanners.

1. Introduction
Optical and laser scanners are built in a variety of solutions.
The most important are [1]: galvanometer scanners (GSs)oscillatory, polygon mirrors (PMs)-rotational, Risley
prisms-both oscillatory and rotational, as well as acousto- or
electro-optical scanners-both without moving parts (which
is an advantage), but with lower resolutions (which is a
clear drawback). Scanning applications have a wide range,
from commercial to industrial and remote sensing, as well
as to high-end biomedical systems such as confocal
microscopy and optical coherence tomography (OCT) [2].
The different systems above and their combinations produce
several types of scanning modalities with different
characteristics which make them appropriate for a certain
application. The aim of this paper is to present some of our
contributions in optimizing scanners and scanning
modalities, from the point of view of their parameters. The
focus is on passing from the slower GS-based raster
scanning to the faster but non-linear Risley prisms scanning.

the continuous movement of the slow GS [5]. The latter is
convenient when the slow scan axis is provided by a moving
(for example, airborne) platform-as in remote sensing, for
which only the issues of the fast scan axis must be solved.
Raster scanning has the major advantage of equally-spaced
pixels on both axis (when properly optimized), but it is still
rather slow. The scan speed can be increased by using a PM
for the fast scan axis [6], but with the non-linearity issues of
PMs, studied with the novel theory developed in [7].
Because of the above issues of raster scanning, other
scanning modalities have been developed, including:
(ii) Spiral scanning can be produced with 2D GSs or with
MEMS, but with the advantage that both scan axis are faster.
The most convenient is to use archimede spiral [8], because
resolution can still be constant for such as spot trajectory.
(iii) Lissajous scanning is much faster than both of the
above, but also highly non-linear, which is a drawback.
However, it has been explored lately with interesting
advances in high-definition scanning [9]. It also has the
disadvantage that it is still produced with oscillatory GSs (or
MEMS), therefore it has limitations in both speed and Fieldof-View (FOV).
(iv) Risley prisms scanning is a much better alternative to
Lissajous scanning, because in its most common variant it
uses rotational Risley prisms (i.e., usually optical wedges),
which do not have to stop-and-turn like oscillatory mirrors –
Fig. 1. This is an advantage compared to all scanning
modalities presented above.

2. Scanners and scanning modalities
The main scanning modalities are:
(i) Raster scanning is produced with the most common dual
axis 2D GSs or Micro-Electro-Mechanical Systems
(MEMS). The fast GS produces a laser line which is
positioned by the slow GS with a step-by-step or with a
continuous movement. For the fast GS, a trade-off must be
made between the scan frequency and amplitude, as studied
in detail in [3] and optimized with a new mathematical
model for 1D GSs in [4], considering the three most
common input signals (i.e., sinusoidal, triangular, and
sawtooth). For 2D scanning, we demonstrated that, when a
GS- or MEMS-based system is used, the step-by-step
movement (with certain, optimized functions) is better than

Prism 1
ω1

Prism 2

(O.A.)
ω2

Figure 1: Laser scanner with rotational Risley prisms:
modeling with a 3D mechanical design program,
CATIA V5R20 to obtain scan patterns (Fig. 2).
Configuration ba-ab ("a", diopter perpendicular to the
optical axis (O.A.); "b", inclined diopter), considered
from the four configurations of a pair of prisms.
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(a1)

(a2)

(b1)

(b2)

Figure 2: Simulated scan patterns of a pair of rotational Risley prisms, for (a) k=2/6 and (b) k=6/2 and for (1) M=6 and (2)
M=-6. The patterns are obtained in a plane perpendicular to the optical axis.
Risley laser scanning systems can be of several types [1]:
rotational or translational; with two, three or double prisms.
The main applications of these systems are: laser scanning,
precision pointing, interferometry, holography, polarimetry,
light attenuation and biomedical imaging. The main
advantage of the exact scan patterns with the graphical
method is that they are accurate, compared to the scan
patterns obtained with the analytical method.

3. Graphical simulation of scan patterns of
rotational Risley prisms
We have and developed a novel, graphical method to
generate and study exact scan patterns of rotational Risley
prisms, using only common prisms equations and a
mechanical design program, CATIA V5R20 [10]. With
regard to approximate method (e.g., using the paraxial
domain), our method has the advantage of providing exact
scan pattern. With regard to exact, analytical approaches,
our method has the advantage of being easy-to-use and fast.
A few examples are presented in Fig. 2. A multi-parameter
analysis has been carried out with regard to all the possible
parameters of a pair of rotational prisms: prisms angles
(respectively deviations); distance from the ‘a’ diopter to
the screen where patterns are formed; distance between the
‘a’ diopters; Marshall’s parameters, i.e. M, ratio of angular
speeds and k, ratio of angles of the prisms [10].

4. Conclusions
We compared the four most common scanning modalities
and we reported the graphical method developed to obtain
fast exact scan patterns of Risley prisms. The example of a
pair of rotational prisms was considered, for different
values of the parameter k and for two (equal in module, but
one positive and the other one negative) values of the
parameter M. Scanning with Riley prisms is nonlinear and
complicated, which is a drawback; pixels in a scanned plane
are not equally spaced as obtained with raster or
(appropriate) spiral scanning. However, the FOV is larger,
the speed is much higher, and if fill factors can be limited
(for example in remote sensing), such scanners are the
appropriate system to use. Current work in our group
include applications, as well as studies of other
configurations of Risley prisms, as well as comparisons to
other scanning systems.
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High-Speed Fiber–Wireless–Fiber Bridge System for Fixed Wireless
Link in Millimeter-Wave Band Using Photonic Technology
Pham Tien Dat
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terahertz band, poses significant challenges to transport
networks, particularly the uplink fronthaul. In both scenarios,
the simplification of antenna sites and fiber transport
systems is vital to satisfying the rapid increase in the number
of small cells. Currently, systems based on electronic
receivers for radio-to-optical conversion at the antenna sites
are widely used [1]. However, the inclusion of electrical
local oscillator (LO) sources at antenna sites complicates the
system configuration, operation, and management. In this
paper, we present two different approaches based on
photonic technology to simplify the antenna sites and the
second fiber transmission link. The first method is based on
a photonics-enabled receiver to convert a millimeter-wave
(mmW) signal to the microwave band before converting it to
the optical domain for further transmission to the receiver.
In addition, for the further fiber link transmission, an optical
phase modulation and direct detection technology using an
optical filter is employed to simplify the system and the
receiver. In the second method, an all-photonic receiver
using a broadband optical modulator is used to directly
convert an mmW signal to an optical signal without any
frequency conversion. A photonic down-conversion
technology is also utilized to down-convert the signal to the
microwave band. Both the systems can simplify the antenna
sites and the second fiber link transmission, rendering them
a simple and efficient method for high-speed bridge and
uplink mobile fronthaul in ultra-high frequency bands.

Abstract
We present photonics-enabled technologies to realize highspeed fiber–wireless–fiber bridge systems in the millimeterwave band, including a photonics-enabled receiver and an
all-photonic receiver. In the former method, the millimeterwave signal is down-converted to the microwave band
before being converted to the optical signal for further
transmission using an optically generated local oscillator
signal. In the latter method, the millimeter-wave signal is
directly converted to the optical domain without any
frequency conversion using a broadband optical modulator.
Using the proposed technologies, we successfully
transmitted high-speed signal over both systems.

1. Introduction
Fiber–wireless–fiber bridge systems in high-frequency
bands are promising for interconnections, disaster recovery,
and fixed access networks for indoor environments. In these
systems, wireless receivers are normally installed outdoors,
such as on rooftops or windows, and the received wireless
signal should be further transmitted to end users, typically
indoor residents, over a second fiber link. In addition,
encoding radio signals collected at antenna sites to the
optical backbone is essential for the uplink mobile fronthaul.
In this application, the evolution of radio access networks,
which are expected to continue beyond 71 GHz towards the
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Figure. 1: Schematic diagram of fiber–wireless–fiber system using photonics-enabled receiver.
CS: central station; RAU: remote antenna unit; Rx: receiver; mmW: millimeter-wave; Mw: microwave; IF: intermediate frequency; LO:
local oscillator.
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Figure. 2: Schematic diagram of fiber–wireless–fiber system using optical modulator and photonic down-conversion.

signal, the direct mmW-optical conversion method can
significantly simplify the antenna site. The Rx performs
signal reception, detection, and down-conversion to the
microwave band. A direct photonic down-conversion
method can also be used to simplify the receiver and reduce
the frequency offset and phase noise of the detected signal.
Another two-tone optical signal is generated, and the two
sidebands are separated. One of them is transmitted to RAU2 for data modulation. The other sideband is used for signal
detection and down-conversion. The received optical signal
from RAU-2 is filtered to select only one of the sidebands
using an optical filter. The filtered signal is then combined
with the unmodulated sideband from the generated two-tone
optical signal. The combined signal is input to a photodiode
for conversion to a microwave signal. As a proof-of-concept
demonstration, we successfully transmitted more than 70
Gb/s line rate over the system [3].

2. Photonics-enabled receiver
The system concept of a fiber–wireless–fiber system using a
photonics-enabled receiver is shown in Fig. 1. The system
consists of four main blocks: a central station (CS), remote
antenna unit 1 (RAU-1), remote antenna unit 2 (RAU-1),
and receiver (Rx). The CS generates and modulates the data
on the optical signal. A two-tone optical signal consisting of
two coherent optical sidebands is generated using optical
modulation technology. The two optical sidebands are
separated, and one of them is modulated by a data signal
using an optical modulator. The modulated and
unmodulated sidebands from the two-tone optical signal are
combined to construct a radio-over-fiber (RoF) signal. At
RAU-1, the RoF signal is up-converted to an mmW radio
signal using a high-speed photodetector. The generated
signal can be further amplified to increase the power level
before transmitting to RAU-2. At RAU-2, the mmW signal
is received and down-converted to the microwave band
using an electrical mixer. To simplify RAU-2, a local
oscillator signal is optically generated at the Rx and sent to
RAU-2 for the signal down-conversion. The downconverted signal is converted to an optical signal using a
low-speed optical modulator. The signal is transmitted to
the Rx and detected using a low-speed photodiode. To
prove the system concept, we successfully transmitted 80Gb/s line rate signal over the system [2].

4. Conclusions
We present high-speed fiber–wireless–fiber systems in the
millimeter-wave band using a photonics-enabled and an allphotonic receiver. The proposed systems significantly
simplify the antenna sites and optical receivers. We
successfully demonstrated high-speed signal transmission
over the proposed systems with a line rate of over 70 Gb/s.
The proposed systems are promising for fiber–radio bridges
and uplink fronthaul systems in ultra-high frequency bands
in beyond-5G networks.

3. All-photonic receiver

References

The system concept of a fiber–wireless–fiber system using
an all-photonic receiver is shown in Fig. 2. Similar to the
first method, the system consists of four main blocks,
including a CS, RAU-1, RAU-1, and Rx. The CS and RAU1 are same as in the first case. At RAU-2, the mmW signal is
received and converted to an optical signal using a
broadband optical modulator. For the mmW-to-optical
conversion, the optical carrier signal is directly modulated
by the mmW signal. Compared with the electronics-based
conversion method, which needs to down-convert the signal
to a low-frequency band before converting to the optical
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System in 100-GHz Band Using Optical Modulator and
Photonic Down-Conversion,” J. Light. Technol., Early Access
(2022).

2

AES 2022, MARRAKESH - MOROCCO, MAY 24 – 27, 2022

Giant Pockels Effect in Thin Film Barium Titanate for
Reconfigurable Photonics
Aaron Danner1,*
1

Dept. Of Electrical and Computer Engineering, National University of Singapore, Singapore
*corresponding author, E-mail: adanner@nus.edu.sg

Abstract
In this talk I will introduce the barium titanate photonics platform. The Pockels effect is what enables GHz-level switching
speeds in optical modulators and switches, so materials which exhibit strong Pockels coefficients are advantageous as they
maximize light-matter interaction. Using pulse laser deposition, we have grown single crystal barium titanate on various low
index substrates and measured an r-parameter over 600 pm/V, which is nearly 20 times that of the commonly used lithium
niobate. We then experimentally demonstrated polarization modulation.
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Shapeshifting diffractive optical elements
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Abstract
We have proved that it is possible to realize optical elements with theory-matching efficiency and practical use, reconfigurable
on demand right where and when needed. I will present diffraction optical elements with efficiency equal to the theoretical
efficiency, realized by direct structuring of the surface of a photosensitive polymer, avoiding any further development step. The
realized gratings and lenses can be reshaped completely while aligned in the optical setup. Grating periodicity can be changed;
lenses focal length can be tuned; one optical element can be morphed into another optical element with completely different
optical functionality, without affecting the alignment of the specific optical setup.

AES 2022, MARRAKESH - MOROCCO, MAY 24 – 27, 2022

Integrated microresonator frequency comb source for massiveparallel optical communication
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Abstract
We demonstrated ultra-dense wavelength-division multiplexing
(WDM) data transmission using an intensity modulation and direct
detection (IM-DD) scheme. We discuss the feasibility of SiN and
MgF2 microresonators for WDM applications regarding output
power, bandwidth, and required pumping power. In addition, we
discuss that IM-DD communication is relevant to the nextgeneration optical communication that requires ultra-low latency.

The following is a very simplified discussion: If we need a
dense WDM with channel spacing of 10 to 40 GHz, a MgF2
resonator is advantageous. It also allows us to generate a comb
with much lower pump power. On the other hand, if we need a
WDM light source with much higher power per channel, SiN
microring is advantageous. It also allows us to build an on-chip
integrated system, but the FSR is as sparse as > 100 GHz.

1. Introduction
We believe that massively parallel wavelength division
multiplexed (WDM) optical communications are required to
support high transmission rates and low latency. Optical frequency
comb using optical microresonators, now known as a microcomb,
is being actively studied as a possible candidate that replaces
existing single wavelength lasers.
Microcomb is based on the four-wave mixing (FWM) that
occurs in a tiny microresonator. When a continuous wave (CW)
laser with a single wavelength is injected into an optical
microresonator, degenerate and non-degenerate FWMs occur,
resulting in the generation of different wavelength components. In
order to obtain FWM efficiently, a high-Q cavity is needed.
Various platforms exist, including magnesium fluoride (MgF2)
whispering gallery mode (WGM) resonators [1] and silicon nitride
(SiN) microring resonators.
In this paper, we first explain our experiments on the
generation of the soliton combs and then discuss the feasibility of
the modulation instability comb for optical data transmission.

2. Comparison between MgF2 and SiN
microresonators
Before we show the transmittance experiment, we would like to
discuss which microresonators are advantageous for WDM
applications.
Figure 1 shows the output power per longitudinal line (i.e.,
channel) for SiN (Fig. 1(a)) and MgF2 (Fig. 1(b)) microresonators,
in function to the Q, free-spectral range (FSR), and input power,
when soliton comb is generated [2]. Typical Q and FSR for the
SiN microring are a few million and a few hundred GHz. It means
that we can obtain –10 dBm/channel output at a pumping power of
~100 mW. On the other hand, Fig. 1(b) is a map for the MgF2
WGM microresonator, of which Q is usually much higher. The Q
is typically 109, and FSR is > 10 GHz. It suggests that a soliton is
obtained at much lower power of ~10 mW, but the output is as low
as –25 dBm. It shows that these platforms have pros and cons.

Figure 1: This color map shows the maximum power
output per comb line when a soliton comb is generated. The
red dotted lines are the required pump power to obtain a
soliton comb. (a) SiN microring. (b) MgF2 WGM
microresonator. [2]

3. Optical transmittance experiment
Here we will show our experimental results of ultra-low latency
optical transmission using the IM-DD scheme. We want to note
that coherent digital communication requires powerful electrical
signal processing, and the delay caused by the signal processing is
not negligible. Forward error correction (FEC) is also often used,
which further increases the delay in the electrical stage.
Therefore, to construct an ultra-low latency transmission
system, it is necessary to reduce the electrical signal processing
load by utilizing FEC-free transmission. It is expected to achieve
massively parallel transmission and high transmission capacity as
the overall system performance.

Figure 3: Optical spectrum of a soliton comb from MgF2
resonator with an FSR of 10 GHz. Inset: Enlarged spectrum
between 1549.0 and 1549.5 nm. (b) Bit error rate spectrum of
386 comb lines across the C-band. 145 comb lines exhibit
error-free operation (BER < 10-9).

4. Conclusions
We discussed the feasibility of the microresonator frequency
combs generated with MgF2 WGM microresonator and SiN
microring for WDM application. We demonstrated massiveparallel FEC free transmittance which is needed for high-capacity
low-latency optical transmittance.
Figure 2: Optical spectrum of a soliton comb from SiN
resonator with FSR of 400 GHz. (b) Bit error rate curves for
three different comb lines at the wavelength of 1525.2, 1550.3,
and 1576. nm.
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Figure 2(a) shows the spectrum of the soliton comb generated
with a SiN microring. The FSR is 400 GHz. We use a fast-scan
method to generate the soliton comb. Comb lines at wavelengths
of 1525.2, 1550.3, and 1576.5 nm were filtered out by a BPF, and
the signal light is modulated at 10 Gbps with an intensitymodulator. Note that 1550.3 nm is the CW pump light. The
modulated light propagated through a 40-km single-mode optical
fiber. Figure 2(b) shows the BER at different received power. All
three comb lines achieved a BER < 10-9 (error-free), which is
necessary for FEC-free transmission.
Next, we show the results of transmission experiments using
an MgF2 resonator with an FSR of 10 GHz (Fig. 3(a)). The
spectrum's full width at half maximum is 1.22 THz, with 386
comb lines in the C-band. Figure 3(b) shows the lowest BER
values for the transmission for each comb line. The 145 comb
lines achieved error-free transmission with a total transmission
capacity of 1.45 Tbit/s. The BERs are degraded near the pump
wavelength due to the spontaneous emission of amplified light at
the optical fiber amplifier. The BER is also degraded at both wings
of the spectrum due to the small output power of the comb line.
The spectral efficiency was 1 bit/s/Hz, the highest spectral
efficiency achieved to our knowledge for microcomb-based
transmission without FEC.
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Abstract
Electromagnetic radiation is absorbed inhomogeneously in differently shaped nanostructures. I will show how this phenomenon
leads to a space-dependent out-of-equilibrium hot carrier population that breaks the optical symmetry of otherwise symmetrical
nanostructures. The resulting asymmetric hot-carrier time dynamics can be exploited to manipulate light-matter interaction in
the ultrafast regime. Electron-phonon scattering eventually induces heating, and I will show how properly designed large scale
ultrathin (~250nm) metasurfaces allow extremely large (~GW/m3) and broadband (~90% of solar spectrum) dissipated power
densities.

Optoelectronics, Photonic Materials and
Devices

Electronic and optoelectronic properties of black phosphorous
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Abstract
The optoelectronic and photonic devices based on two-dimensional (2D) materials are of great
importance in the technological development of efficient devices for various applications including
ultrafast

computing,

imaging,

environmental

monitoring,

security

systems,

optical

communication, and health care, etc., is vitally important. After the invention of graphene, the past
decade witnessed a rapid development and amelioration of several 2D materials. These newly
discovered materials have the capability to emit and or detect the electromagnetic radiation from
visible to radio frequency waves which is an essential need for daily life applications. Herein, we
present the enormous capabilities of the most recent rediscovered 2D material named black
phosphorous (BP). It offers a solution for several technological limitations that appears in
conventional 2D materials such as transition metal dichalcogenides/oxides etc. In the present work,
we have demonstrated the electronic and optoelectronic properties of BP via realizing field effect
transistors.
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Abstract
Controlled excitation and measurement of multipoles in
nanoscatterers is an important task of increasing interest in
nano-optics and nano-metrology. Here, we discuss the
implementation of a far-field approach for the retrieval of
multipolar contributions to particle scattering. We utilize a
reconfigurable photonic integrated circuit capable of
measuring spatial phase, polarization and intensity
information. We introduce the multipole retrieval scheme
and discuss the main concepts of this novel detector, paving
the way towards intriguing applications in nano-metrology,
microscopy and imaging.

1. Introduction
In the last decade, the study of electric and magnetic dipole
excitation in photonic nano-structures has attracted
tremendous attention with applications ranging from dipoleinterference-based directional scattering [1], tunable
waveguide coupling [2,3] to nano-metrology [4,5].
Recently, also the role and additional capabilities of higher
order multipoles in the context of directional scattering have
been studied theoretically [6]. However, although very
important, the experimental study of such higher order
multipoles is far from trivial. A far-field approach for
experimentally retrieving the multipolar response of
individual scatterers would be desirable. For the
unambiguous experimental determination from far-field
scattered light, the intensity distribution is not sufficient and
needs to be complemented with phase and/or polarization
information.

2. Measuring higher order multipolar
contributions to particle scattering using novel
detectors
For the study of far-field multipole retrieval, tightly focused
and polarization engineered light beams represent an
excellent and versatile tool. They have been utilized to
selectively and controllably excite multipoles in
nanoparticles [1,4,7,8].

Figure 1: a) Excitation scheme of an individual
nanoparticle using tightly focused polarization tailored
light. Far-field imaging of the back focal plane (BFP) of
a collection objective onto a camera provides access to
the angular emission spectra. b) Exemplary electric field
intensity and c) phase information for the emission of an
electric quadrupole (l=2, m=2) placed near a dielectric
interface (substrate). Far-field measurement of this
information can grant access to the identification of
electric and magnetic dipoles as well as quadrupoles.
Experimentally, the light scattered by a nanoparticle can be
collected with a high numerical aperture (NA) objective
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(Figure 1 a). The back focal plane (BFP) of this objective
contains information about the scattered field in k-space. If
excitation and collection NA are chosen properly, an angular
region can be isolated, which contains scattered light only
(see ring-like intensity distribution in Figure 1 a). It has been
shown that by measuring the polarization of this region in
the BFP based on a Stokes analysis with a camera, full
information about the dipole contributions to the scattering
(electric and magnetic) can be extracted [8]. However, this
method requires an elaborate polarization measurement.
Here, we now extend this approach to also enable the
retrieval of all electric and magnetic quadrupolar
contributions (in addition to dipoles) based on intensity,
polarization and phase information (Fig. 1 b) and c).
Furthermore, we develop and utilize a novel detector
capable of measuring the spatial distributions of intensity,
phase and polarization information simultaneously,
simplifying and speeding up the measurement process
substantially.
This novel detector consists of a reconfigurable photonic
integrated circuit processing the input field. On-chip grating
couplers and meshes of Mach-Zehnder interferometers
serve as an interface – referred to as Super-Pixels – between
the incoming light and on-chip waveguide modes [9,10].
After calibration of the system based on a known input
field, the relative intensity and phase information between
all pixels can be measured for arbitrary input beams [11].
The architecture of the grating couplers themselves also
provides for additional information about the polarization.
We discuss the concept of this novel detector, its buildingblocks, and its calibration, and we elaborate on one of its
main applications in the field of nano-optics, i.e., the
multipole retrieval. As an example we show that even lowresolution ‘Super-Pixel’ detectors with only 16 pixels can
be used to unambiguously measure the complete sets of
electric and magnetic dipole and quadrupole moments
without any a-priori knowledge.
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3. Conclusions
Novel integrated detectors capable of simultaneously
measuring intensity, phase and polarization of a field
distribution or light beam offer exciting new possibilities in
nano-optics and related fields, e.g., in the context of farfield multipole retrieval. The underlying method for
multipole retrieval, the ‘Super-Pixel’ architecture, its
building-blocks, and its calibration will be introduced.
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Abstract
Photonic integrated circuits (PICs) that are compatible with the complementary metal-oxide-semiconductor (CMOS) technology
are promising candidates for ultracompact data management. In this talk, we review recent advances in robust optical data
processing using silicon PICs: 1) On-chip reconfigurable optical full-field manipulation for grooming photonic signal processor
(reconfigurable optical add/drop multiplexer, filter); 2) On-chip mesh-structure-enabled programmable multi-task photonic
signal processor (filter, delay, router, switch); 3) On-chip multi-dimensional (mode, polarization, wavelength) selective switch;
4) On-chip intelligent mode switching in fiber-chip-fiber communication systems.

AES 2022, MARRAKESH - MOROCCO, MAY 24 – 27, 2022

Long Wavelength Infrared Detection by Combining NanoThermoelectrics and Sub-Wavelength Absorbers
Aapo Varpula, Anton Murros, Kuura Sovanto, Jonna Tiira, Kirsi Tappura, and Mika Prunnila*
VTT Technical Research Centre of Finland Ltd, Tietotie 3, FI-02150 Espoo, Finland
*corresponding author, E-mail: mika.prunnila@vtt.fi

Abstract
Detection of infrared (IR) radiation is required in numerous applications from spectroscopic gas sensing to thermal imaging.
Obtaining high speed and sensitivity, low-power operation, and cost-effectiveness with a single technology remains to be a
challenge in the field of IR sensing. By combining nano-thermoelectric heat-to-voltage transduction and sub-wavelength
absorbers, we demonstrate uncooled IR bolometer technology that provides fast and high sensitivity response to longwavelength IR (LWIR) around 8 - 12 µm and is material-compatible with large-scale CMOS fabrication.
The state-of-the-art optical detectors are either bolometers or quantum photodetectors. In the infrared (IR) range, the state-ofthe-art bolometers convert the IR signal into an electric signal using either temperature-dependent resistors or thermoelectrics.
Quantum IR photodetectors have high performance, but they require cooling, and exotic materials at longer wavelengths.
Compared to quantum IR photodetectors, IR bolometers offer lower cost without need for cooling, but they are typically much
slower and less sensitive.
Nano-thermoelectrics has been mainly driven by applications in thermal energy harvesting with very little attention to detectors
until recently when it was postulated [1,2] and demonstrated [3] that nano-thermoelectrics can provide an attractive low noise
transduction method for bolometers. When nano-thermoelectric beams are combined with nanomembrane IR absorbers with
inherently low thermal mass, they can be utilized as fast and sensitive infrared detectors [3] (see also Fig. 1). The nanothermoelectric transducer-support approach benefits from enhanced phonon scattering in the beams, which enhances the
sensitivity. We have demonstrated different size nano-thermoelectric bolometric photodetector pixels with LWIR
responsitivities, specific detectivities, and time constants in the ranges 179 V/W–2930 V/W, 1.5 × 107 cm Hz1/2/W–3.1 ×
108 cm Hz1/2/W, and 66 µs–3600 µs, respectively. We have also benchmarked the technology against different LWIR detector
solutions and showed how nano-thermoelectric detector technology can reach the fundamental sensitivity limits posed by
phonon and photon thermal fluctuation noise [3].

Figure 1: Nano-thermoelectric LWIR bolometer [3].
[1] A. Varpula et al., Appl. Phys. Lett. 110, 262101 (2017).
[2] A. Varpula et al., Proceedings 2 (13), 894 (2018).
[3] A. Varpula, K. Tappura, J. Tiira, K. Grigoras, O.-P. Kilpi, K. Sovanto, J. Ahopelto, and M. Prunnila, “Nano-thermoelectric
infrared bolometers”, APL Photonics 6, 036111 (2021).
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Abstract
The plane wave scattering on graphene micro-disks is investigated numerically in the present work. Initially, the
propagation properties of the supported surface waves on
the 2D material are studied theoretically. Then, the plasmonic resonant frequencies of a circular graphene scatterer
are identified via the broadband analysis of the absorption
cross-section. Finally, the radar cross-section of the same
setup is examined, indicating that the resonant frequencies
are optimal for forward propagation, thus enabling the effective beam manipulation.

graphene
disk
z
x

kz
Ex

y

Hy

Figure 1: Linearly polarized plane-wave propagating towards a graphene circular scatterer.

1. Introduction
Several years have passed since the first report of a stable graphene layer, but various different aspects regarding
this truly 2D material are still challenging. Specifically,
the capability of graphene to support surface waves at the
far-infrared regime has enabled the design of various devices [1]. However, the theoretical analysis is limited on
infinite layers, while numerical solvers are required for the
characterization of plasmonic waveguides [2, 3].
This paper focuses on a circular graphene scatterer to
identify its resonant frequencies. This is achieved through
the absorption cross-section numerical examination of a
plane-wave that propagates towards our device. Moreover,
the radar cross-section is investigated at various frequencies, indicating that forward propagation is maximized at
resonances. This knowledge is important since an effective
beam manipulation is enabled via the appropriate combination of graphene scatterers on 2D arrays [4].

2. Theoretical aspects and setup
2.1. Graphene surface conductivity
In our work, graphene is considered as a thin layer, characterized via its surface conductivity σgr . The latter depend
on the chemical potential µc , the scattering rate Γ , and the
temperature T and it is evaluated by the compact expression resulting from the Kubo formula [5], involving only
the dominant, at the far-infrared spectrum, intraband term:
!
"
µc
e2 kB T
− kµcT
B
σgr =
+ 2 ln(e
+ 1) . (1)
π!2 (jω + 2Γ) kB T

2.2. Surface wave propagation properties
The propagation properties of the surface wave onto
graphene are evaluated via the complex wavenumber kρ
that is extracted via [6]:
#
$
%2
2
kρ = k0 1 −
,
(2)
σgr η0
with k0 and η0 the free space wavenumber and wave
impedance, respectively. An additional, more intuitive feature of the SPP wave is its wavelength λSPP that is related
to kρ via λSPP = 2π/"{kρ }.
2.3. Setup description
The main device of this work is a circular graphene scatterer of radius r, as depicted in Fig. 1. The selection of
such a simple apparatus initiates from its symmetrical configuration. Therefore, the scattering effects are independent
of the plane wave polarization that is propagating perpendicularly to the surface.

3. Numerical Analysis
3.1. Computational setup
Our setup is investigated using the popular FDTD method,
and the computational domain is divided into 100 × 100 ×
400 cells with ∆x = ∆y = ∆z = 2 µm. Moreover, a timestep of ∆t = 3.8 fs is selected and open boundaries are
terminated with an 8-cell perfectly matched layer. The sim-
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Figure 4: Radar cross-section of a graphene circular scatterer (r = 40 µm) at different frequencies.
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ward scattering differentiates. Specifically, at the resonant
frequencies, 1.95 THz and 2.54 THz, the initial direction
is preserved, in contrast to the non-resonant ones that the
plane-wave is scattered sideways.
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Abstract
We present a new semi-analytical formulation for diffraction by structured cylinders. A pseudo-spectral modal
method is used to solve the Maxwell equations written in
curvilinear coordinates. The program is compared with the
numerical results obtained with finite element method using
Comsol Multiphysics.

1. Introduction
The last two decades have been marked by the study and
fabrication of structured materials to control light. To solve
complex electromagnetic problems, numerical methods are
widely used. We propose a semi-analytical model based on
the pseudo-spectral method using the Chebyshev differentiation matrix [1, 2, 3]. In this method, Maxwell’s equations
are written in their covariant form and a change of coordinates is used to transform an arbitrary cross section cylinder into a circular cross section one. Since the boundary of
the cylinder coincide with a coordinate surface, writing the
boundary conditions is very easy.

Ezi (r, θ) = E0 exp[ik0 r sin(θ − θ0 )]

(1)

2. resolution
2.1. New Coordinates
The change of coordinates transforms a section with arbitrary contour into a circular section. In the new coordinates,
the space is divided into four regions separated by circles
with radii u1 = R1 and u3 = R2 . The circle with radius u2
coincides with the profile under study. We have :
a(u,
 θ) =
 R1 + [f (θ) − R1 ] u − u1


u −u
2

1


u − u2

 f (θ) + [R2 − f (θ)]
u3 − u2

for u1 ≤ u ≤ u2
for u2 ≤ u ≤ u3

(2)
In order to respect the non singularity of the field at
r = 0 and the radiation condition for r → +∞, the field
inside the region r < R1 and outside the region r > R2 are
respectively developed in Fourier-Bessel and Hankel series.
Ez(1) (r, θ) =

M
%

A1m Jm (k0 n1 r) exp(imθ)

(3)

m=−M
(3)

&M
m
'm=−M {[(−i)
( Jm (k0 r)+
(2)
A3m Hm (k0 r) exp(imθ)

Ez (r, θ) =

(4)

2.2. Maxwell’s Covariant Equations
In a source free homogeneous medium, considering the angular frequency ω in the harmonic regime exp(−iωt) and
with Einstein’s convention, the Maxwell-Minkowski equations are written.
) ijk
ξ ∂j Ek = +iωB i
(5)
ξ ijk ∂j Hk = −iωDi

Figure 1: Geometry of the problem.
Since the structure has cylindrical symmetry and 2π periodic with θ, in the usual cylindrical coordinate the incident field is given by :

where i, j, k = 1, 2, 3. ξ ijk is the Levi-Civita indicator.
The constitutive equations are given by :
) i
B = µij Hj
(6)
Di = εij Ej
where the µij and the εij depend on the metric associated
with new coordinates and on the medium.

2.3. Pseudo spectral method
In regions Ω− = [u1 , u2 ], Ω+ = [u2 , u3 ], the unknown
function Ez (u) is approximated by the product of a set of
suitable Lagrange-interpolating functions Cn and unknown
grid point values Ez (un ) at collocation points un as follows
[4]:
N
%
Ez (u) =
Cn (u)Ez (un )
(7)
n=0

Considering Tchebycheff polynomials Tn and Gauss- Lobatto points un as basis functions and collocation points,
respectively, the explicit form of Cn is:
(−1)n+1 (1 − u2 )TN" (u)
Cn (u) =
,
σn N 2 (u − un )

u %= un

Figure 3: Comparison of the total field surrounding the
cylinder at a distance of r = 2.5λ.

(8)

with σ0 = σN = 2 and σn = 1 for 1 ≤ n ≤ N − 1. The
above expansion is matched with (3) at u = u2 and with
(4) at u = u3 which allows to compute the A3m which correspond to the expansion coefficients of the diffacted field.
Lastly, we may compute the radar cross defined as.
σ = lim 2πr
r→∞

|E dif f |2
|E inc |2

(9)

3. Results
For z-invariant cylinders equation (5) reduces to two independent scalar problems with Ez or Hz as unknowns according to the incident plane wave polarization. Numerically, we obtain a matrix equation which is solved for the
A3m . For illustrative purpose, we consider the profile defined as r = λ[1 + 0.5 sin(10θ)]. The refractive index is
n1 = 1.5.

Figure 4: Comparison of the Radar Cross Section obtained
with our method and with Comsol.
difficult with other method. The specificity of this method
lies in the fact that the field at infinity can be handle without
any Perfect Matched Layer.
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Figure 2: Spatial distribution of the Ez (λ = 1µm).

4. Conclusions
We have proposed a pseudo-spectral modal method for
electromagnetic diffraction. We could solve the problem of
diffraction by cylinder with arbitrary section which is very
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Abstract
Much of the continuing appeal and challenge of electromagnetism stems from the same root: given some desired objective
(enhancing radiation from a quantum emitter, the field intensity in a photovoltaic cell, the radiative cross section of an antenna)
subject to some physical constraints (material compatibility, fabrication tolerances, or system size) there is currently no method
for finding or assessing uniquely best wave solutions. While improvements in nanofabrication and computational methods
have driven dramatic progress in expanding the range of achievable optical characteristics, they have also greatly increased
design complexity [1]. These developments have led to heightened relevance for the study of fundamental limits on optical
response. Here, we review recent progress in our understanding of these limits with special focus on an emerging theoretical
framework that combines computational optimization with conservation laws to yield physical limits capturing all relevant
wave effects [2]. Results pertaining to canonical electromagnetic problems such as thermal emission (Fig. 1), scattering cross
sections, Purcell enhancement, and power routing are presented.

Fig. 1. Representative maximum scattering bounds for integrated absorption and incoherent emission. Both panels display upper bounds on area2
normalized absorptivity Φopt (orange lines) for several values of the material efficacy figure of merit ζ = |χ| /Im[χ] at a fixed wavelength λ. These quantities
are shown as a function of the wavelength normalized radius R of an enclosing sphere (left) or thickness h of an enclosing slab (right).
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In this paper, a new multi,standard filter with four resonance
frequencies is proposed for radio,mobile including
GSM/4G LTE, WLAN and 5 G applications. The design and
synthesis is resolved using a new formulation of the FDTD
method. The metal finite conductivity and thickness are
rigorously taken into account. The FDTD computed results
are in good agreement with simulated data obtained with
CST electromagnetic tool.!

?&! >'-3(0+7-%('!
With the increasing development of multi,service wireless
communication networks, it has become essential to
synthesize microwave systems and components with various
modern communication standards [1]. Furthermore, in order
to satisfy the strict constraints related to high,speed and
high,capacity transmission, future mobile communication
systems must use simultaneously several frequency bands in
a single circuit [2]. Thus, transceivers operating on multiple
bands are highly preferred [3]. Recently, there has been a
strong demand for planar filters with multiple resonances,
compact size, low insertion losses and low integration cost
[4],[5]. Several prototypes of two,, three,, and four,band
planar filters have been proposed [3]. However, without
increasing the effective size of the filter, it becomes difficult
to combine multiple frequencies on a single circuit [6].
Therefore, using a single multi,band filter operating at
different frequencies can only reduce the overall size of
system [7],[8]. In [9], the frequency transformation method
is employed. The authors are based on the parallel
association of one band,pass resonator and three band,stop
ones to generate four resonance frequencies in a lumped,
element configuration. In [10], quad band band,pass filters
(BPFs) was presented using stub loaded resonators (SLR).
The proposed resonator has been analyzed using even–odd
mode approach. In [11], quad,band (BPFs) were realized by
using
stepped,impedance
coupled,line
quad,mode
resonators (SICLQMRs). Multi,section parallel and
interdigital coupling structure are used in this design.
In this paper, we propose a new topology of a multi,band
filter that can be used simultaneously for GSM/4G LTE
(around 1.8 GHz), 5G (3.5 GHz) and WLAN (5.42 GHz)
applications. The design of the proposed filter is resolved in
fullwave,mode using a new FDTD formalism which
simultaneously takes into account the finite conductivity as
well as the thickness of the metallic thin film. We note also

that the proposed update equations remain applicable for any
planar structure with an imperfect thin film conductor with
an arbitrary number of metallization levels.

%&! *(0%)%#0!2"#"!5,&(3%-89!
First, we present a modified FDTD formulation to model
imperfect metallic thin films [12], which consider the finite
conductivity and thickness. The tangential components
(parallel to the plane of the circuit) are given by:

1
1
n (m,
n (m,
Exn+1 (m + , pc , q) = AExc . Exn (m + , pc , q) + Ex1
pc , q) + Ex2
pc , q)(1.1)
2
2
1
1
n (m,
n
Ezn+1 (m, pc , q + ) = AEzc . EZn (m, pc , q + ) + Ez1
pc , q) + Ez2
(m, pc , q)(1.2)
2
2
1
1
1
1
1
1
n+
n+
n (m,
Ex1
pc , q) = BExc . [ Hz 2 (m + , pc + , q) − Hz 2 (m + , pc − , q)](2.1)
2
2
2
2
1
1
1
1
1
1
n+2
n+2
n (m,
c
Ex2 pc , q) = CEx . [Hy (m + , pc , q + ) − Hy (m + , pc , q − )](2.2)
2
2
2
2
1
1
1
1
1
1
n+2
n+2
c
n (m,
Ez1 pc , q) = BEZ . [Hy (m + , pc , q + ) − Hy (m − , pc + , q)] (2.3)
2
2
2
2
1
1
1
1
1
1
n+
n+
n (m,
Ez2
pc , q) = CEZc . [Hx 2 (m, pc + , q + ) − Hx 2 (m, pc − , q + )](2.4)
2
2
2
2

The coefficients

AEuc , BEuc and CEuc

(u=x or z) are given

in [13]. Equations (1) are expressed at instant ()+1)!t. !t
is the time step, while m and q denote the mesh indices
along the x and z directions respectively, pc refers to the
index corresponding to the metalized interface [14].
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In this part, the proposed FDTD algorithm is applied to the
synthesis of a shielded filter with four pass bands. Two
forms of resonators (S and L shaped) are considered. The
inter,resonator coupling essentially depends on the distance
S separating them. The resonators are parallel coupled and
judiciously placed in order to obtain the desired
specification filter. The chosen substrate and conductor are
respectively alumina ( =9.4) and copper (σ=5.8. 106 S/m,
thickness t= 5 µm). The shield height is b=9.92 mm. The
dimensions of the filter are (figure 1): Lx=2.54 mm,
Lz=10.04 mm, L=26.77 mm, w=1.42 mm, s=0.87 mm,
G=1.9 mm, a=23.18 mm, h=1.86 mm. Figures 2 and 3
illustrate respectively the insertion loss and the return loss
versus frequency. A good agreement is obtained compared
to data simulated with CST commercial software. Table 1
shows better performance especially in terms of return loss
(RL) compared to some 4,band filters [15] [16].

conductivity of the metallic thin film as well as its thickness.
Note that this technique can be further extended to any planar
structure with an imperfect thin film conductor and an arbitrary
number of metallization levels.
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Table 1: Comparison results with other works
Réf

*+,*-,*.,*/

IL
(dB)

ISO
(dB)

RL
(dB)

Size/λg

1.55/2.2
3.45/5.3
2.46/3.41/
6.65/9.09
1.78/3.5
3.88/5.42

2.9

12

10

0.5x0.36

2.23

26

14

0.59x0.26

3.5

31

15

0.42x0.48

(GHz)

[15]
[16]
Our
results

(IL: insertion losses, ISO: minimum isolation between
bandwidths, RL : minimum return loss)

(&! )('7,+$%('!
In this paper, a new design of quad,band shielded BPFs was
proposed for GSM/4G LTE, WLAN and 5G applications. Good
performances have been obtained comparing to other works:
the filter is compact, the isolation between resonances is greater
than 31 dB, the insertion losses do not exceed 3.5 dB. A good
matching is also signaled (greater than 15 dB). In addition, the
particularity of the proposed filter is that the topology is
relatively simple than those reported in the literature. Finally, a
modified formulation of the FDTD algorithm has been
proposed to rigorously taking into account the finite
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Abstract
Since biomedical implanted antennas play a crucial role in
biomedical telemetry applications, this study gives an
overview of an Industrial, Scientific, and Medical (ISM)
band at the range of 915 MHz with a compact size,
implantable, and low-profile antenna. This antenna was
described with a feature of simple slotted patch equipped by
a coaxial probe with an impedance value of 50-ohm. There
are four slotted resonators in this patch, which are simulated
on a flexible substrate of Roger Duroid RT5880 with a
typical thickness of 0.254 mm. The suggested antenna's
overall dimensions are 7mm × 7mm × 0.254 mm, and it
spans a frequency range between 800 MHz and 1 GHz (200
MHz) within the skin tissue. Finally, the simulation
resolved the value of the Specific Absorption Rate (SAR)
within the skin over 1 g of bulk tissue was found to be 8.17
W/kg, which shows that, the recommended SAR values
were below the Federal Communications Commission's
limit (FCC). Miniaturization has been achieved, and it is a
good candidate for biomedical implant applications.

1. Introduction
To ameliorate the living conditions of the patients the
Implantable Medical Devices (IMD) possess a crucial role
and with the help of this antenna the telemetry system has an
advantageous feature in terms of higher rate of data and
long-distance
communications
of
the
wireless
communications system among the IMDs as well as the offbody monitoring gadgets [1]. The IMDs are the key
elements of this proposed model [2]. In case of in-body
antenna, the gadget is supposed to be thin in size, less
quantity of SAR and should offer a great deal of flexibility
[3]. Hence, while designing an antenna it should be
congruent and its features are to be in accordance with the
human corps. Human body tissues can be exposed to the
antenna’s operational frequency which can create an impact
on the body tissues. For this reason, a broader bandwidth
should be a feature of the antenna which can facilitate the
necessary frequency bands after the trial on body tissues [4].

An antenna’s radiation properties can vary with respect to
the multifarious layers and structures of the human corps.
The human tissue structure is different in different part and
since the tissues have diverse dielectric property, it is really
a challenging task to design a biocompatible antenna for
medical application [5]. Generally, the in-body antennae are
of the range between 402 MHz- 405 MHz [6-8] and 2.4 GHz
- 2.48 GHz at the range of ISM when it comes to the
wireless communication [9-12]. The realized gain in the
reported frequency was found to be -34.9 dB and operating
bandwidth was 14.9% respectively. A tiny in-body polarized
antenna with circular-shape with an ameliorated impedance
congruent for the medical applications was presented in
[13].
The radiational patch which is rounded-shape has a
X-shaped slot within the ground plane. Rogers 3010
substrate was the material utilized with a reported height of
0.634 mm. Since there is a double-layered substrate for
which the antenna profile becomes hefty. However, the
antenna was less human congruous with a higher value of
SAR of 649 W/kg that tends to be bigger than that of the
standard limitation of IEEE/IEC 6270-1 over the mass tissue
of 1g. [14] reported an implantable antenna which was at
915 MHz for the purpose of wireless power transfer. The
overall dimension was 11 × 11 × 1.27 mm 3 with the
substrate of Roger 3010 which demonstrated an impedance
bandwidth of 3.8% as well as its realized gain was -29 dB.
Nevertheless, the calculation of the SAR values was not
performed as the size was larger with respect to the less
bandwidth [15]. The complete volume of this reported
antenna was 15 × 15 × 1.27 mm3, that was printed on a
substrate of Roger 3010, and it was operational at the range
of 915 MHz possessing a bandwidth of 10.6%. Having
performed the experiment on the body tissue, 517 W/kg was
the SAR value of the antenna which was a bigger value than
that of our proposed one.
The article presents a compact sized implantable antenna
made in pursuit of the biomedical applications which is
operated in ISM band at the range of 915 MHz with a

volume of at 7 × 7 × 0.254 mm 3 (0.08λg × 0.08λg ×
0.003λg) on the substrate of Rogers RT5880 whose εr = 2.2
and tanδ = 0.0009. At the range of 915 MHz, the radiation
pattern of the antenna is reported to be omnidirectional in
both E and H plane. This design has a configuration of full
ground planar shape along with four slotted resonators, that
helps the bandwidth to response and a decreased backradiation is available on the skin tissue. For example, the
dimension of the skin is maintained 20× 20 mm 2. Due to the
novel and compact modified patch, a greater bandwidth at
the range of 915 MHz is covered and the peak gain is
estimated to be analogous to the previous research.
Basically, the performance and the efficacy of the designed
antenna in the vicinity of the human body are improved and
the SAR values were significantly minimized. a minimum
amount of SAR values was reported and better results in
accordance with measurement and simulation. This paper is
comprised of five parts, for instance: section 1, which firstly
introduces the research task as well as covers the
background of the proposed work, the problem statement,
significance, and our objectives of this proposed research.
Section 2 refers to the design analysis and section 3
emphasizes the fabrication as well as measurement
outcomes. Section 4 reports the test within the human skin
tissue and finally, section 5 draws the conclusion.

Table 1. Optimized parameters of the proposed design.
Dimensions
S1
S2
S3
S4
S5
S6
S7
S8

Values (mm)
3.94
3.34
1.9
0.7
3.4
1.4
0.5
3.5

Dimension
W1
W2
W3
W4
L1
L2
L3
L4

Values (mm)
7.0
3.0
0.7
2.7
7.0
2.79
0.7
4.8

2. Procedure for Designing the Antenna
A slotted patch antenna, compact in nature including the
radiator having a novel shape, that is fed by a coaxial type
of probe. Our proposed antenna has different layers such as
a full planar ground, a thickness of 0.254 mm, low-profiled
substrate of Roger RT5880, whose εr = 2.2 and tanδ =
0.0009 along with a slotted patch demonstrated in Fig. 1.
The complete dimensions of the antenna are reported to be
7 × 7 × 0.254 mm3 (0.08λg × 0.08λg × 0.003λg). The HFSS
(High-frequency structure simulator) software has been
used to simulate the antenna and -25dB was found to be the
value of S11 at a working frequency and 21.85% was the
operating bandwidth of the proposed antenna. The
optimized values were reported in Table 1. Fig. 2 depicts
the implanted antenna's current density. The current
circulates mostly around the top and bottom sides of the
resonators, as well as the feed patch. The red arrows
represent which part of the antenna contributes the most to
functioning in the intended frequency band.

Figure 2: Current distribution all over the patch at the range
of 915 MHz
2.1 Proposal for the procedure of Antenna Design
The procedure for designing the proposed Antenna is
explained as per the following:
Step I: A slot of the shape of triangle is initiated (Fig. 3(a))
on left of the patch due to the generation of a frequency
band at the range of 1.5 GHz. However, the return loss is
reported to be bigger than -10 dB as per Fig. 4.
Step II: For keeping the S11 value below -10 dB (Fig. 3(b))
as well as for altering the frequency band towards a lower
frequency band, A “T”-shaped slot has been initiated in a
truncated patch for the operation of the Antenna at the range
of 1.4 GHz
Step III: Within the patch, the introduction of the X-shaped
slot (Fig. 3(b)). This slot shifts the band to 0.7 GHz from 1.4
GHz (700 MHz)
Step IV: For assisting the resonation of the antenna, the
proposed novel shape is made (Fig.3(c)) for obtaining the
desired frequency at 0.915 GHz.

Figure 1: Proposed dimensions of the low-profile antenna,
(a) front view, (b) back view.
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shifting the via position in our proposed patch antenna the
frequency band has been altered to be higher than our
intended frequency band. Fig.5(e) demonstrates that
positioning the via at position 1, the frequency band was
found 1.4 GHz, and when the via was displaced to position 2
from position 1, the frequency band was found 0.8 GHz, and
when the via was moved from position 2 to position 3, we
were able to achieve our desired frequency band of 0.915
GHz.

Figure 3: Design procedure of the Implantable antenna; (a)
(STEP I) Truncated patch, (b) (STEP II) Slotted truncated
patch, (c) (STEP III) X-shaped slotted patch, (d) (STEP IV)
Proposed design.

(a)

(b)

Figure 4: Comparison of the Simulation results: S11 for the
design steps shown in Fig. 3.
2.2 Proposed Antenna’s Parameter Analysis

Here, the parameter analysis of the antenna is explained. At
0.915 GHz range, by altering the values of key parameters
the reflection coefficient can be fine-tuned. For instance: the
feed patch width 'S4', the patch resonator length 'S2', the
upper left resonator length of the patch 'S8', the patch slot
length at a 45º angle 'S3', as well as the via position as
illustrated in Fig.5. From Fig.5(a), we can see how the
frequency band shifted to 0.915 GHz from 1.6 GHz by
shifting the value of 'S2' from 2.5mm to 3.34mm (685
MHz). The frequency spectrum switched to 0.915 GHz from
1.5 GHz (585 MHz) when the value of the 'S4' was altered
to 0.7mm from 0.3 mm, as shown in Fig.5(b). According to
Fig.5(c), the frequency band increases to 0.75 GHz from
0.60 GHz (150 MHz) when the values of the 'S3' are
changed to 1.8 mm from 1.6 mm. Fig.5(d) shows the
frequency shifts to 0.9 GHz from 1.7 GHz (800 MHz) in
case the value of 'S8' is altered to 3 mm from 2mm. By

(c)

(d)
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(e)
Figure 5: Proposed antenna’s parametric study; (a) change
in ‘S2’, (b) change in ‘S4’, (c) change in ‘S3’, (d) change in
‘S8’, (e) changing the position of the Via.

Figure 7: Fabricated prototype and the experimental setup
system of the proposed antenna.

3. Results and Discussion
In this section, our antenna design is simulated and
experimented within the body tissue to see if it is suitable for
biomedical telemetry applications. As a result, when making
a design of an antenna for biotelemetry applications for high
accurate feature, the existence of human body phantoms is
to be taken into consideration in case of calculating the
SAR. The performance of our antenna in the proximity of
the human phantoms, as well as the SAR values at 915
MHz, are assessed as well for this objective. As per Fig. 6,
the surface area of the phantoms box is of 20 x 20 mm2.
Simulation of the proposed antenna is done with HFSS
Studio.

Fig.8 shows the contrast between the measured and
simulated results of S11 of the antenna within the skin. The
biomedical antenna is found operational between 780 MHz
and 1000 MHz (220 MHz) at the range of 915 MHz, as per
the simulated S11 beneath the skin, whereas the proposed
antenna inside the mimicking gel had a bandwidth range
varies between 785 MHz and 998 MHz (213 MHz). It
demonstrates that the measured and simulated findings are
in well-matched with each other.

Figure 8: Juxtaposition between the measured and simulated
S11 within skin tissue.

Figure 6: Skin phantom box’s perspective view.

The (E & H)-planes obtained from the measurement and
simulation findings of the pattern of radiation within the skin
tissues are presented in Fig. 9. The function of the antenna
within the skin is presented by the 2D radiation pattern. At
the range of 915 MHz, these far field data reveal that the
antenna within the skin tissue has an omni-directional
radiation pattern feature in both planes. At the range of 915
MHz and within the skin, the simulation obtained realized
gain is determined to be -22 dB, but measurement findings
illustrate a realized gain of -28 dB. Fig.10 represents the
measured and simulated efficacy as well as a gain graph.
According to the graph, the antenna’s measured efficiency
of 2.1% inside the skin and a simulated efficiency is 2.2%.

In case of an ideal situation, in-body antennae would be
designed to minimize substantial coupling effects caused
because of the body tissues. This antenna is implanted 2 mm
deep inside the epidermal tissue of the human corpse during
the experiment, as presented in Fig. 7. This reported design
is kept inside a 40 mm x 40 mm of body tissue to check
these impacts. Due to the same qualities of human skin
tissue, a skin-mimicking gel having the properties like the
relative permittivity (ɛr) of 43 and an electrical conductivity
(σ) of 1.40 was involved.
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Figure 9: Far field results in measurement and simulation at
915 MHz within skin tissue.

Figure 11: Distribution of the SAR of the reported antenna
within body tissue is over 1 g at 915 MHz
Table 2: Performance comparison of the proposed antenna
with our proposed work.
Ref.
No.

Dimensions
(mm3)/ ( 3)

[6]

(23×16.4×1.27)
(0.098×0.070×0.005)
(25×20×0.07)
(0.34×0.27×0.00095)
(15×21.5×1.5748)
(0.39×0.56×0.039)
(3.14×100×2.54)
(0.082×2.6×0.066)
(14×14×0.5)
(0.365×0.365×0.013)
(3.14×28.6×1.34)
(0.082×0.748×0.035)
(3.14×23×0.634)
(0.082×0.60×0.016)
11×11×1.27
(0.107×0.107×0.0123)
15×15×1.27
(0.14×0.14×0.0123)
3.14×22.09×1.27
(0.030×0.22×0.0123)
7×7×0.254
(0.08×0.08×0.003)

[7]
[8]

Figure 10: Efficiency and gain and graph of simulation and
measurement inside skin.

[9]
[10]

3.3. SAR Analysis

[11]

Any emission of electromagnetic waves might expose the
human health, and this menace is measured in terms of the
SAR. The following is the relationship between the SAR
and input power [10]:

[12]

SAR =

[This
work]

[13]
[14]
[15]

(1)

Realized
Gain
(dB)
-34.9

Operating
Bandwidth
(%)
12.9

SAR
(W/kg)
@ 1g
284.5

2.45

-16.8

1.22

1.0

2.45

<-15

3.2

0.4 /
2.45
2.45

-33.1/
-14.55
-15.96

38.1/17.6

Not
Calculated
241.5/
149.7
0.494

0.402 /
2.45
2.45

-41 /
-21.3
-20.3

41/27.8

0.915

-29

3.8

0.915

-27

10.6

Not
Calculated
517

0.915

-32.8

12.2

778

0.915

-28

21.85

8.1

18.36

18.3

666/
676
649

4. Conclusion

where ‘ρ' and 'σ' denote the mass density (kg/m3) and the
thermal conductivity (S/m) respectively. On the other hand,
E denotes the electric field intensity (V/m). The signal
power which involves to the electric power intensity is the
following [13]:

Power (W/m2) =

Operating
Frequency
(GHz)
0.402

The following work presents a low-profiled ISM band patch
antenna where with a small footprint is to be used for
biomedical implants. The HFSS software performed the
simulation of the proposed work. In the ISM band, this
suggested antenna resonates at the range of 915 MHz and
the antenna is fabricated with the substrate of Rogers
RT/Duroid 5880 (ɛr = 2.2, tanδ = 0.0009) and has a total
dimension of 7 mm × 7 mm × 0.254 mm. At the range of
915 MHz, the antenna's measured gain inside the skinmimicking gel is -28 dB, while the measured bandwidth of
the antenna is found to be 21.85% dipping into the skinmimicking gel. Within the skin tissue, the SAR value is
found to be 8.1 W/kg. Biocompatibility as well as safety
issues in the medical design applications were also explored.
This antenna is tiny and compact, making it perfect for use
in Biomedical sectors.

(2)

When the planned antenna was preserved inside skin as well
as inside muscle, SAR simulations were completed. The
SAR is calculated using the IEEE/IEC 6270-1 standard,
averaged over 1 g of mass tissue, with the input power Pin
kept constant at 0.5 W. From Fig.11, within the skin the
SAR values are determined as 8.17 W/kg at the range of 915
MHz.
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Abstract
We investigate a waveguide-based polarization splitter in
the terahertz (THz) region, in which a hybrid plasmonic
waveguide and a dielectric waveguide are placed in parallel.
The eigenmode analysis of each waveguide shows that the
phase matching condition is satisfied for the quasi-TE mode
and not for the quasi-TM mode, leading to a TM-pass polarizer. The device length is also predicted with the analysis
of the supermode of the parallel waveguide.

w1

Air

SiO2

2. Discussion
The splitter is composed of a parallel waveguide, in which
a hybrid plasmonic waveguide (HPW) with an InSb layer
and a dielectric waveguide (DW) are placed in parallel. The
HPW and DW are respectively shown in Fig. 1(a) and (b).
The core width is denoted by w1 and w2 , the heights of Si
and SiO2 are respectively chosen to be hSi = 50 µm and
hSiO2 = 10 µm. For the HPW, an InSb layer is added on the
top of the waveguide (hInSb = 20 µm). The permittivities
of Si and SiO2 are εSi = 3.42 and εSiO2 = 1.942 and the
permittivity of InSb [3] is εInSb = −36.54 − j13.05 at 1
THz and 293 K.
The eigenmode analysis is performed to know the mode
characteristics of the two waveguides. The Yee-mesh-based
imaginary-distance beam-propagation method [4] is used to
calculate the effective indices of the waveguides. Figure
2 shows the real part of the effective indices of the HPW
and DW, as a function of w1 and w2 . It is shown that the
difference of the effective indices of the quasi-TE modes is

x

Si
y

Air

w2
hSiO2

SiO2

Si

hSi

SiO2

x

hSi

y

SiO2
(a) HPW

1. Introduction

(b) DW

Figure 1: Waveguide structures. (a) HPW and (b) DW.

2.8
2.7
2.6
2.5

Re (neff)

It is known that a surface plasmon polariton (SPP) propagates along a metal/insulator interface at optical frequencies [1]. Note, at terahertz (THz) frequencies, that a
metal/insulator interface cannot support the SPP, due to
negligible penetration of the electromagnetic waves into
metal. In contrast, a semiconductor material, such as indium antimonide (InSb), has a negative permittivity at THz
frequencies, leading to supporting SPP waves. We have
proposed a surface plasmon resonance (SPR) waveguide
sensor, in which a thin InSb layer is adopted for the sensing
section [2]. This THz SPR waveguide sensor utilizes only a
TM wave as an input source. In this article, we investigate a
waveguide-based polarization splitter in the THz region to
extract the TM wave.

hInSb
hSiO2

InSb

2.4
2.3
2.2
2.1

1.9
1.8
70

TE
TM
TE
TM

(
DW (

HPW
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100

w1, w2 (µm)
Figure 2: Effective indices.
small between the HPW and DW. In contrast, the difference
of the quasi-TM mode is found to be large, when compared
to the TE case. This is because for the HPW the SPP is
excited and localized in the SiO2 layer under the InSb one,
leading to the increase of the effective index.
It should be noted that the phase matching condition is
satisfied only for the quasi-TE mode with slightly different
core widths in Fig. 2. For example, the effective indices
for the TE mode is neff = 2.37, when the widths of the
HPW and DW are respectively chosen to be w1 = 90 and
w2 = 85 µm. On the other hand, for the quasi-TM mode,
the phase matching condition is not satisfied. As a result, a
polarization splitter can be realized with these waveguides
being placed in parallel, in which the TE wave is coupled

References

to the other waveguide and the TM one is obtained from the
original input waveguide.
Finally, we perform the eigenmode analysis of the splitter, in which the HPW and DW are placed in parallel with
a gap of 40 µm. The even and odd modes of the quasi-TE
mode are calculated for the splitter. The coupling length
is obtained using the real parts of their propagation constants as L = π/(βeven − βodd ). For the above case, i.e.,
w1 = 90 µm for the HPW and w2 = 85 µm for the DW,
the device length is calculated to be " 8600 µm, while it is
reduced to be " 2700 µm for w1 = 73 and w2 = 70 µm.
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3. Conclusion
We have investigated a THz polarization splitter with a hybrid plasmonic waveguide and a dielectric waveguide being
placed in parallel. It is shown that the phase matching condition is satisfied for the quasi-TE mode, while it is not satisfied for the quasi-TM mode. As a result, the polarization
splitter can be realized, in which the TE wave is coupled
to the other waveguide and the TM one is obtained from
the original input waveguide. The propagating beam analysis using the simple frequency-dependent FDTD method
[5] will be shown at the presentation.
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Abstract
TeraFERMI is the THz beamline of the FERMI Free Electron Laser providing intense and broadband THz pulses. The THz
fields are used to achieve THz control of matter and to push materials well into their nonlinear regime. THz nonlinearities
are particularly pronounced in Dirac materials, because of their non-conventional band-structure properties. We report here
on the THz nonlinear electrodynamics of the topological insulator Bi2Se3 and on layered black phosphorus, thus highlighting
the role of band dispersion in shaping the nonlinear properties.
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Abstract
A stochastic ray-based model is applied to model the UAVto-ground radio channel in urban areas. The modeling
method relies on simple input data, such as input distribution parameters (e.g. mean building height, building height
variance). The physical part of the model being based on
ray-tracing, it is also applicable over very wide parameter ranges at a very low computation time thanks to a precalculation procedure.

1. Introduction
Unmanned Aerial Vehicle (UAV) communications have attracted a significant interest over the past years [1], as UAVs
can be used as surrogate base stations or flying mobile terminals. Yet, important challenges still need to be investigated. In particular, radio channel models have mostly focused on the Air-to-Ground (A2G) path loss [2], with very
results dealing with large- and small-scale fading. In this
paper, a fading model is presented that tackles the fading
model while linking the geometrical parameters with the
fading statistics in a physical way, as detailed in Section 2.
Experimental validations are outlined in Section 3.

2. UAV-to-Ground Fading Model
2.1. Generic Modeling Setup
In most cases [3], stochastic geometrical predictions can
be analytically formulated. In this paper, the narrowband
fading s is modelled by means of the following distribution:
!
p(s) =
p(s|ψ)p(ψ)dψ
(1)
Ψ

where ψ is a vector of input geometrical parameters, Ψ
representing the whole set of possible parameters (building
height and spacing, street width, link elevation angle, etc.).
The conditional distribution p(s|ψ) represents the (Ricean)
fading distribution for a given realization of ψ. Such given
realization of ψ generates a simulation area, described in
Figure 1.
The geometrical parameters are defined as follows:
• w [m] is the street width at the terminal location (the
width of other streets is taken as the average street
width and denoted as w0 ),

Figure 1: Simulation setup.
• dm [m] is the perpendicular distance from the terminal to the nearest building,
• h [m] is the nearest building height (the height of remote buildings is taken as the average building height
h0 ),
• hm [m] is the height of the terminal antenna,
• rm [m] is the UAV-to-terminal distance,
• r1 [m] is the distance between the UAV and the first
building,
• φ is the link azimuth angle relative to the street axis
(this angle is not represented in Figure 1, which corresponds to φ = 0),
• L [m] is the width of the nearest buildings (which
can be fixed without loss of generality, e.g. L = 5
m), while the N other buildings are assumed to have
a null width.
2.2. From an Electromagnetic Ray-Based Model to
Ricean Fading
The conditional relationship p(s|ψ) is evaluated from the
application of a physical ray-based model. Four propagation mechanisms are included: (1) line-of-sight (LOS)
transmission, (2) rooftop to street single wedge diffraction

by rooftop wedge A, (3) rooftop to street single wedge
diffraction by rooftop wedge B, (4) multiple diffraction
caused by successive building knife-edges, and (5) contributions arising from single and double reflections from the
ground and/or the nearest building walls, which might also
possibly include diffuse components.
The radio signal transmitted from the UAV is assumed
to be a plane wave with a given polarization to be specified.
The above-listed field contributions can then be estimated
by means of geometrical optics as well as the Uniform Theory of Diffraction. Regarding multiple diffraction, it is recommended to use N = 10 and 15, respectively in suburban
and urban areas [3]. From the electromagnetic simulations,
which can be pre-processed and tabulated for every set of
parameters ψ ∈ Ψ, a Ricean fading model is considered, i.e.
p(s|ψ) is Ricean, with a dominant path amplitude equal to
contribution (1) or (2) (the latter being considered when the
LOS transmission is blocked), whereas the scattered multipath power is obtained as the non-coherent addition of all
other power contributions (i.e. (2) to (5) or (3) to (5), in
LOS and non-LOS respectively).

Cumulative Density Function

‒‒
‒‒

-30

-25

-20

-15
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-5

0

Received Signal Strength relative to LOS [dB]

Figure 2: Comparison between simulation (dashed, dotdashed, solid and dot lines) and experimental (crosses, circles, squares and diamonds) results at various elevation angles.
In Figure 2 , an excellent agreement between the measured
statistics and the model can be observed, and that the model
is quite robust to small deviations in the input data (as the
chosen building height is a generic suburban profile).

Street width or building height can be associated with
known analytical probability density functions. As an example, building height has been found to be lognormallydistributed [3],
"
#
log2 (h/µ)
1
(2)
exp −
p(h) = √
2σ 2
2πσh

4. Conclusions
A physical-statistical model of the UAV-to-Ground channel has been described and experimentally validated. The
fading model relies on the combination of ray-based preprocessed simulations and stochastic input data corresponding to the (sub)urban setup. The model is able to represent
the variation of fading statistics with the link elevation angle and is robust with respect to the exact distribution of
physical parameters.

with parameters outlined in Table 1.
Table 1: Building height lognormal fitting parameters.
µ [m]
7.1
20.6
15.0
17.6

10-1

10-2

2.3. Geometrical Parameter Distributions

Environment
Suburban
Urban (London)
Urban (Athens)
Urban (Brussels)

Link elevation : 20°
Link elevation : 40°
Link elevation : 60°
Link elevation : 80°

σ
0.25
0.44
0.30
0.31

References
[1] M. Mozaffari, W. Saad, M. Bennis, Y.-H. Nam, and
M. Debbah, “A tutorial on UAVs for wireless networks:
Applications, challenges, and open problems,” IEEE
Communications Surveys and Tutorials, vol. 21, no. 3,
pp. 2334–2360, 2019.

3. Experimental Validation

[2] C. Yan, L. Fu, J. Zhang, and J. Wang, “A comprehensive survey on UAV communication channel modeling,” IEEE Access, vol. 7, pp. 107 769–107 792, 2019.

First-order fade statistics provided by the model are compared with measurements from an airborne campaign carried out by the European Space Agency [4] at 1.6 GHz.
In the experiment, the mobile platform moved parallel to
the measurement vehicle, at various elevation angles, in a
suburban residential area with detached two/three-storeyed
houses, 10-20 meters distant from the road. Hence, a
suburban building height profile and constant values for
w = w0 = 30 m and φ = 0 (ϑ depends on the experiment) are chosen as input parameters (note that the building height data are not taken directly from the measurement
site). The receiver is assumed to be located in the middle
of the street (so that dm = w/2) at a height hm = 2 m.

[3] C. Oestges, “A stochastic geometrical vector model
of macro- and megacellular communication channels,”
IEEE Transactions on Vehicular Technology, vol. 51,
no. 6, pp. 1352–1360, November 2002.
[4] M. Sforza and S. Buonomo, “Characterisation of the
LMS propagation channel at L and S bands: narrowband experimental data and channel modelling,” in
Proc. NAPEX 17, 1993, pp. 183–192.

2

Propagation theory

AES 2022, MARRAKESH – MOROCCO, MAY 24 – 27, 2022

Critical distances for near-ground propagation: application to dipole antennas
Hocine Belaid*, Shermila Mostarshedi, Benoit Poussot and Jean-Marc Laheurte
Univ Gustave Eiffel, CNRS, ESYCOM, F-77454 Marne la Vallée, France
E-mail* : hocine-anis.belaid@univ-eiffel.fr

Abstract

Observation point

Emitting
VED

z

δl

This paper deals with the problem of near-ground wave
propagation, in particular with the assessment of the region in which the near-ground wave becomes the dominant component. The critical distances are estimated as
a function of the link parameters in the case of half-wave
dipole antennas.

1. Introduction
In the context of smart cities, wireless sensor networks
(WSN) have been widely deployed for environment purposes or surveillance. In some cases, the sensors are placed
close to a conductive interface in order to collect data of
interest. The radiation of a near-ground sensor invokes the
famous Sommerfeld half-space problem. The Sommerfeld
formulation is widely accepted in the community and can
be validated by rigorous mathematical treatment [1–5]. The
steepest descent technique provides an infinitesimal model
describing the electric field radiated by an elementary vertical electric dipole (VED) over a lossy interface [6]. Recently, in [6] the existence of a region of interest for the surface component has been highlighted. According to [1,2,6],
the Ez component of the electric field follows a two-phase
decay: a region where the attenuation is about 10 dB/decade
and a second where it is about 20 dB/decade. Analytical expressions of the two critical distances have been proposed
for a VED case [1, 2, 6]. In this paper, we propose an extension for the propagation model of the infinitesimal vertical dipole near the ground. We also introduce an empirical
method to determine the critical distances in the case of a
half-wave dipole antenna. Finally, the conditions of emergence of the surface component are determined, in order to
verify the possibility for the two-ray method [7] to predict
the field in certain cases with a good precision.

2. Infinitesimal vertical dipole
The Sommerfeld half-space problem [1] for dipole antennas
involves image theory. As we can see in fig. 1, the model of
the problem is composed of an infinite lossy surface dividing the space into two different media, the emitting and the
receiving antennas are placed in medium 1. The interface is
further replaced by the image of the emitting antenna with
respect to the interface.

hr

ht
Surface wave

(ε1 , μ1 , σ1 )
(ε2 , μ2 , σ2 )

ρ

Figure 1: VED radiating over a lossy half-space
Here δl is the infinitesimal length of the emitting VED,
ht the height of the emitting VED, hr the height of the observation point, ρ the radial distance between the emitting
VED and observation point, z the vertical distance between
the emitting VED and the observation point (z ∈]−ht , ∞[),
and finally εi , µi and σi are the electromagnetic characteristics of the propagation medium (i = 1) and the lossy
medium (i = 2). Fig. 1 suggests that besides the classic direct and reflected waves, one needs to include a third
component in order to model the wave propagation properly. This term which is due to the proximity to the interface may commonly be called the “surface wave” which
attenuates rapidly above the interface.
As described in [6], the z component of the electric field
radiated by an infinitesimal vertical dipole (EzVED ) is given
by the asymptotic approximation below:

EzVED = −jI0 δlη1 k1
!
e−jk1 r
e−jk1 rI
sin2 (θ)
+ Γ sin2 (θI )
4πr
4πrI
"
2
n
e−jk1 rI '
−jF 2 sin7 (ωp )
cos(ω
)
p
1 − n2
4πrI
$%
&
#

(1)

Surface component

where the first two terms can be provided by the classic
two-ray model as below :
EzVED
two−ray = −jI0 δlη1 k1
!
e−jk1 r
e−jk1 rI '
sin2 (θ)
+ Γ sin2 (θI )
4πr
4πrI

(2)

In (1) and (2), the angles and radiuses (r, θ) and (rI , θI ) are
functions of ρ and z and are related to the relative positions
of the observation point, the VED and the VED image (see
fig. 1). The other parameters are summarized in table 1.

Table 1: Parameters in equation (1)
Parameter

Description

Γ

Reflection coefficient
of the interface
Sommerfeld attenuation term [6]
Dipolar moment of the
VED
Medium impedance
Wavenumber
Pole of the reflection
coefficient
Refractive index (provided that the first
medium is vacuum)
Numerical distance [6]

F
I0 δl
η1
k1
ωp = arccos(
n=

(

"

ε1
ε1 +ε2 )

ε2 /ε1

τ = jk1 rI [cos(ωp − θI ) − 1]

and the Relative Root Square Errors (RRSE) (described by
eq. 4) are summarized in Table 2 for two different heights.

RRSE =

$INEC (z " ) − I(z " )$2
$INEC (z " )$2
+
, . +λ/4
,
"
" 2
"
, −λ/4 |INEC (z ) − I(z )| dz
=. +λ/4
|INEC (z " )|2 dz "
−λ/4

(4)

Table 2: RRSE on the current distribution of the half-wave
VD at two different heights
Configuration
ht = 100λ
ht = 0.25λ

RRSE
8.713%
14.42%

3. Half-wave vertical dipole
Fig. 2 and Table 2 show that there is a slight difference
between NEC2d current distribution and the sinusoidal one.
This difference is mainly due to the fact that the sinusoidal
distribution is omitting the imaginary part of the current. In
addition to this, we notice that the RRSE increases as the
dipole gets closer to the interface while the current tends to
get asymmetric.

3.1. Current distribution
The accurate current distribution on a finite-length vertical dipole (VD) above an interface should be obtained by
a rigorous numerical method such as the Method of Moments (MoM) [8]. In the case of a half-wave thin dipole in
free space, a sinusoidal approximation can describe the current distribution with a good precision [9]. If the half-wave
dipole is fed by a 1 A current, the current distribution along
the dipole would be as follows:

3.2. Extension of the infinitesimal model
Fig. 3 shows that the VD of length L = λ/2 is decomposed
into a infinite set of VEDs of length δl, the current of each
weighted according to the sinusoidal distribution given in
(3). Their radiated electric fields using (1) are summed up
at the reception point based on the superposition principle.

! )λ
*'
I(z " ) = sin k1
− |z " |
(3)
4
where z " ∈ [−λ/4, λ/4] is the vertical position over the
dipole.

z′ = +L/2

1

⇒

L

0

…

h t = 100

I(z') (A)

2

I(z') (A)

h t = 0.25

1
0
-1

-0.2

0

z' axis ( )

VED

δl

…

-1
2

Sinusoidal distribution : real part
NEC2d distribution : real part
Sinusoidal distribution : imaginary part
NEC2d distribution : imaginary part

VD

z′ = −L/2
Figure 3: Approximation of a half-wave VD by a set of
VEDs

0.2

Figure 2: Current distribution on a half-wave vertical dipole
above a PEC

The computation of the total electric field radiated by a
half-wave VD, following the superposition principle, leads
us to an integral. By rewriting (1) in the following compact form EzVED = I0 δlf (ρ, z), the expression of EzVD is
consequently given by:

In order to check the validity of the sinusoidal approximation to predict the current values over a half-wave dipole
above an interface, the current distribution computed by
NEC2d [10] is compared with the sinusoidal one. We consider a working frequency of 100 MHz and a Perfect Electric Conductor as interface. The results are given by Fig. 2

EzVD =
2

/

+λ/4

I(z " )f (ρ, z − z " )dz "
−λ/4

(5)

The extended model would be comparable to the infinitesimal model in terms of the electric field levels (especially in far-field) provided that the dipolar moments of
both dipoles are equivalent. This equivalence is established
by the following equation:
I0 δl =

/

gion of interest. The determination of theses distances is
based on an empirical approach, relying on the two-ray
propagation model, and allowing us to mark out a region
of interest, where the surface component becomes predominant.
We define the region of interest as to be the region
delimited by the critical distances, i.e. the region starting from the distance where |Ez surface | becomes greater
than |Ez two−ray | to the distance where |Ez surface | attains
|Ez surface |max . We also define the quantity ∆ρ, representing the extent of the region of interest, and ∆Ez being the
maximum gap between |Ez | and |Ez two−ray |.

+λ/4

I(z " )dz "

(6)

−λ/4

By applying (3) to (6), we finally obtain:
λ
(7)
π
In the following sections, this equivalence is automatically
used to estimate the dipolar moment of the VED.
I0 δl =

4.2. Parametric study
In this section, we expose a parametric study using the extended model in the case of a half-wave dipole. The output parameters, i.e. ∆ρ and ∆Ez , are computed according
to the simultaneous variation of the problem’s parameters.
The main goal is to bring out the conditions of emergence
of the surface component. Having these conditions in hand,
one knows in advance in which case the use of the two-ray
model could guarantee a good precision and thus be sufficient. The parametric study is carried out by considering
two configurations for a half-wave VD (L = λ/2) shown in
Table 3.

3.3. Comparison between the infinitesimal and the extended models
In order to highlight the differences between the infinitesimal and extended models, both models are tested and compared. We choose a working frequency of f = 868 MHz,
at the emitting and receiving heights of ht = hr = 0.5λ,
the characteristics of the lossy medium being εr = 1 and
σ2 = 100 S/m. The results are shown in Fig. 4.

Table 3: Parameters of the test configurations

Config. 1
Config. 2

f
(MHz)
100
[1, 100]

ht
(λ)
[0.25, 1.25]
[0.25, 1.25]

z
(λ)
0
0

εr
1
1

σ2
(S/m)
[5, 500]
5

The results, in the form of maps, are given by Fig. 5.

Figure 4: Evolution of |Ez | of both models according to ρ
This result shows that as long as the equivalence seen in
(6) is applied, both models overlap over a large range of ρ
distances, especially in far-field. As a first conclusion, we
can say that a half-wave VD shows the same radiation behavior in far-field as a VED, provided that the dipolar moments are equivalent. This result will be subject to further
investigations in future works.

4. Critical distances

Figure 5: Evolution of the output parameters according to
the two configrations (Config. 1: left, Config. 2: right)

4.1. Definition
In order to identify the effect of the surface component on
the Ez field, we introduce the critical distances and the re-

The results related to Config. 1 show that the region
3

of interest shrinks as σ2 decreases or ht increases, and this
comes with the decrease of ∆Ez . On the other hand, the
region of interest is further enlarged as σ2 increases or ht
decreases, and we notice a clear reduction of ∆Ez .
According to the results related to Config. 2, the region
of interest tightens up as f or ht increases, and this comes
with a drastic decrease of ∆Ez . Contrarily, the region of
interest is further expanded as f or ht decreases, and we
observe a noticeable rise of ∆Ez .

[7] S. S. Haykin and M. Moher, Modern wireless communications. Pearson Education India, 2011.
[8] W. C. Gibson, The method of moments in electromagnetics. Chapman and Hall/CRC, 2021.
[9] C. A. Balanis, Antenna theory: analysis and design.
John wiley & sons, 2015.
[10] G. J. Burke and A. J. Poggio, “Numerical electromagnetics code (nec) - method of moments,” 1981.

5. Conclusion
In this paper, an extension of the infinitesimal model given
in [6] has been obtained for a half-wave dipole. Both infinitesimal and extended models have been compared and
have shown similar behavior in far-field if the dipolar moment equivalence is respected.
In addition to this results, we proposed a new way to
compute critical distances which was used in the case of
the extended model. Consequently, Section 4 highlights the
scenarios in which the two-ray model could be sufficient
for the link estimation. By the means of the maps shown
in Fig. 5, it is possible for a radio-link designer to decide
whether to use the model in (1) or the one in (2), depending
on the range of ∆ρ and ∆Ez . Should the region of interest
and the gap between the two models are large enough, the
use of a complete model to predict the surface component
would become necessary.
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Abstract
Multiple-Input Multiple-Output (MIMO) radars with
colocated antennas have been shown to have higher
resolution and better accuracy in target localization than
standard phased-array radars. However, due to the
proximity of the antenna elements, direct coupling between
the transmitters and the receivers (crosstalk) may exist and
degrade in the narrowband case the performance of some
detection techniques, such as the Generalized Likelihood
Ratio Test (GLRT) based one. This paper presents a
crosstalk reduction technique for MIMO radar.

1. Introduction
A Multiple-Input Multiple-Output (MIMO) radar is a
system employing multiple spatially distributed transmitters
and receivers in which the waveforms to be transmitted can
be totally independent. There are two basic configurations
of MIMO radar depending on the location of the
transmitting and receiving elements. In the first one, known
as statistical MIMO radar, the transmitting and receiving
elements are widely distributed over an area, achieving
spatial diversity by exploiting the different (and
independent) scattering responses for each antenna pairing
[1], [2], [3]. In the second one, known as MIMO radar with
colocated antennas, the transmitting and receiving antenna
elements are closely spaced and the target response is
approximately the same for each antenna pairing with
different time delays due to the different propagation paths.
While this configuration does not provide spatial diversity,
spatial resolution can be increased by combining the
information from all of the transmitting and receiving paths.
This configuration also has other benefits such as a good
interference rejection and a good flexibility for transmitting
a desired beampattern [2], [4], [5]. In this paper we focus on
MIMO radar with colocated antennas which might be
applied to medicine [6] and environmental issues [7] among
others.
Among the existing target parameter estimation techniques
proposed for MIMO radar with colocated antennas, we can
mention Capon and APES (Amplitude and Phase
Estimation) which allow estimating the target Direction-OfArrival (DOA) and the reflected signal amplitudes [8].
Another technique, based on the use of the Generalized
Likelihood Ratio Test (GLRT) has also been proposed in

[8]. Despite its lower spatial resolution compared to Capon,
the GLRT technique is of particular interest since it is able
to reject very effectively strong interferences which are
uncorrelated with the transmitted signals [8], [9]. However,
as a result of the small separation between the antenna
elements, the performance of the above-mentioned
techniques might be affected by undesired phenomena such
as mutual coupling and crosstalk. The former designates the
electromagnetic interactions between the antennas affecting
their radiation patterns and matching characteristics and the
latter is a result of the direct coupling between the
transmitter and the receiver elements. These two
phenomena can be addressed separately.
In this paper, we introduce a new signal model of MIMO
radar with colocated antennas which takes crosstalk into
account, and we propose a crosstalk reduction technique
based on a signal processing approach. An experimental
platform previously developed by the authors in [10] has
been used to obtain some experimental results using the
GLRT detection technique.
The paper is organized as follows: The signal model is
presented in Section 2, followed by the description of the
GLRT in Section 3. Next, we propose a crosstalk reduction
technique in Section 4. Some experimental results showing
the efficiency of this method are presented in Section 5.

2. Signal model
Consider a MIMO radar system with colocated antennas
composed of Lt transmitting and Lr receiving closely spaced
elements. If the K targets are located in the far-field region
at !"# $'#%& , the baseband signal at the lth element of the
receive array will be given by [11]
&:
() *+, = ∑'#%& /# 0 12345678 *),#, ∑;%&
0 1234567: *;,#, <; =+ − ? *!, ", − ?# *$, ",%
+() *+,
(1)

where <; *+, denotes the baseband signal transmitted by the
ith antenna element, fc is the carrier frequency, βk is the
complex reflection coefficient of the kth target, ? *!, ", and
?# *$, ", are the time delays from the ith transmitter element
to the kth target and from this target to the lth receiver
element respectively (their dependence on "# has been
omitted for notational simplicity), and () *+, models the
&:
interference and noise. If the transmitted signals !<; *+,$;%&
are narrowband, the signal model in (1) can be written in
vector notation as [4]

∗
,
) = ∑'
#%& /# *# *"# ,* *"# ,- + .

where D is a E# xE crosstalk matrix in which each element
F;,2 is the complex transmission coefficient between the jth
element of the Tx array and the ith element of the Rx array.
Based on a signal processing approach, we present
thereafter a method to estimate the crosstalk matrix and the
straightforward crosstalk reduction technique.

(2)

3

where ) = /(& *+, ⋯ (&8 *+,2 ,
3
- = /<& *+, ⋯ <&: *+,2 ,

3

*4 *"# , = /0 23456 7:*&,#, ⋯ 0 23456 7: *&:,#, 2 ,
3

*5 *"# , = /0 23456 78 *&,#, ⋯ 0 23456 78 *&8,#, 2 .
Symbols *∙,∗ , *∙,3 and *∙,, designate respectively the
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complex conjugate, the transpose and the Hermitian
operators.

The crosstalk matrix can be estimated from a first
measurement in an environment without any target. This
estimation can be performed during a calibration phase
previous to any operational task. In that case the signal
model is

3. The Generalized Likelihood Ratio Test (GLRT)
detection technique
The GLRT detection technique for narrowband MIMO
radar was derived in [8] assuming that the columns of the
noise term . are i.i.d. circularly symmetric complex
Gaussian random vectors with zero mean and unknown
covariance matrix. The GLR is given by
7*", = 1 −

∗
< >?
*9
8 *:,;
== *8 *:,

< >? ∗
*9
8 *:,@ *8 *:,

G = D-H + .,
)

where -H denotes the transmitted symbols in the calibration
phase. We need to determine the matrix D which minimizes
the Mean Square Error (MSE) criterion
G − D-H‖3 M.
I = JK‖)

(3)

B

<

<B

*4

66 *4

&

8
|(H; *+, − N,
H |3 2.
I = J/∑;%&
; -

(4)

(8)

Finally, the ith row of D will be the one that minimizes

< CC is the estimated auto-covariance matrix of the
;
< AC is the estimated crosstransmitted signals, and ;
covariance matrix between the received and the transmitted
signals. The fractional part of (3) is the ratio between two
likelihood functions; the one at the numerator under the
noise-alone hypothesis (without any target) and the one at
the denominator under signal-plus-noise hypothesis (with a
target in direction " ). Thus, the target directions can be
found by searching for the maxima of the spectrum 7*",.
This technique is of particular interest because of its
potential in rejecting interferences which are uncorrelated
with the transmit signals [8]. However, the real performance
of GLRT may differ from the one shown in the literature
due to various phenomena, e.g. the non Gaussianity of the
noise or the existence of interference correlated with the
transmitted signals, such as crosstalk.

H |3 M.
I; = JK|(H; *+, − N,
; -

(9)

Assuming that the noise . is white and independent from
the transmitted signals -H, the solution is that of a classical
G,
Wiener
filtering:
N
H; *+,-H, MJK-H-H, M1&
.
; = JK(
Consequently, the optimal crosstalk matrix according to the
MSE criterion is given by
P = ;AHC̃ ;1&
D
C̃C̃

(10)
,M

,M

G-H and ;C̃C̃ = JK-H-H . In practice we
where ;AHC̃ = JK)
< =;
< AHC̃ ;
< 1&
<
can estimate this matrix as D
C̃ C̃ , where ;AHC̃ and
< C̃C̃ are estimated versions of ;AHC̃ and ;C̃C̃ respectively.
;
Once the crosstalk matrix has been estimated, the
contribution of crosstalk to the received signals (5) can be
reduced by calculating
< -.
R= )−D

4. Crosstalk modeling and reduction

(11)

In the next section, we present some experimental results
showing the benefits of this crosstalk reduction technique
when applying the GLRT to R.

4.1. Signal model in the presence of crosstalk
In a MIMO radar with colocated antennas, the transmitting
(Tx) and receiving (Rx) antenna elements are closely
spaced. Due to this proximity, a part of the transmitted
power may be directly transferred to the receiver elements
which can deteriorate the detection performance. The
signals directly transmitted from Tx to Rx can be modeled
as a mixture of the different transmitted symbols -. Thus,
the signal model taking crosstalk into account can be
written as
∗
,
) = ∑'
#%& /# *5 *"# ,*4 *"# ,- + D- + .

(7)

th
By denoting N,
H; *+, the ith element
; the i row of D and (
G, this criterion can be written as
of )

< AA is the estimated auto-covariance matrix of the
where ;
< is defined as
received signals, @
<=;
< AA − ;=6B*4 *:,*4 *:,;=6,
@
<
*:,;
*:,

(6)

5. Experimental results
5.1. Description of the experimental platform
In order to study the real performance of a MIMO radar, a
dedicated reconfigurable measurement platform was
previously developed and tested [10]. In a conventional
MIMO system, each antenna element is associated with a
separate RF architecture and the overall system has to be
synchronized. The requirements for such implementations
are difficult to maintain especially for large MIMO systems
and lead to a high cost and complex hardware at the radio

(5)

2

<
which indicates that the estimates of the coefficients of D
are reliable.
When the mean transmitted power is fixed to 25 dBm, the
< - is found to
mean power of the estimated crosstalk term D
be equal to -49 dBm.

frequency level. In contrast, the proposed platform
represented in Fig. 1 works with only one RF transceiver.
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Figure 1: Scheme of the measurement platform.
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In this configuration, the transmitter and the receiver
become movable due to the positioning of each antenna on
an automated mechanical system containing two rails. A
series of measurements are performed for a given position
of the transmitter, while the receiver takes the different
positions of a Uniform Linear Array (ULA). The same
procedure is repeated for different positions of the
transmitter antenna. In this way, all possible configurations
between the transmitter and the receiver in a MIMO system
are covered. By applying the superposition principle, the
received signals at each position can be wisely combined to
construct the received signals matrix X of the MIMO
system. As the superposition principle is valid provided that
the environment is stationary, the measurements are done in
an anechoic chamber. It is important to note that, unlike a
real MIMO system, our configuration does not take into
account the mutual coupling between the transmitter
elements and the receiver elements respectively.
Both antennas are coaxially-fed vertically polarized
rectangular patch antennas. The signals are transmitted at a
carrier frequency of 5.88 GHz (wavelength ST = 51.02 mm)
with a total bandwidth of Fs = 1.28 MHz. The different
positions of the antenna elements (Lt = Lr = 10) are
separated by ST /2 whereas the distance between the rails is
about 8ST . In order to reduce crosstalk levels between the
antennas, the space separating the rails is filled with
absorbent material. The tested targets are metallic cylinders
of diameter of 6 cm with a height of 1.5 m.
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Figure 3: Circular standard deviation of the phase of the
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coefficients of D
5.3. Target
reduction

detection

using

GLRT

and

crosstalk

The GLRT was used to detect two targets located at -15°
and 18°. Fig. 4(a) shows the GLRT spectrum computed
from the received signals ) (without any additional
processing). Even though we have filled the space
separating the transmitter and the receiver with an absorbent
material, a residual crosstalk level appears to affect the
GLRT detection technique, which explains the secondary
lobes we observe around the target locations. Moreover, the
characteristics of the actual noise, which are usually
unknown, might also deteriorate the GLRT detection
performance either if the noise level is too low (leading to
ill-conditioning issues) or if the noise is not Gaussian.
In order to solve the noise characteristics problem, we first
add a white Gaussian noise to the received signals ) (see
Fig. 4(b)). The power of this additive noise is chosen to be
70 dB below the received signals power (the latter being of

5.2. Estimation of the crosstalk matrix
The crosstalk matrix has been estimated in a first
measurement process in the environment without any target
using (10). In order to test the reliability of this estimation,
the same process has been performed 100 times, using a
different set of transmit signals at each time. Every
transmitted signal has a duration of N/Fs seconds, where
<
N = 512. The standard deviations of the coefficients of D
are shown in amplitude and phase in Fig. 2 and Fig. 3
respectively. We can see that the relative standard
deviations of VF
W ;,2 V are lower than 3.5% and the circular
standard deviations [12] of arg=F
W ;,2 % are lower than 0.035

3

-36 dBm). Compared to the previous spectrum, we can see
that several side lobes are attenuated. However, several
false peaks due to crosstalk are still present around the
target locations.
To overcome the negative effects of crosstalk, we next
apply the technique proposed in Section 4.2 using the
< according to (11),
previously estimated crosstalk matrix D
where ) includes the previously added white Gaussian
noise. Fig. 4(c) shows the impact of this crosstalk reduction
technique on the GLRT. We observe that the side lobes due
to crosstalk are greatly reduced, which allows us to clearly
identify the target directions.
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Figure 4: GLRT spectrum (a) without post-processing,
(b) after addition of white Gaussian noise, and (c) after
addition of white Gaussian noise and crosstalk
reduction.

6. Conclusion
We have proposed a new signal model which takes
crosstalk into account and we have shown that the existence
of this phenomenon, due to the proximity between the
transmitters and the receivers, can seriously affect the
detection performance of MIMO radars with colocated
antennas. Even if some absorbent material is used to reduce
the crosstalk level, the remaining crosstalk can still affect
some detection techniques such as GLRT. To solve this
problem, we have proposed a crosstalk reduction technique
and we have demonstrated its validity with some
experimental results using real hardware.
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Abstract
This paper explores the through-the-wall inverse scattering
problem via machine learning. The reconstruction method
seeks to discover the shape, location, and type of hidden objects behind simulated walls. We use radar frequency (RF)
sources and receivers placed outside the room to generate
observation data with objects randomly placed inside the
room.

1. Introduction
Inverse problems have always been a highly researched area
of mathematics due to their obvious physical and engineering applications. One important example of this type of
problem is through-the-wall radar imaging. In this problem, one wishes to use scattered data from receivers positioned outside of a walled room, where a transmitter is
also positioned, to locate and analyze an object inside the
room. Previous work has used Doppler-type radar to detect and analyze humans where there is no direct line of
sight, whether it be studying human motion with standard
Doppler radar, noise forms, or micro-Doppler radar, which
looks for smaller scale movements such as arm movement
and heartbeats. In [1], a Support Vector Machine approach was used to discriminate between child and adult in
a through-the-wall setting. More recently, neural networks
were exploited to estimate human pose through walls.
In this presentation, we discuss the behind walls setting and a process for numerically reconstructing obstacles
from scattered data. The main feature of this reconstruction
is that it uses a source within the numerical field, so that the
incoming field is not generated by a plane wave, and that the
object is located within a set of walls that will interfere with
the ability to analyze the object normally. The data used for
performing this reconstruction is generated numerically, but
it is also only assumed that the scattered field can be known
at certain locations outside of the walled area, instead of
known as a function. All of these changes violate the assumptions of the theoretical reconstructions, so a different
approach is needed. We develop an appropriate adjustment
to the theoretical methods presented in the literature to analyze obstacles in this setting, and present some numerical
results towards this end. The reconstruction method seeks
to discover the shape, size, and conductivity of the obstacles
using a behind walls analysis. Specifically, in [2], locations

Figure 1: Model setup

of hidden objects behind walls were estimated by observing
the time difference between signals from an empty room
and that when an object was present. Based on the physics
of electromagnetic wave propagation, ellipses with foci at
the source and receiver pairs were constructed to provide
the contour of the objects. In [3], a form of linear sampling method was used for the reconstruction. Specifically,
a reciprocity gap functional to the electromagnetic field solution and the fundamental solution of the Helmholtz equation was used to derive an integral equation; the properties
of whose solution gave indication of the location of the objects. We also explore machine learning using similar RF
data as in [2-3], which was generated by numerically modeling the Maxwell’s equations. We experiment with two
types of neural networks and use an 80-20 train-test split
for both reconstruction and classification.

2. Problem Setup
To model the actual physical problem, we will record and
use data that could be gathered from a set of antenna transmitters and receivers. Thus, for any given simulation, we
will assume that the electromagnetic waves are generated
from a source antenna (S) positioned outside of the room
and the data is recorded from a (finite) set of receivers (R),
also positioned outside the room as shown in Figure 1.
We consider a two-dimensional radar imaging problem,
assuming that all materials are invariant in the z-direction.
The room is rectangular of size l by d. The walls are of
a uniform thickness h, with relative electric permittivity

!w . The object that is to be detected is a convex domain
O ⊂ [0, l] × [0, d] that has relative electric permittivity !o
and is away from the boundaries of the room. We assume
the medium throughout is nonmagnetic, thus µr = 1. The
source will be a pulse wave and monochromatic, emitting
two full cycles of the wave before turning off. We ob√
√
serve that k = ω µ! and λ = c0 / !r ω, where k is the
wavenumber, ω frequency, λ wavelength, and c0 free space
speed of light.

3. Experiments
Here we present an example of object reconstruction using
a simple pattern recognition algorithm, the k-NN. The main
reason for this choice is its ease of adaptation. Since our
data is generated by simulation, the density of the data for
training can be very large, given enough computing power.
Thus the lack of efficiency (in both time and memory), a
main disadvantage of k-NN, is not of major concern.

Figure 2: Illustrations k-NN prediction of center of circle.
Number of receivers
Average error
Variance of error

For our experiment, each observation was obtained by
setting the type of object to be placed in the room, and randomly assigning a location within the room. Three types of
objects were considered: small circle of radius 0.1, small
rectangle of size 0.1 × 0.2, and large rectangle of size
0.3 × 0.6. An equal number of data for Object 1 and Object 2, and a smaller amount for Object 3 were collected.
Symmetries in the data were also used; the locations of the
objects were initialized to be in the top half of the room,
then the simulations run, and data for an object in the same
location on the bottom half of the room were inferred by
switching the readings of the receivers appropriately. In all,
over 10, 000 observations were generated, taking up about
16GB of storage.

24
0.1523
0.1202

12
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0.1565

6
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0.2518

3
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Figure 3: Sources & receivers on one side of room by KNN

4. Conclusion
Through-the-wall object detection is an important area of
research that has a wide range of physical and engineering applications. Using both traditional inverse methods
and machine learning, we have reconstructed unknown targets behind walls using simulated data. In addition, our
machine learning algorithms are capable of classifying different types of objects and determining material properties
of the targets that the other reconstruction methods did not
attempt. Moving forward, we would be interested in exploring more complex models including multiple objects,
multiple reflections, and moving targets, to name a few.

Example 1. For this experiment, we placed 6 receivers from
behind left wall, taking data at 100 time steps. This yielded
1164 observations with 6 × 100 = 600 predictors. Using
k = 1 nearest neighbor, the average L2-norm distance between predicted and actual location of a circular object with
radius 0.1 was only 0.1049, and the variance was 0.0501. It
took 0.044528 seconds for each run. See Figure 2
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Example II. Here we use only partial data for the reconstruction and compare the results between those of ML, kNN in this case, and of the linear sampling method (LSM).
The LSM is a well known mathematical method for solving inverse scattering problems, see [?]. In this experiment,
both the sources and receivers are placed on one side of
the room only. This is perhaps more applicable given that
it may only be possible to access one external wall of the
room.
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Abstract
In the recent years, small UAVs have become accessible for
military, commercial and leisure activities. This comes with
an increasing apprehension concerning their hazardous and
illicit misuses. Radar systems have proved good capabilities
for UAV surveillance, but small target detection still remains
challenging and subject to active research. In this
perspective, the present work deals with clutter mitigation
and small target detection using phased-array radar and
adaptive processing. The main contribution is the simulation
of realistic small target and clutter data, and then the
application of adaptive clutter mitigation and detection
techniques, the goal being to improve the detection
performance for small targets in adverse clutter
environments.

1. Introduction
Small UAVs have become broadly used and their detection
in complex environments is still a challenging task. The
present work is conducted within the framework of the
DOREDO project, aiming at detecting and localizing small
obstacles such as light aircrafts and drones. The antenna
system is a cylindrical array consisting of two sub-systems:
The bearing system composed of a 24-column circular
antenna allowing acquisitions in 360°, and the elevation
system consisting of four columns, each one composed of 6
antenna patches. The system is under elaboration and the aim
of the present paper is the simulation of realistic signals
following the system characteristics for small target
detection scenarios, and then performing signal processing
and evaluating detection algorithms on the generated signals.
This work is of paramount importance for applications such
as radar system design. Its aim is twofold: on the one hand
improving the simulation of realistic small target and groundclutter signals, and on the other hand assessing the
performance of adaptive array processing for clutter
suppression as well as target detection. The paper is
organized into four main parts: first the simulation of
transmitted and received target signals is presented.
Subsequently, CFAR target detection is assessed. Then the
integration of realistic clutter statistics is addressed. The last
section deals with adaptive array processing for clutter
mitigation.

2. Transmitted and received target signals
Simulation of the main transmission and reception blocks for
an X band airborne pulsed radar is performed. The emphasis
is laid on the elevation system composed of a 6-element
vertical Uniform Linear Array (ULA). Acquisitions are
performed during a coherent processing interval (CPI) of 125
pulses and the generated waveform corresponds to the linear
frequency modulated signal called chirp [1]. Raw I/Q
complex data are then generated by considering the spatial
delay between the array elements, phase and amplitude
distortions, platform motion as well as thermal noise. In order
to simulate realistic radar returns from targets of interest, the
Radar Cross Section (RCS) from UAVs such as the DJI 3
drone have been measured in the anechoic chamber at
ENSTA Bretagne. Assuming these RCS measurements, the
received power is computed using the radar range equation.

Figure 1: Generated IQ signals on array element for a target with RCS= -10 dBm²,
embedded in thermal noise. The SNR on each antenna element is equal to -31.5 dB

Figure 1 illustrates an example of IQ signals generation for a
single array element. The simulated scenario consists in a
small target (𝑅𝐶𝑆 = −10 𝑑𝐵𝑚²), with a transmitted power
of 𝑃𝑡 = 46 𝑑𝐵𝑚, embedded in thermal noise. The SNR at
the output of one antenna element is equal to SNR= -31.5 dB,
which is very low for target detection. In order to improve
the SNR, beamforming is first performed by summation of
the temporal signals from the 6 channels. Then integration of
the 125 pulses and range compression are performed. This
processing yields to an improved SNR of the order of 16 dB.

3. CFAR detection
CFAR (Constant False Alarm Rate) detection methods
consist in computing an adaptive threshold using a sliding

window while maintaining a constant false-alarm rate
(CFAR) [2]. In addition to the original CA-CFAR (Cell
Averaging CFAR) method, other CFAR variants have been
implemented and tested against the generated signals. An
example of the interest brought by the SO-CFAR (Smallest of
CFAR) compared to the CA-CFAR algorithm is illustrated in
figure 2. Three targets are present and two of them are closely
spaced. The further target is accurately detected by both CACFAR and SO-CFAR. However, for the two closely spaced
targets, CA-CFAR (top figure) fails at detecting the lower
SNR one, as the threshold is artificially increased by the
interfering target present in its reference window. SO-CFAR
algorithm (bottom figure) overcomes this limitation and
correctly detects both targets.

surfaces over a large range of operating frequencies and
incidence angles. Several experiments were performed
following a variety of specifications including the radar
platform (Airborne, Spaceborne, arch Mounted, truck,
ground-based), frequency bands (L/S/C/X/Ku/Ka bands) and
ranging methods (FMCW/Doppler/Pulse radars). In our
work the emphasis is laid on X band pulse radar airborne data
from vegetation. For illustration, figure 3 shows the
frequency of occurrence of different σ0 values for a terrain
composed of grasses at a moderate incidence angle of 40°, in
comparison with a Weibull distribution fit.

Figure 3: Example of 𝜎 0 histograms for a terrain composed of grasses at a moderate
incidence angle of 40°, in comparison with a Weibull distribution fit.

5. Adaptive array processing for clutter rejection
In airborne radar, platform motion induces a shift in ground
returns in both range and angle, as well as a spreading in the
Doppler domain, potentially leading to a masking of targets
of interest that can be perceived at slow speeds comparable
to clutter measurements. Space Time Adaptive Processing
(STAP) [5] is a processing technique that exploits both the
spatial and temporal dimensions of the signals received by an
antenna array. This processing allows to take advantage of
the two-dimensional space-time properties (and thus of the
angle-frequency coupling) of the received signals, which
significantly improves the performance by providing
coherent gain on the target signal-to-clutter ratio. Typically,
the data from several range gates near the range gate of
interest are used and a training strategy is defined to provide
an estimate of the clutter statistics. Afterwards, an adaptive
weight vector is computed based on this estimate and applied
to radar data to perform clutter suppression.

Figure 3: CFAR detection for the three targets. CA-CFAR (top figure), SO-CFAR
(bottom figure)

4. Clutter signals
In the previous sections, only thermal noise was considered.
For an airborne radar looking downward, terrain scattering is
usually the major source of clutter that can cause important
degradation in probability of detection. Terrain clutter
encompasses several categories that vary in characteristics
such as spatial homogeneity, nature of the overlying media
(vegetation, snow…), nature of the substrate (water, soil, …)
etc. Our work emphasizes on rural areas and thus considers
clutter originating from trees, grasses, short vegetation and
road surfaces. From a radar detection standpoint, ground
clutter can be perceived as a distributed target that consists in
a large number of randomly distributed scatterers. Due to its
fluctuating nature, we resort to statistical analysis of the
backscattering cross section per unit area, commonly called
the backscattering coefficient and denoted 𝜎 0 , for which
several statistical models have been proposed in the
literature, such as the Rayleigh, Log-normal, Weibull and
Gamma models. Note that the statistical parameters of the
underlying distributions vary with sensor parameters
(frequency band, polarization, acquisition geometry…), as
well as the terrain nature, namely its geometrical and
dielectric properties. In order to incorporate realistic clutter
estimations, our simulations integrate distributions based on
real clutter measurements reported in [3,4]. The authors
document one of the most extensive series of measurements
using different sensors covering various types of land
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Abstract
In-waveguide measurements are usually challenging at THz
frequencies because of dimensional restrictions. Corrugated
horn antenna is studied to show its capabilities (and limits)
as WG to free-space mode convertor. Results are presented
in terms of energy transfer to an open-surface detector and
TEM propagation-mode on-and-near the antenna aperture.
This paper shows the feasibility of using such antennas in
75-110GHz and 500-750GHz bands for power
measurement and material characterization with the
estimation of systematic and random errors.

2. Discussion and results
A long-body aperture-matched corrugated horn antenna can
convert waveguide TE and TM modes to the hybrid HE11
mode with "quasi"-TEM electromagnetic fields on the
antenna aperture (Fig.1)
A set of two corrugated horn antennas, head-to-head, with
high surface aperture quality can be used as a compact
material characterization device [3].

1. Introduction
In recent years, the utilisation of the mm-Wave/THz range
has significantly increased in a wide range of applications.
Environmental studies, space technology, remote sensing,
spectroscopy, wireless communications, automotive radar,
security scanners and biomedical applications are among
many other examples. The development and approval of
high quality and safe products and systems depends on the
availability of reliable measurements.
For material characterization, Vector Network Analyzer
(VNA) can be used with quasi-optical associated devices to
set the free-space non-contact measurements up [1]. The
setup should be adequately calibrated and S-parameters
derived on the material-under-test (MUT). Based on the
measured S-parameters and the MUT thickness and
positioning, permittivity and permeability can be extracted.
A well-designed corrugated horn antenna can replace classic
quasi-optical devices (pyramid horn plus lenses or parabolic
mirrors) [2, 3]. However, probable systematic errors relevant
to non-perfect TEM/free-space mode on the antenna
aperture should be known and quantified, in advance.
For power measurement, open-surface classic optical
detectors like pyroelectric and photo-acoustic devices can be
characterized and used in THz domain, as well [4]. The
main challenge is to suit a waveguide THz source to the
open surface of the detector. Here again, a corrugated horn
antenna is an appropriate choice if the scattering parameters
of the antenna WG-input, aperture and the air-gap between
the antenna and detector are characterized adequately.

Figure 1: Schematic of mode conversion in corrugated horn
antenna, and a set of two (aligned) antennas connected to
the VNA test-ports for material characterization.
As the MUT is placed and measured in the air-gap between
two apertures, this small space should be characterized and
compared with the "real" free-space conditions. The method
we use here is to assume an arbitrary air-gap as MUT and
measure its permittivity. Deviations from r = 1+j0 can
demonstrate propagation mode conditions in the air-gap.
Measurement results are presented (Fig.2) for the
frequency-ranges 75-110GHz (3mm air-gap) and 500750GHz (1mm air-gap). As shown, a slight rising slope (~
0.5%) is observed around " r (Re) = 1" for both frequency
ranges. This should be taken into account for further
assessment of errors and uncertainties. Measurements are
based on transmission-only method [5] and have been
performed for different air-gap distances, the tendency
seems consistent for all cases.

Figure 4: Schematic of THz waveguide source, antenna
structure and power transfer to the open-surface sensor.
However, even the air-gap radiation and small losses make it
necessary to reconsider the measurement conditions of lowrefractive & low-loss materials like TPX, Teflon etc.

3. Conclusions
It is shown that the corrugated horn antenna can be
characterized as TEM-mode convertor for various freespace measurements. Results are presented at 75-110GHz
and 500-750GHz frequency ranges to show the propagation
conditions and power transfer capability. Further works are
in progress to improve the measurement system in terms of
matching and multiple-reflection phenomena controlling.

Figure 2: Propagation-mode characterization of the air-gap
for 75-110GHz (top) and 500-750GHz (bottom) bands. Raw
results are presented without time-gating or smoothening.
In terms of energy leakage, the air-gap can be characterized
by S21 parameter normalized to the closed-gap case (Fig.3).
This parameter is very important for the RF/THz power
measurement in free-space. As shown, for the gaps up to
5mm, power transfer is well performed with losses less than
0.4dB in the 75-110GHz range.
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A recent area of concern is how to insure the continued
functioning of critical elements of societal infrastructure
amid increasing forms of terrorist activities. One new threat
is the use of an HPEM source to create intentional
electromagnetic interference (IEMI). This threat involves
deliberately illuminating a facility or sub-system with a
sufficiently intense EM field, to cause an interruption in the
normal operation of the facility’s electrical equipment. This
effect is similar to electronic jamming, which has been used
for years, but technological advances in high-power radio
frequency (RF) sources and antennas now makes it possible
to not only jam (or interrupt) equipment, but also to
permanently damage (burn-out) equipment [1].

1. Introduction
This presentation, based on [2] describes the results of an
assessment of the possible effects of an attack on a military
airfield in Switzerland, using a high-power electromagnetic
(HPEM) source. While such electromagnetic (EM) weapons
systems are not commonplace today, there have been
documented cases in the past of their being used for criminal
activity. Moreover, with the rapid increase of EM source
technology, it is possible that such EM weapons could pose
more of a threat to critical elements society’s infrastructure
in the future. A general overview of the EM assessment
methodology process is provided. Assessments can be
performed at several levels of detail. Starting with a
description of the airport, the type of assessment conducted
at the airport is discussed. Important EM systems are
identified. We also describe EM vulnerability estimates for
various types of airport equipment, which are needed for
performing an assessment. The characteristics of EM fields
that could be used to target, are discussed. The nature of the
EM environment is summarized, together with the details of
the antennas and various source generators that might be
used to produce these fields. Several EM attack scenarios
that are envisioned at the airport are presented. This analysis
provides an indication of the possible EM environments that
could be used in such attacks, and it discusses the possible
effects on the airport operations.

Civil aviation has become an integral component of presentday societies. It promotes an economic base for a
community, assists and encourages trade, and is vital for the
health, safety and welfare of the general public. Yet, we all
know some of its vulnerabilities even from very low-level
electromagnetic emitters. For example, cell phone use is
prohibited in at least the takeoff and landing phases of a
flight, due to its potential adverse effects on navigational
electronics on-board the aircraft. Other passenger electronic
devices (PED) such as lap-top computers, DVD players etc.,
have been known to cause interference and are prohibited
during the take-off and landing phase of a commercial flight.
In addition to these low-level emitters, both military and
civilian aircrafts are routinely required to operate under
adverse electromagnetic environments (EME), such as
•
Natural- lightning electromagnetic pulse (NLEMP)
•
Electrostatic discharge (ESD)
•
Electromagnetic environment in and around
airports
•
Intra-system electromagnetic interference (EMI)
•
Inter-system EMI.

2. High Intensity Radiated Fields (HIRF) Fields
These HIRF certification levels are plotted in Figures 3 and
4 are important because if an intentional RF weapon system
produces a HIRF level that exceeds the above levels by an
order of magnitude, serious consequences may become
possible.
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Figure 1

HIRF Type II Environments (effective
September 2007).

4. Summary

From the examples cited above and the FAA / JAA
standards it is safe to conclude that unintentional
electromagnetic signals can pose a threat to aviation. It is
entirely possible that RF terrorism [3 and 4] can bring such
threats with intentional electromagnetic signals.
Furthermore, airports cannot run without networked
computers operating in unison. Ground components such as,
passenger terminals, air-traffic management (ATM) and
airport vehicles are also subject to potential RF threats.
There may not be a loss of life as in the case of loss of
aircraft, but severe disruption of aviation services can be the
price to pay. A coordinated RF attack on several passenger
terminals aimed at disrupting networked computers [5, 6 and
7] can have serious psychological and economic
consequences.

3.

The site survey that has been performed has resulted in a set
of key places of the airport, where it would be desirable to
measure the operating RF environment. This task has
involved going to these parts of the airport and measure the
EM environments that typically exist at different times of a
typical day at the airport without involving the use of any
kind of transmitters, but consists of only passive sensors,
network analyzers / oscilloscopes. The passive sensor acts
like a broad band receiving antenna over a frequency range
of (1MHz to 4 GHz) and measures the RF environment. We
have also made a determination of RF threat scenarios
including electromagnetic coupling to selected systems such
as aircraft in glide slope, control tower etc.The results of the
measured data will feed into a determination of what it takes
to disrupt the airport operation. Given the public access and
proximity to the glide path of the aircraft, control tower,
etc., we can then go on to determine what type (frequency,
power levels, antenna aperture, directivity etc.,) of an RF
weapon that can be potentially disrupt airport operations.
Are such mobile RF weapons feasible, given the state-ofthe-art in source technology? What are the consequences for
aircraft and airport operations?

A Topological View of an Airport

A civilian airport is a facility where three
components of air transportation system come together [8],
as illustrated in Figure 2.

We can analyze several attack methods and several
scenarios have been quantified. (Weapon type and
characteristics, propagation losses, field on target)
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Figure 2. A system theoretic view of an airport
A typical airport operation includes, but not
limited to, the following:

From an electromagnetic viewpoint, the following systems
are of present interest to us.
•
RF interfaces
•
Power
•
Telecommunication including navigational aids
•
Air Traffic Management/Equipment(ATM/
Equipment)
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Abstract
The proposed sensor is based on a Split Square Resonator
(SRR), placed in the center of the transmission line above
the SSR (most sensitive region) to improve the detection.
The dimensions of the SRR have been chosen so that the
resonance frequency of the filter will be close to 7.85 GHz
in free space. The functional principle of the designed
sensor is based on placing over the sensitive position the
material under test (MUT). It is based on detecting changes
in dielectric properties (permittivity) of MUT present in the
near-field region of the sensor, along the changes of the
resonance transmission frequency (S12), caused by
perturbation of resonator's electric field through MUT. To
validate this conjecture, three cubic MUTs were tested
(PLA, FR4 and Rogers TMM10i). This proposed design
exhibits a high sensitivity close to 56% as the relative
permittivity of MUT’s changes from 1 to 10.

1. Introduction
In recent years, robust, miniature, inexpensive, selective,
and highly sensitive technologies used for agile sensing
devices in various applications have placed high demands.
Sensing technology based on microwave resonance is a
recently developed technology, and many researchers have
been studying it in the past ten years, including microwave
sensors that are employed in material characterization,
precision agriculture, biomolecule detection, and
concentration research. Detecting material characteristics is
based on acquire knowledge about its permittivity, since it is
most crucial than the permeability to distinguish different
dielectrics. The use of planar transmission lines with
metamaterial for material characterization is one of the
technologies that become used. This technique relies on the
direct interaction between the material under test (MUT) and
the evanescent field of the transmission line to achieve high
measurement accuracy and excellent imaging capabilities.

The most popular methods for material characterization
utilize dielectric measurement technology based on
microwave resonators are measuring the change of
magnitude/ frequency of reflection/transmission coefficient,
phase, and quality factor (Q-factor). Many researchers have
proposed planar metamaterials with different topologies for
several application, among them, dielectric constant
measurement [1-5]
In this paper, we introduce a simple shape consist of a split
ring resonator (SSR) based on MTL (Microwave
Transmission line) feeding, used as a sensor for dielectric
material characterization.
The concept is given in Fig.1. The simplicity of the sensor
permits to measure the transmission coefficient, by placing a
small cubic in direct contact to the sensitive region. The
structure will be as follow: Section II describes the design
and an analysis of sensitivity where we discussed, the effect
of MUT size. Section III includes simulation results and
discussion. Finally, a conclusion of the presented work in
section IV.

2. Design and Simulations
The designed device shown in Fig.2 is simulated on Rogers
5880 substrate with a dielectric constant of 2.2, TanD of
0.009 and a thickness of 0.787mm. The choice of such
substrate allows to produce a relevant fringe electromagnetic field in the sensing area, in order that the
characteristics of the MUT can be well detected, thereby
improving the sensitivity. In this present paper, the design is
based on a single split square resonator (SSR), placed in the
center of a transmission line, designed to be suitable for a
resonance at 7.76GHz, with a side length of 8 mm. The path
of the SSR is c=0.4mm and the SSR split length is g=0.6
mm. The transmission line is designed with 16mm strip
length both sides and a=2.34 mm strip width connected to a
50Ω coaxial SMA connector to ensure the impedance
matching. The substrate length and width are both 40mm

(about half the length of the long edge of a credit card), with
a copper layer of 35um.
Generally, a part of the guided EM waves propagating in
the transmission line, will polarize the adjacent dielectric
substrate, and a part of the loaded MUT. The polarized
dielectric substrate could be presented by an equivalent
capacitance. In case of using a CSRR etched in the ground
plane, decreasing the polarized portion of the dielectric
substrate (thickness) enhances the resonating electric field
to interact with MUT, thus increasing the sensitivity. While
in this work, using a SRR centered in the transmission line
in direct contact with MUT, increasing the polarized
substrate part, guarantee an effective propagation and
radiation of the electric field with the MUT, hence,
increases the dependence of the minimum transmission
frequency, and ensure an efficient interaction of the electric
field with the MUT, and increase the sensitivity.
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where, 𝑓𝑀𝑈𝑇0 is the minimum transmission frequency with
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the presence of MUT, and 𝑓𝑓 𝑓𝑟𝑒𝑒 is the free space
minimum transmission frequency. Various simulations were
done to choose the most sensitive sensor depending on
substrate thickness. Seven cases were examined with
different transmission line width to have a matching with the
feeding network 50ohm impedance. All simulations were
done with a variation of loaded MUT permittivity from 1 to
10 with a 1-step and Tan = 0.0012 is kept constant.

2.1. MUT size effect:

As mentioned in the previous section, the portion polarized
by the EM waves changes the minimum transmission
frequency by changing its size. Reducing the MUT
polarized portion by the electric field will directly decrease
the equivalent capacity value of MUT, therefore, affects and
reduces the correlation with the minimum transmission
frequency, thus decreases the sensitivity of the sensor.

(a)

Figure 2: Change in the minimum transmission frequency
versus MUT’s relative permittivity with different
thickness.
In this studied case, the MUT cover the SSR and a
simulation of both width and thickness were done to define
the accurate size that result saturation of the electric field.
At a certain MUT size (thickness K), the MUT portion get
polarized, and any added size will add up extra dielectric
layers which will not be affected by the resonant electric
field, and this is because of the achievement of saturation
interaction among the resonator’s field and the MUT.
The achieved results (Fig.2) proves that the sensor arrives to
a specifics level of saturation, with an optimum value of
K=7mm in thickness. However, same study has been done,
and conclude with W=13mm.

(b)
Figure 1: (a) Top view of the sensor (b) Side view of the
sensor.
The sensor's sensitivity will be determined by the percentage
of change in the minimum transmission frequency. It is
calculated for each study and determined by (1).
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any extra material above these values has no effect on the
transmission frequency response, hence, the sensor's
sensitivity will be unaffected by MUT size.

3. Simulation Results and discussion
The suggested sensor design is simulated using a
commercial CST Microwave studio with the goal of
examining the influence of MUT and gap size,
demonstrating the reaction of different materials, and
concluding with the function of permittivity versus change
in minimum transmission frequency.
To perform the simulation with the setup shown in
Fig.7, we are using PNA-L Network analyzer N5234B.
PLA, FR-4, and ROTMM10i were used to creat three cubic
MUTs. These samples have been fabricated nominal
relative permittivity’s of 2.3, 4.3, and 9.8, respectively.
Over the split ring resonator, the MUT is charged. The
transmission frequency resonances produced by various
samples are shown in Fig.4. Understanding the Cavity
Perturbation Theory, MUTs with a bigger relative
permittivity result in a lower transmission frequency. The
first simulation was done at 7.85 GHz, which is the open
space transmission frequency. The three other transmission
frequency corresponding to PLA, FR-4, and RO TMM10i
are 6.78 GHz, 5.59 GHz, and 3.86 GHz, respectively, for
The MUT the results reveal a remarkable performance of
the sensing method used in this paper.

Figure 4: Comparison between numerical (solid lines) and
experimental (dashed lines).

4. Conclusion
The design and testing of a sensitive sensor based on SSR,
centered in a transmission line is reported in this paper. The
sensor's major monitored characteristics is the change in the
minimum transmission frequency of the microwave device.
the design is configured to be suitable to small size of
different MUT. It demonstrates a high sensitivity close to
56% while changing the MUT permittivity from 1 to 10.
The use of such a sensor to detect glucose levels with large
and high sensitivity might be the subject of future research.
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Figure 3: results obtained by model (2).
Relation 2 shows a link between the relative permittivity of
the MUT and the change in the minimum transmission
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The simulations results presented in Fig.4 are extracted
using a 0.757 mm substrate load with different MUT.
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Abstract

1. Introduction
Magnetic and magnetoelastic sensors and smart composites
utilizing soft magnetic wires with Giant Magneto-impedance
present excellent features including extremely high
sensitivity to external stimuli: i.e. magnetic field, stress or
temperature making them suitable for many applications [1][3]. Most of the emerging applications require materials with
reduced dimensionality and excellent soft magnetic
properties, superior mechanical properties, enhanced
corrosion resistance and biocompatibility [1],[4].
Generally, amorphous magnetic wires present the best
combination of soft magnetic properties and superior
mechanical characteristics [4],[5]. The other functional
properties, like reduced dimensionality, improved corrosion
resistance and biocompatibility can be achieved in
amorphous microwires coated by flexible and insulating
glass-coating [4], [5]. Therefore, studies of GMI effect in
amorphous glass-coated microwires gained considerable
attention since the 90-s [5].
The magnetoelastic anisotropy is one of the most important
parameters that determine the magnetic properties [4],[5].
The most common way to tune the magnetoelastic
anisotropy is the selection of proper chemical composition
with nearly-zero magnetostriction coefficient, λs. Indeed,
vanishing λs-value in amorphous alloys can be achieved
choosing CoxFe1-x (0≤x ≤1) alloys with x about 0.03-0.08
[5]. However, theoretical maximum GMI effect is above
3000% (i.e few times larger than GMI ratio values reported
experimentally) [4,5]
Consequently, we present our recent experimental results on
post- processing of magnetic microwires with aim to achieve
better magnetic softness and GMI effect.

2. Materials and methods
We selected typical Fe3.6Co69.2Ni1B12.5Si11Mo1.5C1.2 alloys
with vanishing λs-value. We used micro-strip sample holder
placed inside a sufficiently long solenoid that creates a
homogeneous magnetic field, H. The sample impedance, Z,
was measured using vector network analyzer from the
reflection coefficient S11 using expression:
-

(1)

where Z0=50 Ohm is the characteristic impedance of the
coaxial line [6]. Described technique allows measuring of
the GMI effect in extended frequency, f, range up to GHz
frequencies. For GMI characterization we used GMI ratio,
Z/Z, defined as:
(2)
where Hmax is the maximum axial DC magnetic field
(usually up to few kA/m).
Hysteresis loops have been measured using fluxmetric
method [9]. We represent the normalized magnetization,
M/M0 versus magnetic field, H, where M is the magnetic
moment at given magnetic field and M0 is the magnetic
moment of the sample at the maximum magnetic field
amplitude, Hm.

3. Results and discussion
As-prepared microwires present linear hysteresis loops
with low Hc (see Fig. 1a). Similarly to other Co-rich

1

M/M0

The influence of post-processing (annealing and stressannealing) on the Giant magnetoimpedance (GMI) effect in
thin magnetic microwires is reviewed. High GMI effect has
been observed in Co-rich magnetic microwires with
vanishing magnetostriction coefficient. Post-processing
including annealing or stress-annealing at adequate
conditions allows further improvement of GMI effect in Corich magnetic microwires.

0
As-prepared
o

Tann=200 C
o

Tann=300 C
-1
-300

0

H(A/m)

300

Figure 1. Hysteresis loops of as-prepared (a) and
annealed at 2000C, (b), and 300 oC (c)
Fe3.6Co69.2Ni1B12.5Si11Mo1.5C1 microwires.

microwires
with
vanishing
λs
–values
Fe3.6Co69.2Ni1B12.5Si11Mo1.5C1.2 microwire presents drastic
magnetic hardening upon annealing: an order of magnitude
coercivity, Hc, rising from 5 A/m up to 90 A/m (see Fig.
1b,c). However, GMI ratio of Fe3.6Co69.2Ni1B12.5Si11Mo1.5C1
microwires annealed at 300 oC is considerably higher (see
Fig. 2).

as-prepared
=118 MPa
a

(a)
200

Z/Z(%)

a
a
a

=236 MPa
=354 MPa
=472 MPa

100

0
-10
as-prepared
o
Tann=200 C

Z/Z(%)

100

250

o

Tann=300 C

(b)

=236 MPa

a

=354 MPa

a

200

Z/Zm (%)

-15

-10

-5

0

5

10

300

600

900

The future scope of our research will be focused on
magnetic wires miniaturization and further development of
appropriate post-processing.

400

(b)

References

0
-1
-400

0

Figure 4. Δ / H dependences of as-prepared and
stress-annealed at Tann = 300 ºC samples at
different σa measured at 200 MHz (a) and Δ /Zm(f)
dependencies for the same samples (b).

(a)

200

Tann=300 C

f (MHz)

-1

1

100

o

0

0

=118 MPa
=472 MPa

150

0

Stress-annealing allows to reduce considerably the Hc-value
(see Fig.3). However, at selected annealing conditions

-200

a

50

Figure 2. ΔZ/Z (H) dependencies of as-prepared and
annealed Fe3.6Co69.2Ni1B12.5Si11Mo1.5C1.2 microwires
measured at 500 MHz.

-400

as-prepared
=0 MPa
a

15

H(kA/m)

1

10

a

50

0

M/Mo

0

H(kA/m)

-200

0

200

[1] S. Gudoshnikov, et.al., Highly sensitive magnetometer
based on the off-diagonal GMI effect in Co-rich glasscoated microwire, Phys. Stat. Sol. (a) 211 (5): 980–985,
2014.
[2] M. Ipatov, et.al, Tunable effective permittivity of
composites based on ferromagnetic microwires with
high magneto-impedance effect, Appl. Phys. A: Mater.
Sci. Proc. 103 (3): 693-697, 2011
[3] T. Uchiyama, K. Mohri and Sh. Nakayama,
Measurement of Spontaneous Oscillatory Magnetic
Field of Guinea-Pig Smooth Muscle Preparation Using
Pico-Tesla Resolution Amorphous Wire MagnetoImpedance Sensor, IEEE Trans. Magn. 47: 3070-3073,
2011.
[4] A. Zhukov, M. Ipatov and V. Zhukova, Advances in
Giant Magnetoimpedance of Materials, Handbook of
Magnetic Materials, ed. K. H. J. Buschow, vol. 24 ch. 2,
(2015) 139-236.
[5] A. Zhukov, et.al., Trends in optimization of giant
magnetoimpedance effect in amorphous and
nanocrystalline materials, J. Alloys Compound. 727:
887-901, 2017.
[6] A.Zhukov, et.al., Tailoring the high-frequency giant
magnetoimpedance effect of amorphous Co-rich
microwires, IEEE Magn. Lett., 6: 2500104, 2015

400

H (A/m)
Figure
3.
Hysteresis
loops
of
Fe3.6Co69.2Ni1B12.5Si11Mo1.5C1.2 microwires annealed at
Tann=300 oC for tann=1 h under 118 (a) and 236 (b) MPa.

(Tann=300 oC, tann= 1 h) the hysteresis loops shape remains
rectangular. As regarding the GMI effect, all stress-annealed
Co-rich microwires present a remarkable GMI ratio
improvement (see comparison in Fig. 4 (a)): for f=200 MHz
more than double GMI ratio improvement is observed
almost for all stress-annealed samples. As can be
appreciated from the frequency dependence of maximum
GMI ratio, ΔZ/Zm(f), dependencies shown in Fig. 4 (b) this
ΔZ/Zm improvement is observed for all frequency range (up
to 1 GHz). It is interesting that the optimum frequency for
as-prepared sample is about 100 MHz, however, for stressannealed samples the optimal frequency shifts to about 150
MHz.
Accordingly, stress annealing of Co-rich microwires
allowed considerable GMI effect improvement

4. Conclusions
We observed that the stress-annealing allows remarkable
improvement of GMI effect in Co-rich microwires: about
100% GMI ratio improvement is demonstrated.
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Abstract
In this study, we achieved real-time identification of
reagents using combination of machine learning and
simultaneous generation and detection of multiwavelength
terahertz (THz) waves by injection seeded terahertz wave
parametric generator (is-TPG).

1. Introduction
We have spent many years developing an injection-seeded
terahertz (THz) wave parametric generator (is-TPG) as a
high-power THz-wave source with a LiNbO3 crystal.
Recently, we achieved a peak power of 50 kW and
frequency tunability of 0.4–5 THz[1], [2]. is-TPG is a
narrow linewidth and high brightness THz wave source;
therefore, it can generate one wavelength per pulse, and the
wavelength was tuned for each spectroscopy. On the other
hand, in this study, we aimed at simultaneous generation of
multiwavelength THz waves from is-TPG. In
multiwavelength generation, the wavelength does not need
to be changed, which would shorten the measurement time.
Averaging would also not be required because spectroscopy
is done by one pulse. Moreover, we introduced machine
learning for identification of samples. This would enable
real-time identification system with a repetition rate equal to
that of the excitation laser.

we prepared it by combination of multiple external cavity
laser diode (ECLD).
The detection of THz wave is also possible using same
principle of is-TPG[1], [2]. It is the reverse of generation; in
other words, a THz wave is used as the seed beam, and a
near-infrared detection beam is generated. In this method,
the generation angle of the near-infrared detection beam
changes based on the wavelength of the input THz wave,
according to the non-collinear phase-matching condition.
Therefore, one-pulse spectroscopy is achieved by inputting
multi-wavelength THz waves and converting the generation
angles of the resulting multi-wavelength near-infrared
detection beam to THz-wave frequencies.

3. Experiment and results
A schematic diagram of the experimental system is shown in
fig. 1. A pump beam emitted by a micro-chip Nd:YAG laser
and a five-wavelength seed beams emitted by five ECLDs
irradiate a LiNbO3 crystal under non-collinear phase
matching conditions, resulting in the emission of five
wavelength THz waves. The emitted THz waves are focused

2. Principle of multi-wavelength generation and
detection using is-TPG
When a high-power pump beam and seed beam are input to
a LiNbO3 crystal, narrow line width and high brightness
THz wave is generated by parametric wavelength
conversion. At that time, wide tunability of THz wave can
be achieved by controlling the wavelength of the seed beam
and its angle to satisfy the non-collinear phase-matching
condition of the LiNbO3 crystal. We call this THz wave
source is-TPG[1], [2]. On the other hand, when the multiwavelength seed beams are injected to the crystal, the
energy was distributed to each wavelength and multiwavelength THz wave is generated[3]. Although the
principle of multi-wavelength generation is simple, multiwavelength seed beam source (i.e. multiwavelength
continuous-wave laser) was not easily accessible. Therefore,

Figure 1: Real-time measurement system with combination
of deep learning and multi-wavelength THz-wave parametric
generation and detection. Right upper side inset shows the
measured samples.

materials), and None. As training data for CNN, we used 30
images of each class, for a total of 270 images.
Upper left side inset of fig. 1 shows an image of the
detection beams without any sample (i.e. None class). At
that time, intensities of detection beams were saturated
because it was optimized when samples with shielding
materials were inserted to the THz path and attenuated THz
wave. Fig. 2 shows the results of real-time measurement.
We took screenshots, showing the timing when each sample
was inserted to the THz path. An absorption profile
corresponding to the transmitted spectrum of each sample
was obtained using the multi-wavelength is-TPG in realtime. The “predict sample” shown in the upper part of each
screenshot shows the sample name predicted in that instant
via the CNN; “probability” corresponds to the sample
prediction probability. By applying the CNN to the images
of the detection beams, all samples were identified with
almost 100% accuracy. This shows that, by combining
multi-wavelength is-TPG with a CNN, samples can be
identified through shielding material in real-time.

4. Conclusions
In this work, we achieved real-time measurement of
reagents using multi-wavelength is-TPG. Sample was
identified in real-time with almost 100 % prediction rate
using CNN. The results of this study are expected to
advance THz nondestructive testing technology.
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onto the sample and then it is up-converted to a nearinfrared (NIR) detection beams at another crystal. Here we
used camera to detect the multiple detection beams.
We measured five pellet samples of Aluminium hydroxide,
Lactose, Maltose, Fructose and Glucose on the paper. Those
samples were placed under some shielding materials which
were and combination of those two shielding materials. The
emitted THz frequencies were chosen as 1.13, 1.23, 1.39,
1.48 and 1.71 THz that matched to the absorption peak of
samples.
The real-time identification was performed on images of the
detection beams obtained with the camera. We input those
data for the convolutional neural network (CNN)[4], [5],
which is one of the deep neural network specialized for
image data, and classified seven classes which were five
reagents, Shielding (includes three kinds of shielding
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Abstract
We demonstrated backward terahertz-wave parametric oscillation and generated terahertz-wave pulses with a high peak intensity
of about 200 W at 0.3 THz. And Terahertz-wave imaging was performed using the source for nondestructive testing applications.
Due to the long-time stability of terahertz-wave oscillation, transmission images with good visibility and inside information
were obtained by point scanning imaging. As a result of measuring various materials, we found that the system is applicable to
versatile nondestructive inspection applications.
With the maturity of modern society, various new materials and structures have been invented and developed. In production,
new and old materials are efficiently utilized and provided to us as familiar manufactured products. On the other hand, quality
inspections of manufactured and ready-made products are extremely important in a social environment that demands safety and
security and the demand for inspection targets is expanding in accordance with the times. Until now, nondestructive testing has
solved many problems using conventional technologies such as X-rays and ultrasonic waves. However, in the evolving
environment of material development and inspection, there are many demands for multimodal measurement and the introduction
of new technologies.
Terahertz waves (THz waves) are electromagnetic waves that exist between radio waves and light waves, and have the property
of penetrating plastics, ceramics, clothing, paper, wood, and mortar. Since various materials have unique fingerprint spectra in
the THz wave region, THz wave technology has attracted much attention as a non-destructive inspection tool, and researchers
around the world have been vigorously engaged in research and development for about 30 years. Currently, development of
equipment has progressed, and some of it has been introduced to the market. Meanwhile, light-wave technologies such as LiDAR
and hyperspectral cameras are also advancing, and expectations for nondestructive inspection using THz waves are growing
more sophisticated. Very recently, THz-wave imaging research has evolved from conventional two-dimensional transmission
imaging to three-dimensional measurement, and artificial intelligence (AI) technology has been introduced to improve the
degree of object determination and inspection accuracy, among other technological developments.
Thus, the performance requirements for THz-wave light sources are increasing more than ever in response to increasingly
sophisticated THz-wave technology. We have been studying the generation of high-power THz waves from light waves by
wavelength conversion using nonlinear optical effects. Recently, optical injection-type terahertz-wave parametric generation
using bulk lithium niobate crystals has achieved peak intensities of up to approximately 100 kW. On the other hand, there has
been insufficient development of light sources that simultaneously satisfy the requirements of miniaturization, wide wavelength
tunability necessary for 3D measurement, and high-power generation of sub-THz waves with high transparency into materials.
In this paper, we describe a new backward THz-wave parametric oscillator discovered using periodically polarized inverted
lithium niobate crystals as a light source that satisfies all of the above requirements and discuss its attractiveness and application
to nondestructive inspection applications.
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Abstract
Using gold-implantated germanium, where the carrier
lifetime is shortened by more than three orders of
magnitude, we have demonstrated a broadband
photoconductive THz emitter compatible with modelocked
fiber lasers operating at wavelengths of 1.1 and 1.55 m
and pulse repetition rates up to 20 MHz. The emitted THz
spectrum spans up to 70 THz. This approach opens up a
prospect for manufacturing of compact, high-bandwidth
THz photonic devices compatible with Si CMOS
technology.

1. Introduction
Germanium is a nonpolar semiconductor with missing onephonon absorption. The absence of a Reststrahlen band
enables the generation of a gapless THz spectrum spreading
up to 13 THz [1], limited only by the duration of the
excitation and detection laser pulses. However, in spite of
other promising properties including low bandgap and small
effective mass, the long, µs-scale recombination time arising
from the indirect bandgap of intrinsic germanium has been
prohibitive for practical application as photoconductive THz
emitters. Although not essential for broadband THz
emission, shorter recombination times are necessary to
ensure complete carrier recombination between subsequent
laser pulses and to make these emitters compatible with
standard modelocked laser systems operating at pulse
repetition rates up to hundreds of MHz.

2. Results
In order to make Ge a suitable photoconductive material at
MHz repetition rates, we have reduced the carrier lifetime
by introducing deep traps via Au implantation. Although a
shorter carrier lifetime is not an essential requirement for
the broadband THz emission, sub-ns lifetime ensures
reliable operation of Ge:Au THz emitters at repetition rates
up to few 100 MHz covering specifications of most
contemporary femtosecond oscillators. Ge substrates were
implanted with Au ions with energy of 330 keV and doses

of 2 1013 ions/cm2 followed by annealing at 900 ̊C for
several hours in order to ensure a low homogeneous
concentration of gold impurities near the surface of the Ge
wafer. The achieved doping density is approximately
1015 cm-3.
The carrier lifetime in implanted Ge:Au wafers were
measured using optical pump / THz probe spectroscopy. We
observe a strong photoconductivity decay within 1 ns after
photoexcitation and a negligible offset at negative delay
times. The longest measured recombination time of 1.7 ns is
more than 1000 times shorter than in an undoped Ge, where
it reaches several s.
Bowtie electrode structure was fabricated using the same
fabrication process and the bowtie electrode geometry as
our previous work [1]. The near-infrared pump beam is
focused onto the 10-µm-gap between the electrodes.
Photoexcited charge carriers are accelerated by the applied
bias field (d.c. bias voltage of 10 V) producing a transient
current burst. The THz beam emitted by this current in
forward direction is collimated and refocused on an electrooptic crystal for field-resolved detection.
THz emission was induced by 11 fs pulses with a central
wavelength around 1.1 m (spectrum spanning from 0.9 to
1.25 m) and an energy of 7 nJ. The generated THz
transient is detected by electro-optic sampling using 8.42fs-short probe pulses in a (110) ZnTe crystal with a
thickness of 14.3 µm. Fig. 1(a) shows the recorded THz
electric field in the time domain. The pulse duration
comprises about 1.5 optical cycles and the estimated peak
electric field in the focus reaches 0.8 kV/cm [2]. Fig. 1(b)
depicts the Fourier spectrum of the THz transient spanning
from the lowest detectable frequency up to 70 THz. The
small dip in the spectrum at around 5 THz is caused by the
response function of the ZnTe detector and the true THz
emission spectrum is gapless as it has been confirmed in
previous work [1].
Furthermore, we demonstrated the compatibility of the
Ge:Au photoconductive antenna with the conventional
telecom wavelength of 1.55 m covered by ubiquitous Erdoped femtosecond fiber lasers. The absorption edge of Ge

Electric field (a.u.)

1
0

Acknowledgements
Support by R. Böttger and the Ion Beam Center (IBC) at
HZDR is gratefully acknowledged. The authors would like
to thank W. Skorupa for his valuable suggestions as well as
I. Skorupa and U. Lucchesi for technical assistance.

-1
-2

Amplitude (norm.)

Er:fiber laser systems. Potentially, Ge-based THz devices
can revolutionize THz technology due to its ultrabroad
spectral bandwidth coverage and its compatibility with Si
CMOS technology.

(a)

-0.1

0.0
0.1
Time (ps)

100

References
[1] A. Singh, A. Pashkin, S. Winnerl, M. Helm, H.
Schneider, Gapless Broadband Terahertz Emission
from a Germanium Photoconductive Emitter, ACS
Photonics 5: 2718−2723, 2018.
[2] A. Singh, A. Pashkin, S. Winnerl, M. Welsch,
C. Beckh, P. Sulzer, A. Leitenstorfer, M. Helm,
H. Schneider, Up to 70 THz bandwidth from an
implanted Ge photoconductive antenna excited by a
femtosecond Er:fibre laser, Light: Science and
Applications 9:30, 2020.

(b)

10-1
10-2
10-3
0

20

40
60
80
Frequency (THz)

100

Figure 1: (a) Recorded THz pulse for pumping with
11 fs pulses centered at 1.1
m wavelength.
(b) Fourier transform of the recorded THz pulse.
at 1.87 m is well below the telecom band. However, due to
the indirect bandgap the absorption is rather weak and
increases abruptly only for wavelengths shorter than
1.55 m, for which the direct interband transitions are
allowed. The photoconductive antenna was pumped with
12 fs pulses with a central wavelength around 1.55 m and
the energy of 3.5 nJ at the repetition rate of 20 MHz. The
resulting THz spectrum (not shown) spans up to 50 THz
demonstrating that the Ge-based photoconductive antenna is
capable for broadband THz emission when pumped at
telecom wavelength [2].

3. Conclusions
We have demonstrated a photoconductive THz emitter
based on ion implanted germanium that generates THz
transients with a gapless spectral coverage up to 70 THz – a
full order of magnitude larger than existing GaAs or
InGaAs-based devices. Implantation of gold ions enables us
to reduce the carrier lifetime down to the nanosecond level,
rendering the new device compatible with high repetition
rates of femtosecond fiber lasers. Owing to the relatively
low bandgap energy of germanium, it can be photoexcited
using the conventional telecom band wavelengths. In our
experiments we demonstrate broadband THz emission
under excitation by few-cycle pulses at central wavelengths
of 1.1 and 1.55 m, produced by state-of-the-art amplified
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Abstract
Numerical co-simulation methods are increasingly used
to solve complex electromagnetic compatibility problems.
For the time-dependent Maxwell-Equations, these approaches may exchange information and simulation results
for each temporal iteration. In this paper, we propose
an asynchronous temporal co-simulation method. The approach is illustrated on a transmission lines network. The
results obtained are validated with the global simulation.

method [3], the currents and voltages are obtained by solving the telegrapher’s equations. In the following, we consider the same method (FDTD) in both sub-domains. However, the proposed approach is independent of the choice of
the numerical model for sub-domains.
Let’s suppose the global network is split at line L2 into
two sub-networks Y k , each consisting of three tranmission
lines Lki ∈ {1, 2, 3} as shown in Fig.2.
2

2

2
Z L2

L2

1. Introduction

2
1 L1

Co-simulation allows solving a complex problem by breaking it into simpler sub-problems [1]. Generally, the most
suitable numerical method is applied to each sub-domain.
However, most existing methods are synchronous and share
numerical models. For time-domain co-simulation methods, an exchange of results for each temporal iteration is
required [2]. We propose in this paper an asynchronous
co-simulation method based only on the impulse responses
of the sub-domains. The simulations are time-independent
and don’t require any exchange of numerical models.

2. Formulation
We aim to find the solution to a global linear system after splitting it into sub-problems via one or more exchange
interfaces. To demonstrate the principle of the proposed cosimulation method, we consider the transmission line network consisting of 5 uniform lossless lines and two junctions (Fig. 1).
Vs is a Gaussian pulse of amplitude 1V, and we want to
evaluate the voltage V3 across impedance ZL3 .
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Figure 2: Sub-networks Y 1 and Y 2 after spliting the global
network
For a given system, caracterised by its impulse reponse
h, the product of convolution in equation (1) allows linking
the output Vout to the input Vin .
Vout = h ⊗ Vin

(1)

In the following, we consider the voltage Vout a (m+1)dimensionnal discret vector evaluated for each discret time
t ∈ [0, m∆t], (m ∈ N∗ ), with ∆t a discret time step which
satisfies the CFL criteria.
The product of convolution in equation (1) is a matrix
product, and the impulse reponse h is considered in its matrix form.
Let’s define hkij the impulse responses hkij , for a subnetwork Y k , between the terminal points i and j.
For a sub-network k with p voltage sources Vsik , q exchange interfaces and n terminations, the voltage at a measuring point j, Vjk , is given by the following equation.
Vjk =

Figure 1: Lengths and characteristic impedances of the network’s transmission lines

2

1

L2

!
{i}

hkij ⊗ Vsik +

!

k
hklj ⊗ V∼l

(2)

{l}

With :
{i} ⊆ {1, ..., n} a sub-set of p voltage indexes, p ! n.

1
V∼2,i
is definied as the i-th order of the equivalent source,
and is given by the equation (5).

{l} ⊆ {1, ..., n} a sub-set of q exchange interface
indexes, l ! n.

1
1
V∼2,i
= h211 ⊗ (h122 ⊗ V∼2,i−1
)

By applying the equation (2) to the example of Fig. 2
considering k = 1, j = 3, i = 1 and l = 2, we obtain the
explicit equation (3).
1
1
V31 = h113 ⊗ Vs1
+ h123 ⊗ V∼2
1
1
= h113 ⊗ Vs1
+ h123 ⊗ (h211 ⊗ (h112 ⊗ Vs1
))

Let’s consider a mismatched network at line L22 loaded
2
with ZL2
= 1010 Ω (open circuit). By applying equation
(5) for the order q = 3, the results obtained by the cosimulation method and the global simulation superpose, as
shown in Fig. 4.

(3)

0.2

The equation (3) is composed of two terms, the first one
1
translates the contribution of the real source Vs1
to the mea1
sured voltage V3 . While the second term, represents the
contribution of the equivalent source at the exchange interface.
1
The term h112 ⊗ Vs1
represents the incoming voltage at
the interface. The product of convolution of this term with
h211 is the response of the sub-network Y 2 .
We compare in Fig. 3 the results obtained considering a unique simulation of the global network and the cosimulation method.
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Figure 4: Voltage V31 for a mismatched network
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This paper presents a temporal co-simulation method applied to a transmission line network. The approach is based
on evaluating impulse responses of each sub-domain and
therefore preserves the confidentiality of the associated numerical models. Furthermore, the simulations are independent of time (asynchronous) and the choice of the temporal numerical method. The methodology’s principle can be
generalized for complex systems with multiple exchange
interfaces. The proposed approach is general and can be applied for various applications: from low to high frequency,
for 1D and 3D computational electromagnetics problems.
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Figure 3: Voltage V31 for a matched network
The first peak corresponds to the direct propagation of
the Gaussian signal within lines L11 and L13 . The second
peak corresponds to the first reflection of the signal in the
circuit due to the mismatch at the network’s nodes.
For the first two peaks, both results overlapp and validate the equation (3).
However, the multiple Gaussian-pulse reflections along
the network are not considered in the equation (3), hence
the differences between the results shown in Fig. 3.
By adding an additionnal term to equation (3), we consider these multiple retro-actions between the two subnetworks. Equation (4) allows finding both contributions
from each sub-network and their multiple round-trips to the
q-th order.

1
V31 = h113 ⊗Vs1 +h123 ⊗V∼2
+

q
!
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Abstract
We present a numerical approach for the solution of EM
scattering from a dielectric cylinder partially covered with
graphene. It is based on a classical Fourier-Bessel expansion of the fields inside and outside the cylinder to which
we apply the ad-hoc boundary conditions in the presence
of graphene. Due to the singular nature of the electric field
at the ends of the graphene sheet, we introduce auxiliary
boundary conditions to better take this reality into account.
The result is a very simple and very efficient method allowing the study of diffraction from such structures.

1. Introduction
Diffraction of electromagnetic waves from circular cylinders is rather a simple and classical problem [1]. In this situation, the incoming and outgoing fields can be represented
in terms of circular waves expressed through Fourier-Bessel
expansions. All the channels are independent because of
the circular symmetry and homogeneity of the cylinder.
However when this cylinder is partially covered with a sheet
of graphene, this breaks the symmetry and homogeneity at
the level of the surface and then all the channels can be
mixed up, thus leading to interesting physical phenomena.
Under this situation, the boundary conditions lead to an algebraic system linking the outgoing amplitudes of the fields
to the incoming ones. This system may be singular in the
case of transverse magnetic polarization (TM : the magnetic field is parallel to the direction of invariance of the
cylinder). This is due to the singularities of the tangential
component of the electric field at the ends of the graphene
sheet. One way of solving this issue is to use a supplementary expression of this field right at the level of the circumference of the cylinder in terms of Local Basis Functions
(LBFs) able to reproduce the singularities [2].

Figure 1: Sketch of the diffraction problem under consideration: an electromagnetic plane wave hits the covered dielectric cylinder under classical diffraction..
method. It turns out that under TM polarization there are
some singularities of the tangential electric field that cause
slow convergence of the computations. This problem is
handled through the introduction of LBFs that possess the
same singularities of the field.
Figure 2 shows the scattering efficiency versus the wave-

2. Results
Figure 1 shows the geometry of the diffraction problem
where a plane wave (wavelength λ) is impinging on a circular cylinder (radius R and dielectric permittivity εr ) partially covered by a graphene (conductivity σ). As already
said in the introduction, this problem of diffraction can
be solved through the expansion of the fields in terms of
Fourier-Bessel modes. This will be called the classical

Figure 2: Scattering efficiency Qs of a cylinder of radius
R = 0.5µm and permittivity εr = 3.9 immersed in air,
with a graphene sheet of chemical potential µ = 0.5 eV
and T = 300 K.
length, obtained with the classical method for different
truncation orders M of the Fourier-Bessel series (the total

number of retained coefficients in the numerical computation is 2M + 1). It can be clearly seen that the method is
instable with the appearance of many spoof resonances that
change locations as M varies. In figure 3 we display the
results for the LBF method which proves to be very stable
and converges rapidly as compared to the classical one (the
different curves are almost superimposed). For the LBFs
method the number of modes necessary to achieve convergence (stabilization of the fourth digit for example) is very
low about : 40 modes contrarily to the classical method
where even more than 150 modes do not give the same results.

Figure 3: Same as in figure 2 but computed with the LBF
method.

3. Conclusions
An efficient method to compute the scattering of an EM
under TM polarization is been introduced and shown to be
very efficient for treating such a problem.
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Abstract
To highlight the specific character of polariton lasers,
namely the absence of reciprocity between the processes leading to gain and loss, we present here the
operation of a CW polariton laser in a ridge geometry with distributed Bragg reflectors (DBRs) forming
the cavities. We explore the laser threshold under optical pumping, and we investigate the effect of varying
the optical pumping length. In strinking contrast with
conventional ridge lasers, the lasing effect is reached
even for a pump length of just 15% of the cavity length
with only a threefold increase of the overall threshold.
The experimental results are compared to numerical simulations of the dynamics of the exciton reservoir and
the polariton population.

of confinement are present : a longitudinal brought
by the presence of GaN / air reflectors and a lateral
brought by deep-etched 1µm-wide ridges. The length
of the cavities varying from 20 to 50µm. The cavity
is optically pumped with a line-shaped spot with
a controlled variable length resonantly exciting the
exciton reservoir at 355nm. We perform spatially- and
spectrally-resolved power-dependent microphotoluminescence experiments.
(a)

(b)
-

1. Introduction
The achievement of a laser effect in a conventional
ridge structure, requies to excite at least half of the
cavity due to the reciprocity between absorption and
stimulated emission. In other words, the part of the
standard electrically or optically pumped laser ridge
must be longer than the unpumped part where the absorption takes place. In the world of polariton lasers,
physics is changed. The low waveguide losses lead to
propagation distances of the order of a hundred microns. It has allowed the recent observation of phenomena with waveguide polaritons such as the formation
of bright temporal solitons in GaAs heterostructures,
in-plane polariton amplification and polariton lasing in
a bulk ZnO waveguide. In order to illustrate the difference between a polariton and a conventional ridge
laser, in a waveguide geometry, we study the effect of
the pump length versus the cavity length. A model of
the gain versus pump length will be discussed.

2. Results
From a GaN/(AL,Ga)N planar waveguide grown
by MOVPE on sapphire, ridge waveguides structures
with DBRs have been etched. Therefor, two types

Figure 1 – Power-dependent (a) PL spectra across
the lasing threshold, for a 20µm-long ridge ;(b) of the
intensity and linewidth of the lasing and the non-lasing
modes.
Figure 1(a) shows spectra evidencing the laser
operation. For the mode at 3.456 eV , the intensity
rapidly increases by about two orders of magnitude
as well as a spectral narrowing vs the pump power,
demonstrating the laser operation of the device. We
can note the presence of many Fabry-Perot modes
over a wide energy band. Below threshold, to assess
the strong coupling regime between excitons and
photons, an important step consists in qualifying
the Fabry-Perot cavity. We further show that the
cavity free spectral range (FSR) is determined by
the LPB dispersion. We deduce that the excitonphoton coupling strength (Rabi splitting) amounts to
ΩRabi = 66 ± 10 meV .
Beyond the demonstration of the polaritonic

nature of the lasinf mode, we experimentally demonstrate how a ridge polariton laser is different from a
conventional laser.

γpol,th =

(2)
Here, there is no need to pump more than half of
the cavity in order to observe the laser effect (Fig 3
plain line). This is a striking specificity of polariton
lasers.

The figure 2 presents the comparison of our experimental results with a kinetic model. The agreement
between theory and experience shows that the laser effect is surprisingly possible for an exciton reservoir size
of less than 50% of the total length of the cavity. The
relaxation of polaritons in a similar structure was simulated using the semiclassical Boltzmann equations for
exciton-polaritons [1, 2] combining real and reciprocal
space resolution [3, 4].

3. Conclusions
We have presented an experimental study of a laser
with a ridge waveguide geometry, allowing to show that
the polariton laser effect can be observed only by imposing a pumping section of only 15% of the total length
of the cavity. A good quantitative agreement between
experimental results and simulations was obtained. We
explained how a ridge polariton laser is different from
a conventional laser.
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Contrary to the conventional laser, the polariton
losses and the losses of the bare photon mode are expected in the gain region and in the unpumped section
of the cavity. The polariton gain and losses are not correlated. This leads to the expression of the polariton
gain at threshold :
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Abstract
We will discuss some recent numerical results on the
Casimir interaction between metallic gratings [1, 2, 3] .
These findings pave the way to the design of a contactless
quantum vacuum torsional spring, and sensors with possible relevance to micro and nanomechanical devices.
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Abstract

We present an accurate and simple semi analytical model
for investigating the magneto-plasmonic response of a 1D
subwavelength graphene strip grating under an external
static magnetic field when the graphene is considered as
an anisotropic layer with atomic thickness. It is based on
an effective medium approach (EMA) and a rigorous phase
correction. The proposed model is numerically validated
and evaluated by comparing the results with those obtained
from the PMM method and from methods published in the
litterature.

Figure 1: Sketch of the studied structure: a magneticallybiased subwavelengh graphene strip grating with width a
and period d = a + s. The grating is surrounded by air
and the magnetic field B is applied perpendicularly to the
structure along the z direction.

2. Method and Results
1. Introduction
Graphene magneto-plasmonics , the research area that combine magnetic and plasmonic properties of graphene, has
attracted considerable interest in recent years, thanks to
the unique and unsual properties of the surface magnetoplasmons supported by graphene. These properties have
been exploited to design many tunable plasmonic nonreciprocal devices in the microwave and terahertz regimes
such as optical isolators and absorbers. Graphene surface
magneto-plasmons have been widely studied in several theoretical and experimental works under various forms and
configurations. Among these structures, periodic magnetically biased graphene ribbons arrays have attracted a great
deal of research interest and became one of the most studied
graphene based structures. Several and various numerical
methods have been employed for modelling this structure.
However, it has been shown that due to the ultra-thin nature of graphene, these numerical methods suffer from slow
convergence rates and require too much computational effort. In our work, we propose to model in a simple way the
magnetoplasmonic response of a 1D graphene strip grating in the presence of an external magnetic field when the
graphene is considered as a bulk material through a simple
semi analytical approach. This Model is useful to better understand graphene surface magnetoplasmons GSMPs and
may facilitate the design of various tunable devices based
on graphene magnetoplasmonics.

Figure 1 depicts the structure under study which consists of
a periodic array of 1D graphene ribbons under a magnetostatic bias. The width of the ribbons is a and the periodicity
of the array is d = a + s in the x-direction. The graphene
ribbons array is suspended in free space and occupies the
xy plane. It is enlightened from the lower medium (z < 0)
by a plane wave under normal incidence. Here, we consider the Faraday geometry where the external static magnetic field B is perpendicular to the array. Under the influence of such a magnetostatic bias, graphene will exhibit an
induced anisotropy leading to asymetric surface magnetooptical conductivity and permittivity tensors.
Since, we work in the subwavelengh regime i.e the period d of the grating is small compared to the wavelength of
the incident wave (d ! λ), the electromagnetic response of
the studied structure can be simply obtained through an effective meduim approach which consists in approximating
the grating by a homogeneous anisotropic effective layer
with an equivalent effective permittivity tensor. By applying this approach to the graphene permittivity tensor, we
found that the latter can not reproduce the optical properties of the structure. To take into account the magnetoplasmonic resonances phenomena resulting from the coupling
between the different modes living in the structure, we introduce the scattering matrix formalism. The resonance
modes of the structure appear then as the zeros of the determinant of the scattring matrix applied to a cavity formed
by the effective medium and graphene. A phase correction
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Figure 2: Comparison between the reflection and transmission spectra obtained from our Model (red solid lines)
and those obtained from the PMM (blue solid lines) and
from the effective medium approach [1] (dashed black
lines). The results are calculated for a magnetically biased graphene strip grating with ribbon width a = 0.9µm,
gap s = 0.45µm and B = 3T . Graphene parameters are
µc = 0.6eV, T = 300K and τ = 0.6ps

Figure 3: Comparaison between the reflection and transmission spectra obtained from our proposed Model (red
solid lines) and those obtained from the PMM (blue solid
lines) and from the the effective medium approach [1]
(dashed black lines). The results are calculated for a
graphene strip grating with ribbon width a = 0.25µm
and gap s = 0.1µm, when the magnetic bias is absent.
Graphene parameters are µc = 0.4eV, T = 300K and
τ = 0. = 4ps

is also required to take into account the periodicity effect,
this term may be estimated thanks to a rigorous simulation.
Finally, once the resonnance modes are obtained and using phenomenological approach, we can straightforwardly
write the total transmission and reflection coefficients as the
sum of two terms, the first term resulting from the resonnance phenomena and the second one introduces the contribution of a single strip of graphene.
Figure 2 shows the reflection and transmission spectra
of a graphene strip grating when the applied magnetic field
is taken to be B = 3T . The strip width is a = 0.9µm and
the periodicity is assumed to be d = 1.35µm. The chemical
potential of the graphene strips is set to µc = 0.6eV and the
relaxation time τ is 0.4ps These results are compared with
the effective medium approach given in reference [1] and
the PMM method. The computed spectra show several resonance peaks which correspond to the excitation of GSMP
through the structure.
Figure 3 shows the reflection and transmission spectra
computed through the proposed semi-analytical model, the
PMM model and the effective conductivity approach proposed in [1] in the case of a graphene strip grating without
an external magnetic field for: a = 0.25µm, d = 0.35µm,
µc = 0.4eV, τ = 0.4p. In Both cases, we can see a good
agreement between the PMM results and those obtained
with our proposed model. By contrast, the comparison with
the effective conductivity model shows that the latter cannot reproduce the magneto-optical properties of the stud-

ied graphene grating. We can also conclude that our semianalytical model is a general approach that can efficiently
and successfully treat both the case of a graphene strip grating biased with an external magnetic field as well as the
particular case where no magnetic field is applied.

3. Conclusions
We have developped a simple and efficient semi analytical model based on an effective medium approach (EMA)
and a rigorous phase correction, to decribe graphene surface magneto-plasmons excited in a magnetically-biased
subwavelength graphene strip grating.
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Abstract
A parallel spectral modal method is introduced for the
frequency-domain Maxwell’s equations. The method is
applied to compute electromagnetic field through a largescale surface, using the Aperiodic Fourier Modal Method
(AFMM). In the proposed domain decomposition methods,
a large-size surface is squared onto sub-cells. And a projector, the link between the large problem and the sequence
of the small one, is defined, from the sequence of eigenfunctions of both large and small problems. This projector allows associating univocally the spectrum of any electromagnetic field component of an electromagnetic problem stated on a large-size domain with its footprint on the
small-scale problem eigenfunctions, in the spectral domain.
And the spectrum of the electromagnetic field component
on each sub-cell may be simulated, locally with a coast
that is not dependent on the number of the sub-cells, making it suitable for parallel computing. 2D validation cases
are demonstrated by first, computing the electromagnetic
field radiated by an electric dipole. Second, a 2D dielectric
monochromatic metalens topology optimization is successfully proposed.

1. Introduction
In most electromagnetic problems, the number of unknowns required to simulate the electromagnetic components grows with respect to the size of the device geometry compared to the operating wavelength. In this context,
for any rigorous full-wave methods, tackling such problems
beyond limits fixed by computation time and memory, may
become an infeasible task. To ensure fast and reliable numerical solutions, special care must be focused on, firstly
the way the code is implemented, and, secondly, on the numerical method used to solve equations at hand.
To address the first point raised above, for a given electromagnetism problem stated on a large-scale domain, one of
the intuitive methods consists in sub-structuring this computational domain. This technique consists in squaring the
whole domain into a sequence of sub-domains, leading to
a construction of sub-domains and interfaces matrices. The
solution on each sub-domains can be performed using a parallel strategy or an iterative one. In the iterative process,
the solution of the equation is only performed after solving

interfaces or boundaries equations. This approach can be
fruitfully considered within the context of iterative domain
decomposition techniques such as the Schwarz method.
However, this technique may require excessive memory and
time consuming, when the number of interfaces increases.
In the second strategy, suitable for parallel programming,
one stitches the grid of the subdomains without applying
any boundary condition. To minimize the stitching error,
in this case, the size of each sub-domain may be kept relatively large compared to the wavelength, or they can also
be geometrically separated each from other by a few gaps
empirically determined.
Now let us focus on the second point raised earlier i.e. the
numerical method itself. In photonics, a large class of electromagnetic field simulation is often required to solve partial differential equations (PDE) obtained from Maxwell’s
equations and a set of ad-hoc boundary conditions. A priori, there is no unique and universal method that allows
to efficiently solve PDEs obtained from Maxwell’s equations in the general case. Among all these methods, certain clearly appears to be the most commonly used, either
by their simplicity of implementation, or by their ability to
take into account complex geometry problems, and finally
either because they are the most efficient in terms of numerical accuracy. These are: finite difference methods, finite
element methods, or spectral methods [1]. These methods
can be categorized into a direct-space method and spectral method. All these numerical methods involve different amounts of theoretical effort yielding different computational efficiencies. It is easy to understand that improving
the efficiency of the numerical implementation and process
will be often paid for with more pre-computational analytical effort and electromagnetic theory use. Spectral methods
aim to approximate an unknown function, solution of differential or integral equation, by a finite sum of so-called
basis functions. This method appears as an alternative to a
direct-space method as finite-difference and finite element
methods for numerical solving of partial differential equations. Studying diffraction by a one-dimensional dielectric
and metallic lamellar grating, Lalanne in [2] compares the
Fourier modal method equipped with the adaptative spatial resolution to the finite difference method. It appeared
clearly in their study that the Fourier spectral modal method

performs better than the frequency domain finite difference
method. In spite of previous developments, and contrary
to spatial-method as finite difference method stated in time
[3, 4] or frequency domain, speedup of research of numerical solutions to large scale problems thanks to a spectral
method in electromagnetism poses some major challenges.
And implementation of the sub-structuring technique seems
to be a way to overcome this drawback. In [5] authors
introduce a strategy for optimizing large area metasurface
using aperiodic Fourier modal method and by stitching together individually optimized sections of the metasurface.
The proposed approach is successfully applied to design a
1D large-scale dielectric metalens using the topology optimization method. Each element of the metalens is designed
as a deflector with a specific additional phase condition.
In this paper, we propose a mathematical formalism based
on a projector enabling us to project any eigenvectors defined on a domain Ω into a sequence of eigenfunctions of
smaller boundary value problems defined on subdomains
Ωij . In the proposed domain decomposition methods, a
large-scale surface is, obviously, squared onto sub-cells.
Hence, a projector, a link between a large problem and
a small one, is introduced. This projector, defined from
the sequence of eigenfunctions of both large and small
problems enables to associate univocally the spectrum of
any electromagnetic field component related to the largesize problem, with its restriction on the small-size problem. The spectrum of the electromagnetic field component on each sub-cell may then be simulated independently,
making the proposed approach to be, optimally and simply integrated into a parallel computing scheme, for the research of solutions of larger size systems. First, we successfully demonstrate the ability of the proposed method to
describe accurately a field radiated by an electric dipole in
free space. We show that the solver can perform simulations of the field on each sub-cell then on a large area of
metalenses in a record time. Second, we make use of this
capability to yield high-performance improvement over a
high-refractive-index-deeply-etched Fresnel plate zone design through optimization.

[5] T. Phan, and al. ”High-efficiency, large-area,
topology-optimized metasurfaces,” Light. Sci. Appl.
8, 48 (2019).
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Abstract
Microstrip patch antenna have been designed for satellite
simulator system for transceiver antenna. The transmitter
antenna is designed for the uplink at 14.25 GHz and
receiver antenna is designed for the downlink at 11.45 GHz.
The transmitter and receiver antennas are designed on a
single substrate with microstrip transmission feedline on
two sides for each frequency band. Quarter-wavelength
structure is used for matching. Simulation results reveal a
broadband structure for reflection, with a gain of 7 dB and
high efficiency.

1. Introduction
The features of satellite communications such as propagation
delay and limited bandwidth, reveals the importance of testing
equipment in SATCOM Communication. Satellite simulators are
vital tools in SATCOM for assessing the performance of satellite
earth stations. It is important to be able to test the ground station
before launching the satellite into orbit. It can be used for analysis,
alignment and testing the earth station without the cost of
launching.
UK-based SATCOM test company, Atlantic Microwave, has
pioneered the development of such instruments for several years
with their Satellite Simulator product range. The product family
includes Loop Test Translator, Satellite simulators and Drone
Satellite simulators to meet the mobility requirement of the
SATCOM[1].
In this work, in order to improve the payload of the drone satellite
simulators, to reduce the weight and size of the payload,
microstrip planar antennas have been designed to replace the horn
antenna on the payload. In order to make the transceiver antenna
compact, transmitter and receiver are designed on one substrate.

Fig. 1. Transceiver antenna configuration

3. SIMULATION AND RESULTS
The designed microstrip patch has been modelled and
simulated in CST software. Quarter-wavelength transformer
is added for matching purposes. The antenna has a return
loss better than -10 dB over a broad frequency band as can
be seen in Fig. 2. The bandwidth for uplink, at 11.45 GHz, is
756 MHz and for downlink, at 14.25 GHz, is 1080 MHz. As
can be seen in the Fig. 2, the isolation between the antennas
is better than 28dB. Gain of the single patch is calculated as
8.5 dB.

2. ANTENNA STRUCTURE
The antenna design is on Roger RO4350 substrate with
1.524 millimetre thickness. The Dielectric constant is 3.66.
The operating frequency for the designs are 14.25 GHz for
receiver in the uplink and 11.45 GHz for transmitter in the
downlink. For the single patch antenna designs, the
dimensions have been calculated using the well-known
equation from Ballanis [2]. And they have been integrated
into a single substrate with the dimensions calculated as
20*18 mm for a single patch as shown in Fig 1.

Fig. 2. Reflection coefficient of antenna

Fig. 3. Three dimensional radiation pattern at 14.25 GHz

Fig. 4. Polar radiation pattern at 14.25 GHz

4. Conclusions
Microstrip patch antenna have been designed for satellite
simulator system for transceiver antenna. The transmitter
antenna is designed for the uplink at 14.25 GHz and
receiver antenna is designed for the downlink at 11.45 GHz.
The transmitter and receiver antennas are designed in a
substrate with microstrip transmission feedline on two sides
for each frequency band. Quarter-wavelength structure is
used for matching. Simulation results reveal a broadband
structure for reflection, with a gain of 7 dB and high
efficiency.
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Abstract
A novel mm-wave periodic filter structure has been
proposed based on a new design approach. The filter
performs at 60 GHz with 3.5 GHz bandwidth. The structure
composed of periodic Microstrip stubs on BL037 Liquid
Crystal substrate. Changing the bias voltage of LC provides
a tunability from 58.5 to 62 GHz, while maintains the
fractional bandwidth around 5%. The return loss of
passband is better than 10dB with insertion loss variation
from 3.8 to 5 dB. In addition, the effect of a different LC
substrate (i.e. GT3-23001) has been investigated which
provides similar behavior with a wider tuning distance.

1. Introduction

electrical properties of the above-mentioned materials with a
bias voltage to tune the RF component. Among these
materials, LCs have the advantages of lower cost, lower
operating voltage, virtually no power consumption and
benefits from having stable and continuous electrical tuning.
Several reports of tunable filter experimental & simulation
designs in frequencies up to 33 GHz band have been
published in the recent years [2].

2. Theory of Periodic Structure
A Periodic Filter is a structure formed by cells of similar
repeated components to provide filtering characteristics.
Cascade structure of capacitive stubs periodically loaded to
a transmission line can form a periodic filter. Each
capacitive stub can be presented as a Susceptance jb to form
the following structure of Fig.1:

Broadband MMW 60 GHz transmission systems are the
most promising technology to respond to the demanding
requirements of increased data rate and wide bandwidth of
future indoor fast data/audio/video distributions and
communication systems [1].
However, due to the different allocated free licensed
frequency bands around the world regions and because of
required set-ups and internal functions, tunable filters and
adaptive components would be required for future 60 GHz
wireless systems. A filter with periodic structure at equal
intervals, is a filter with a series of deep notches in its
frequency response. Each notch acts as narrow band-stop
filter, with a high-quality factor. These filters will be used to
remove periodic noises and undesired frequencies. In
microwave micro-strip filters, operation frequency and filter
characteristics would be a function of both physical (i.e.
dimensions and thickness of conducting strip and substrate
layer) and electrical characteristics of the microstrip
structure which consists of a conducting strip separated from
a copper ground plane by a dielectric layer known as the
substrate. For a tunable filter the physical characteristics
cannot be changed for a built component, therefore the
possible control would be on the electrical characteristic.
The electrical characteristic can be controlled by changing
the effective permittivity (i.e. εeff) of the dielectric layer(s).
Filter tuning in microwave components is possible using
ferroelectric, piezoelectric and Liquid Crystal (LC)
materials. The basics of these approaches are varying

Fig. 1. Periodic Structure

3. Design Method
Traditional method of microstrip filter design starts
determining the values of the lumped inductive and
capacitive components from the available tables for the
allowed ripples and the order of the filter, and then the
dimensions of distributed elements of microstrip would be
obtained step by step using Richard Transformation and
Kuruda identities. Periodic Structures consist of cascade of
a number of identical “Unit Cells” providing distributed
inductance/capacitance to obtain the required filter
performance. Therefore, design of periodic structure starts
with the design of the Unit Cell.
The proposed design method for determining of the “unit
cell” parameters and then periodic filter is shown in the

flowchart of Fig 2. This novel method is obtained from the
theoretical analysis of periodical structures.

electrical properties of the LC with a bias voltage to tune
the RF component. LCs have the advantages of lower cost,
lower operating voltage, virtually no power consumption
and also benefits from having stable and continuous
electrical tuning. LCs can flow like liquids, but still its
molecules are oriented in a crystal-like way. Nematic LCs
are anisotropic materials, and their physical properties
change with the alignment and direction of rod-shaped
molecules. The relative permittivity of a nematic LC varies
between two values of εr-|| and εr⊥ for when the molecular
orientations are aligned (parallel) or perpendicular with the
surface of LC. An external voltage that changes the LC
director field can control the molecular orientation of LC.
The difference between εr-|| and εr ⊥ is known as liquid
crystal anisotropy. Because of the fluid nature of liquid
crystal material, it should be confined in a cavity inside the
device and then sealed. For this reason, the topology of
inverted-microstrip in that the line substrate covers liquid
crystal cavity, seems to be the most adequate to implement
the filter [3].
Below table lists some of the most common nematic liquid
crystals which are already used at microwave frequencies
[4]. We have used two different types of BL037 and GT323001liquid crystal substrates for our design and
simulations.
Table 1. The most common liquid crystal specifications at
room temperature 20oC
Liquid
Crystal
K15(5CB)
BL037
BL006
E7
GT3-23001
GT3-24002

Dielectric
anisotropy

Permittivity

ε r⊥

εr-||

Δ𝜀

2.72
2.35
2.62–2.69
2.72
2.46–2.50
2.50

2.90
2.61
3.11–3.12
3.17
3.28–3.30
3.30

0.18
0.26
0.49–0.43
0.45
0.82–0.80
0.80

5. Results and Discussion
Fig. 2. Proposed design procedure for periodic filter

Different periodic structures are designed and simulated
with 3, 5, and 7 unit cells with the calculated parameters
based on the proposed method, using the ADS software.
The band-pass/band-stop behavior of the structure has been
maintained in different number of cells, however, the
frequency response and number of notches and width of
pass-band (i.e. filter bandwidth) has changed for different
number of unit cells. Fig. 3 shows the results for a filter
with 5 stubs.

Unlike traditional filter design method, we do not have sets
of formulas and tables for different filter models (i.e.
Butterworth, Chebyshev, Elliptical). The proposed method
for filter design is based on initial estimations for the key
elements to meet the requirements of periodic structure kdβd diagram and required operating frequency region. The
required bandwidth and other filter specifications, would be
the design parameters which defines the number of “unit
cells”.

4.

In another simulation, the permittivity of the substrate of the
5-cell periodic structure has been changed to demonstrate
the changes in the electrical characteristic of Liquid Crystal
substrate as the bias voltage changes. As shown in Fig. 4(a),
for BL037 LC, the pass band shifts from 60.5-64 GHz to
57-60.5 GHz. This is an ideal tuning performance as there is
no overlap between the pass-bands for such a small liquid
crystal anisotropy.

Liquid Crystal Substrate

Different methods have been reported to provide tunebility
in microwave components using Liquid Crystal (LC)
materials. The basics of these approaches are varying
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6. Conclusions
Various Periodic Filters based on LC have been designed
modelled and investigated using capacitive open circuit
stubs in 60GHs. A novel design method and procedure
using kd-βd curve has
been
proposed for
periodic structures. Different numbers of repeating cells for
periodic structures have been simulated to analyses the
effect of the number of repeating cells on filter
performance.
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Fig. 3. Simulation results of 5-unit cells in a periodic
structure
In simulation of Fig. 4(b), the substrate is GT3-23001
liquid crystal, the pass-band of a 5 sell periodic structure
moves between band 58-61.5 GHz to 53-54.5 GHz, also the
adjacent band 62-64 GHz which is narrower would be
available if the bias voltage change the permittivity of the
liquid crystal. For GT3-23001 the anisotropy is much more
than BL037 and provides a much better isolation between
pass-bands, therefore this LC can be used for the
applications when a large separation is needed.

εr∥ = 2.6

εr⊥ = 2.3

(a)

Liquid Crystal BL037: εr⊥ = 2.3 , εr∥ = 2.61

εr⊥ = 2.5

εr∥ = 3.3

(b)

Liquid Crystal GT3-23001: εr⊥ = 2.5 , εr∥ = 3.3

Fig. 4. Frequency tuning with liquid crystal
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