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Sponsors

UniversitŽ Paris-Saclay is a research university based in Paris, France.
UniversitŽ Paris-Saclay offers a comprehensive and varied range of
Undergraduate, MasterÕs and PhD degrees, renowned internationally
thanks to the UniversityÕs reputation for research excellence and the
commitment of its academic staff. The UniversityÕs constituent facul-
ties, institutes and component institutions all contribute to the curricula
with cutting-edge specialised courses in Science and Engineering, Life
Sciences and Health, and Social Sciences and Humanities.
UniversitŽ Paris-Saclayis ranked 1st in France and 16th in the world ac-
cording to the Academic Ranking of World Universities (ARWU).

AEM - Advanced Electromagnetics is a free, peer-reviewed, Gold Open
Access journal. It covers recent international research results in the ge-
neral Þeld of Electromagnetic Waves, Antennas and Propagation. Au-
thors of articles published in Advanced Electromagnetics retain the co-
pyright of their articles and are free to reproduce and disseminate their
work (under a Creative Commons Attribution License). AEM is widely
indexed and has a Scopus CiteScore of 2.2 (2021).
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PLENARY SPEAKERS

Shanhui Fan
Stanford University, USA

Electromagnetics for Energy Applications

Shanhui Fan is the Joseph and Hon Mai Goodman Professor in the School of
Engineering, a Professor of Electrical Engineering, a Professor of Applied Phy-
sics (by courtesy), and a Senior Fellow of the Precourt Institute for Energy, at
the Stanford University. He received his Ph. D in 1997 in theoretical conden-
sed matter physics from the Massachusetts Institute of Technology (MIT). His

research interests are in fundamental studies of solid state and photonic structures and devices, espe-
cially photonic crystals, plasmonics, and meta-materials, and applications of these structures in energy
and information technology applications. He has published over 600 refereed journal articles, has given
over 380 plenary/keynote/invited talks, and holds over 70 US patents. He has cofounded two compa-
nies aiming to commercialize high-speed engineering computations and radiative cooling technology
respectively. Prof. Fan received a National Science Foundation Career Award (2002), a David and Lu-
cile Packard Fellowship in Science and Engineering (2003), the U. S. National Academy of Sciences W.
O. Baker Award for Initiatives in Research (2007), the Adolph Lomb Medal from the Optical Society of
America (2007), a Vannevar Bush Faculty Fellowship from the U. S. Department of Defense (2017), a
Simons Investigator in Physics (2021), and the R. W. Wood Prize from Optica (2022). He is a Web of
Science Highly Cited Researcher since 2015, and a Fellow of the IEEE, the American Physical Society,
the Optical Society of America, and the SPIE.

Electromagnetics for Energy Applications
Electromagnetic Þelds represent one of the most important carriers of energy. The ability to control
electromagnetic Þelds therefore play an essential role in the generation, transport, and utilization of
energy. In this talk, we review our efforts in advancing electromagnetic technology for energy applica-
tions. Examples include radiative cooling, nighttime power harvesting, and the use of non-reciprocity to
reach the ultimate efÞciency limit of solar energy harvesting.
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Yongxin Guo
National University of Singapore, Singapore

EfÞcient Wireless Power Transfer for IoTs and Biomedical Ap-
plications

Yongxin Guo is currently a Full Professor at the Department of Electrical and
Computer Engineering, National University of Singapore (NUS). Concurrently,
He is Director, Center for Peak of Excellence on Smart Medical Technology at

NUS Suzhou Research Institute and Co-Director, Center for Smart Sensing and ArtiÞcial Intelligence,
NUS Chongqing Research Institute. He has authored or co-authored over 500 international journal and
conference papers and 4 book chapters. He holds over 50 granted/Þled patents in USA, China and
Singapore. His current research interests include RF sensing, antennas and electromagnetics in medi-
cine ; wireless power for biomedical applications and internet of things ; wideband and small antennas
for wireless communications ; and RF and microwave circuits and MMIC modelling and design. He has
graduated 19 PhD students at NUS.

Dr. Guo is a Fellow of IEEE and a Fellow of Academy of Engineering, Singapore. He is serving as
Editor-in-Chief, IEEE Journal of Electromagnetics, RF and Microwave in Medicine and Biology for the
term of 2020-2023. He served as the IEEE Fellow Evaluation Committee for IEEE Engineering in Me-
dicine and Biology Society (2019-2020). Dr Guo was the Chair for IEEE AP-S Technical Committee
on Antenna Measurement in 2018-2020. He served as Associate Editor for IEEE Antennas and Pro-
pagation Magazine (2018-2020), IEEE Journal of Electromagnetics, RF and Microwave in Medicine
and Biology (2017 Ð 2020), Electronics Letters (2015-2019), IEEE Antennas and Wireless Propagation
Letters (2013-2018), and IET Microwaves, Antennas & Propagation (2014-2017). He has served as
General Chair/Co-Chair for a number of international conferences. He was the recipient of 2020 IEEE
Microwave and Wireless Components Letters Tatsuo Itoh Prize of the IEEE Microwave Theory and
Techniques Society. He was elected as a Distinguished Lecturer of IEEE Antennas and Propagation
Society for the term of 2022-2024.

EfÞcient Wireless Power Transfer for IoTs and Biomedical Applications
Wireless power transfer (WPT) plays an increasingly important role in internet of things (IoTs) and
biomedical applications. With the rapid development of 5G and IoTs, the dense deployment of sen-
sor nodes become more popular. Various wireless power application scenarios will be introduced. Our
recent research progress on near-Þeld inductive and capacitive WPT and far-Þeld WPT will be reported.
Adaptive rectiÞer design and reconÞgurable diode topology will be explained. Waveform-optimized WPT
together with reconÞgurable diode topology will be further illustrated.
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Yahya Rahmat-Samii
University of California - Los Angeles, USA

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 Chair-

man 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/NASAÕs Jet Propulsion Labo-
ratory. 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 Compos-
tela, 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 En-
gineering 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 presi-
dents to name the few. He is listed in WhoÕs Who in America, WhoÕs Who in Frontiers of Science and
Technology and WhoÕs Who in Engineering. He has been a plenary and millennium session speaker at
numerous national and international symposia. He has been the organizer and presenter of many suc-
cessful short courses worldwide. Many of his students have won major theses and conference paper
awards.

He has had pioneering research contributions in diverse areas of electromagnetics, antennas, measure-
ments and diagnostics techniques, numerical and asymptotic methods, satellite and personal communi-
cations, human/antenna interactions, RFID and implanted antennas in medical applications, frequency-
selective surfaces, electromagnetic band-gap and meta-material structures, applications of the genetic
algorithms and particle swarm optimizations. He was the 1995 President of the IEEE Antennas and
Propagation Society and 2009Ð2011 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.

The Art, Science and Engineering of Modern Antenna Measurements and Diagnostics : From
MarconiÕs First Measurements to TodayÕs Incredible Advances
Starting with MarconiÕs Þrst antenna pattern measurements, we then discuss modern planar near-Þeld
antenna measurements as a novel paradigm linking electromagnetic theory, sampling techniques, back
projection and FFT. Based on the fundamental electromagnetic principles, the underlying concepts go-
verning simulations, designs and operations of planar-near Þeld measurements and diagnostics tech-
niques will be highlighted. Modern measurement systems such as plane-polar, bi-polar and robotics

8



scanning systems will be presented. Representative measurement results of reßector, array, reßectar-
ray and lens antennas will be presented for diverse applications including planetary missions, radars for
remote sensing, and Cubesats. Finally, the topics of diagnostics and phaseless antenna measurement
techniques and algorithms will be touched upon..
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Eva Rajo-Iglesias
University Carlos III of Madrid, Spain

Eva Rajo-Iglesias was born in Monforte de Lemos, Spain, in 1972. She received
the M.Sc. degree in telecommunication engineering from the University of Vigo,
Spain, in 1996, and the Ph.D. degree in telecommunication engineering from the
University Carlos III of Madrid, Spain, in 2002. She was a Teacher Assistant with
the University Carlos III of Madrid from 1997 to 2001. She joined the Polytech-

nic University of Cartagena, Cartagena, Spain, as a Teacher Assistant, in 2001. She joined University
Carlos III of Madrid as a Visiting Lecturer in 2002, where she has been an Associate Professor with
the Department of Signal Theory and Communications since 2004. Since 2018 she is Full Professor
in the same department. She visited the Chalmers University of Technology, Gšteborg, Sweden, as a
Guest Researcher, in 2004, 2005, 2006, 2007, and 2008, and has been an AfÞliated Professor with
the Antenna Group, Signals and Systems Department, since 2009 to 2016. She has co-authored more
than 75 papers in JCR international journals and more than 120 papers in international conferences.
Her current research interests include microstrip patch antennas and arrays, metamaterials, artiÞcial
surfaces and periodic structures, gap waveguide technology and MIMO systems. Dr. Rajo-Iglesias was
the recipient of the Loughborough Antennas and Propagation Conference Best Paper Award in 2007,
the Best Poster Award in the Þeld of Metamaterial Applications in Antennas, at the conference Metama-
terials 2009, the 2014 Excellence Award to Young Research Staff at the University Carlos III of Madrid
and the Third Place Winner of the Bell Labs Prize 2014. She is currently an Associate Editor of the
IEEE Antennas and Propagation Magazine and has served as Associate Editor of the IEEE Antennas
ans Wireless Propoagation Letters (2011-2017).

Designing Antennas with Gap Waveguide Technology : Exploring New Trends
A brief introduction to the foundational principles of gap waveguide technology, followed by an overview
of traditional designs of directive antennas using corporate fed arrays will be presented. Subsequently,
novel applications of this technology in the millimeter frequency bands will be explored, which include
the implementation of alternate periodic structures replacing the conventional bed of nails. Finally, the
potential of combining this technology with established technologies like microstrip, as well as the design
of other types of antennas as leaky wave antennas, will be discussed. In this way, an overview of different
on going research lines connected to this technology will be presented.

10



Wen Tong
Huawei Wireless, Canada

cmWave-MIMO : towards the 1K-element-array paradigm

Wen Tong is the CTO, Huawei Wireless. He is the head of Huawei wireless re-
search. In 2011, Dr. Tong was appointed the Head of Communications Techno-
logies Labs of Huawei, currently, he is the Huawei 5G chief scientist and leads
HuaweiÕs 10-year-long 5G wireless technologies research and development.

Prior to joining Huawei in 2009, Dr. Tong was the Nortel Fellow and head of the Network Technology
Labs at Nortel. He joined the Wireless Technology Labs at Bell Northern Research in 1995 in Canada.

Dr. Tong is the industry recognized leader in invention and standardization of advanced wireless tech-
nologies, he is the key contributor to 3GPP since its inception. Dr. Tong was elected as a Huawei Fellow
and an IEEE Fellow. He was the recipient of IEEE Communications Society Industry Innovation Award
for Òthe leadership and contributions in development of 3G and 4G wireless systemsÓ in 2014, and IEEE
Communications Society Distinguished Industry Leader Award for Òpioneering technical contributions
and leadership in the mobile communications industry and innovation in 5G mobile communications
technologyÓ in 2018. He is also the recipient of R.A. Fessenden Medal. For the past three decades, he
had pioneered fundamental technologies from 1G to 5G wireless and Wi-Fi with more than 450 granted
US patents.

Dr. Tong is a Fellow of Canadian Academy of Engineering, Fellow of Royal Society of Canada, and he
serves as Board of Director of Wi-Fi Alliance, he is the committee member for ÒIEEE Fellow CommitteeÓ.

cmWave-MIMO : towards the 1K-element-array paradigm
In this talk, we present the development of massive MIMO antenna technologies for the emerging 6G
and associated challenges. The overall system performance and antenna design-choice in terms of
spectrum and channel propagation properties are discussed. We explore the centimeter wave spectrum
for the 6G massive MIMO. The candidate frequency range is from 7GHz to 15GHz, we discuss the new
propagation properties and ultra-large antenna element array architecture, namely, the 1K-element-
array paradigm for both base-station and user-equipment.
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KEYNOTE SPEAKERS

Andrea Fratalocchi
KAUST, Saudi Arabia

Universal light encoders : artiÞcial intelligent optical hardware
for real-time hyperspectral imaging and ultrasensitive detec-
tion

Andrea Fratalocchi is a Full Professor (from Jan 2023) in the Computer, Electri-
cal, and Mathematical Sciences and Engineering Division at KAUST University.
He joined KAUST in January 2011 as Assistant Professor and was promoted

to Associate Professor in July 2016. Before joining KAUST, Andrea Fratalocchi was a Research Fel-
low at the Sapienza University of Rome under a KAUST Fellowship Award. From 2007 to 2009, An-
drea Fratalocchi worked as a post-doctoral researcher at Sapienza University under a "New Talent"
Award from the research center "Enrico Fermi." In 2012 he was appointed as Editor of Nature Scien-
tiÞc Report. In 2017, he won the Middle East GCC Enterprise Award as the best electrical engineer
of the year. In 2019, he became a Fellow of the Institute of Physics (IOP), a Senior Member of the
IEEE, and a Fellow of the Optical Society of America (OSA) : "For pioneering innovations in the use
of complex optical systems and the development of creative technologies in clean energy harvesting,
bio-imaging, and advanced optical materials". According to the standardized citations index collected
by Plos (https ://doi.org/10.1371/journal.pbio.3000918).

Andrea Fratalocchi is in the top 2% of Optics worldwide. Andrea Fratalocchi authored more than 200
publications, including three books and six patents. Andrea Fratalocchi is the co-founder of Pixeltra
(www.pixeltra.com), a startup company implementing a revolutionary artiÞcial intelligent hardware and
software hyperspectral technology for security, food safety, and biomedical applications.

Universal light encoders : artiÞcial intelligent optical hardware for real-time hyperspectral ima-
ging and ultrasensitive detection
I will summarize present and future research in the Þeld of universal light encoders (ULEs), which re-
present artiÞcial intelligent optical hardware implementing arbitrary user-deÞned functionalities in ultra-
thin metasurfaces. ULEs process information at the speed of light and can be integrated into any conven-
tional monochrome camera for machine vision, transforming the system into an optical neural network
processor. I will discuss applications of ULEs in the implementation of HyplexTM, a high-resolution hy-
perspectral imaging camera and a universal platform for ultrasensitive detection.
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Mona Jarrahi
University of California Los Angeles, USA

Hyperspectral Terahertz Imaging Using Plasmonic Detec-
tors

Mona Jarrahi is a Professor of Electrical and Computer Engineering at the Uni-
versity of California Los Angeles. She has made signiÞcant contributions to the
development of ultrafast electronic and optoelectronic devices and integrated

systems for terahertz, infrared, and millimeter-wave sensing, imaging, computing, and communication
systems by utilizing novel materials, nanostructures, and innovative plasmonic concepts. Her scienti-
Þc achievements have been recognized by several prestigious awards including the Presidential Early
Career Award for Scientists and Engineers ; Friedrich Wilhelm Bessel Research Award from Alexander
von Humboldt Foundation ; Moore Inventor Fellowship from the Gordon and Betty Moore Foundation ;
Kavli Fellowship by the USA National Academy of Sciences, Grainger Foundation Frontiers of Enginee-
ring Award from the USA National Academy of Engineering ; Breakthrough Award from Popular Me-
chanics Magazine ; Research Award from Okawa Foundation ; Early Career Award in Nanotechnology
from the IEEE Nanotechnology Council ; Outstanding Young Engineer Award from the IEEE Microwave
Theory and Techniques Society ; Booker Fellowship from the USA National Committee of the Interna-
tional Union of Radio Science ; Lot Shafai Mid-Career Distinguished Achievement Award from the IEEE
Antennas and Propagation Society ; Early Career Award from the USA National Science Foundation ;
Young Investigator Awards from the USA OfÞce of Naval Research, the Army Research OfÞce, and the
Defense Advanced Research Projects Agency. Prof. Jarrahi is a Fellow of IEEE, OSA and SPIE socie-
ties and has served as a distinguished lecturer of IEEE, traveling lecturer of OSA, and visiting lecturer
of SPIE societies.

Hyperspectral Terahertz Imaging Using Plasmonic Detectors
This talk gives an overview of advancements in hyperspectral terahertz imaging systems, which utilize
plasmonic photoconductive terahertz detectors to provide signiÞcantly higher signal-to-noise ratio levels.
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Maria Kafesaki
University of Crete, Greece

Cylinder- and multi-coated-cylinder-systems as multifunctio-
nal metamaterials : An Effective Medium description

Maria Kafesaki is Associate Professor in the Dept. of Materials Science and
Technology of the University of Crete and Adjunct Researcher at the Institute
of Electronic Structure and Laser (IESL) of Foundation for Research and Tech-
nology Hellas (FORTH). She obtained her Ph.D. in 1997, at the Physics Depart-

ment of the University of Crete, Greece, on elastic wave propagation in complex media. She has worked
as a post-doctoral researcher in the Consejo Superior de Investigaciones CientiÞcas in Madrid, Spain,
and in IESL of FORTH (1997-2001). Her current research is on the area of electromagnetic wave pro-
pagation in periodic and random media, with emphasis on photonic crystals and metamaterials, where
she has large theoretical and computational experience. She has more than 110 publications in refe-
reed journals (with more than 6500 citations and h-index=42, according to Web of Science), and more
than 70 invited talks at international conferences and schools. She has participated in many European
projects as well as in the organization of many international conferences and schools. She is a Fellow of
the Optical Society of America. Figure : A simple PT-symmetric chiral bi-layer. Under oblique incidence
of circularly polarized (CP) waves the bi-layer eigenvalues ! indicate the existence of a mixed phase
and two exceptional points, highly tunable by the incidence angle.

Cylinder- and multi-coated-cylinder-systems as multifunctional metamaterials : An Effective Me-
dium description
We discuss an effective medium approach for analyzing metamaterials composed of cylindrical scatterers/meta-
atoms, either simple or coated/multi-coated. We demonstrate the potential of this approach in THz
systems made of polaritonic cylinders as well as in graphene-based nanotubes. In both cases we de-
monstrate a reach palate of optical responses, including negative index and hyperbolic metamaterial
response.
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Enrica Martini
University of Siena, Italy

Recent advances in metasurface antennas design and model-
ling

Enrica Martini received the Laurea degree (cum laude) in telecommunication en-
gineering from the University of Florence, Italy, in 1998. From 1998 to 1999 she
worked at the University of Florence under a one-year research grant from the

Alenia Aerospazio Company, Rome, Italy. In 2002, she received the PhD degree in informatics and tele-
communications from the University of Florence and the Ph.D. degree in electronics from the University
of Nice-Sophia Antipolis, under joint supervision. In 2002, she was appointed Research Associate at
the University of Siena, Italy. In 2005, she received the Hans Christian ¯rsted Postdoctoral Fellowship
from the Technical University of Denmark, Lyngby, Denmark, and she joined the Electromagnetic Sys-
tems Section of the ¯rsted DTU Department until 2007. From 2007 to 2017 she was a Postdoctoral
Fellow at the University of Siena, Italy. In 2012, she co-founded the start-up Wave Up Srl, Siena, Italy,
of which she was the CEO from 2016 to 2018. From 2019 to 2021 she was an assistant professor at the
University of Siena, Italy. She is currently an Associate Professor with the Department of Information
Engineering and Mathematics, University of Siena, Siena, Ital Dr. Martini coordinated tasks of various
research projects funded by national and international governmental institutions, as well as by industry.
Her research interests include metasurfaces and metamaterial characterization, metasurface-based an-
tennas and microwave devices, electromagnetic scattering, antenna measurements and tropospheric
propagation. Dr. Martini was a co-recipient of the 2016 Schelkunoff Transactions Prize Paper Award,
of the Best Paper Award in Antenna Design and Applications at the 11th European Conference on
Antennas and Propagation in 2017, of the Best Poster Award at the Metamaterials Congress in 2019
and of the Best Paper Award in Electromagnetics at the 15th European Conference on Antennas and
Propagation in 2021.

Recent advances in metasurface antennas design and modelling
This contribution provides an overview of the recent advances in the Þeld of modulated metasurface
antennas. After reviewing the most advanced analytical and numerical models, different designs and
realizations will be presented, including antennas with shaped pattern, dual polarized, multibeam and
beam scanning antennas.
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Taiichi Otsuji
Tohoku University, Japan

Graphene-based van der Waals 2D heterostructure ma-
terials and devices for terahertz wireless communica-
tions

Taiichi Otsuji is a Full Professor at the Research Institute of Electrical Commu-
nication (RIEC), Tohoku University, Sendai, Japan. He received the Dr. Eng. de-

gree in electronic engineering from Tokyo Institute of Technology, Tokyo, Japan in 1994. From 1984 to
1999 he worked for NTT Laboratories, Kanagawa, Japan. In 1999 he joined Kyushu Institute of Techno-
logy as an associate professor, being a professor in 2002. He joined RIEC, Tohoku University, in 2005.
His current research interests include terahertz electronic, photonic and plasmonic materials/devices
and their applications. He has authored and co-authored 300 peer-reviewed international journal pa-
pers and more than 600 international conference proceedings including 210 invited presentations, and
holds 13 Japanese and 8 US patents. He is the recipient of the Outstanding Paper Award of the 1997
IEEE GaAs IC Symposium in 1998, the Prizes for Science and Technology in Research Category, the
Commendation for Science and Technology by the MEXT, Japan, in 2019, and the 59th Achievement
Award of the IEICE (Institute of Electronics, Information, and Communication Engineers), Japan, in
2022. He has served as an IEEE Electron Device Society Distinguished Lecturer since 2013. He is a
Fellow of IEEE, OPTICA (former OSA, Optical Society of America), and JSAP (Japan Society of Applied
Physics).

Graphene-based van der Waals 2D heterostructure materials and devices for terahertz wireless
communications
This paper reviews recent advances in the research and development of graphene-based van der Waals
2D heterostructure materials and devices for terahertz wireless communications.
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Willie J. Padilla
Duke University, USA

Physics Informed Deep Learning In Metamaterials

Willie J. Padilla is a professor at Duke University with a masterÕs degree and
doctorate in physics. He received a Young Investigator Award from the OfÞce of
Naval Research and a Presidential Early Career Award for Scientists and En-
gineers. Padilla is a fellow of the American Physical Society, Optical Society of

America and Kavli Frontiers of Science. He is also a Web of Science Highly Cited Researcher in physics
for 2018 and 2019. He heads a group working in the area of metamaterials with a focus on machine
learning, computational imaging, spectroscopy and energy, and has published more than 200 peer-
reviewed journal articles.

Physics Informed Deep Learning In Metamaterials
Deep learning has had profound impacts in electromagnetic metamaterials, however there are seve-
ral,drawbacks including. Through incorporation of prior knowledge, physics informed deep neural net-
works (PINNs),have the capability to solve many of the outstanding problems in deep learning and may
additionally learn new,physics of systems under study. We discuss three different studies using physics
informed deep learning and,describe the future of the Þeld is also given.
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Atif Shamim
KAUST, Saudi Arabia

On-Chip Antennas - The Last Barrier to True RF System-on-
Chip

Atif Shamim received his MS and PhD degrees in electrical engineering from
Carleton University, Canada in 2004 and 2009 respectively. He was an NSERC
Alexander Graham Bell Graduate scholar at Carleton University from 2007 till

2009 and an NSERC postdoctoral Fellow in 2009-2010 at Royal Military College Canada and KAUST.
In August 2010, he joined the Electrical and Computer Engineering Program at KAUST, where he is
currently an Associate Professor and principal investigator of IMPACT Lab. He was an invited resear-
cher at the VTT Micro-Modules Research Center (Oulu, Finland) in 2006. His research work has won
best paper awards in IEEE ICMAC 2021, IEEE IMS 2016, IEEE MECAP 2016, IEEE EuWiT 2008, Þrst
prize in IEEE IMS 2019 3MT competition and IEEE AP-S Design Competition 2022, Þnalist/honorable
mention prizes in IEEE AP-S Design Competition 2020, IEEE IMS 2017 (3MT competition), IEEE IMS
2014, IEEE APS 2005. He has been selected as the Distinguished Lecturer for IEEE AP-S (2022-2024).
He has won the Kings Prize for the best innovation of the year (2018) for his work on sensors for the
oil industry. He was given the Ottawa Centre of Research Innovation (OCRI) Researcher of the Year
Award in 2008 in Canada. His work on Wireless Dosimeter won the ITAC SMC Award at Canadian Mi-
croelectronics Corporation TEXPO in 2007. Prof. Shamim also won numerous business-related awards,
including 1st prize in CanadaÕs national business plan competition and was awarded OCRI Entrepreneur
of the year award in 2010. He is an author/co-author of around 300 international publications, an inven-
tor on more than 40 patents and has given close to 100 invited talks at various international forums.
His research interests are in innovative antenna designs and their integration strategies with circuits
and sensors for ßexible and wearable wireless sensing systems through a combination of CMOS and
additive manufacturing technologies. He is a Senior Member of IEEE, founded the Þrst IEEE AP/MTT
chapter in Saudi Arabia (2013) and served on the editorial board of IEEE Transactions on Antennas and
Propagation (2013-2019), and as a Guest Editor for IEEE AWPL Special issue (2019), and is currently
serving as an Associate Editor for IEEE Journal of Electromagnetics, RF and Microwaves in Medicine
and Biology. He serves on numerous IEEE committees such IEEE Technical committees on Antenna
Measurements (AP-S), Microwave Controls (MTT-S 13), and Additive Manufacturing (CRFID). Find out
more details at (https ://cemse.kaust.edu.sa/impact).

On-Chip Antennas - The Last Barrier to True RF System-on-Chip
In the last decade, the increased level of integration provided by silicon technologies and emerging ap-
plications at millimeter wave frequencies has helped to achieve true System-on-Chip solutions bringing
the antennas on the chip. This is because antenna sizes at these frequencies become small enough
for practical on-chip realization. However, there are a number of challenges to overcome, for instance
dealing with silicon substrate high conductivity and permittivity, metal stack-up and layout restrictions,
and on-chip characterization through delicate probes, etc.
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Fredrik Tufvesson
Lund University, Sweden

Channel modelling and characterization for communication
and sensing in a 6G era

Fredrik Tufvesson received his Ph.D. in 2000 from Lund University in Sweden.
After two years at a startup company, he joined the department of Electrical and
Information Technology at Lund University, where he is now professor of radio

systems. His main research interests is the interplay between the radio channel and the rest of the
communication system with various applications in wireless systems such as massive MIMO, mm wave
communication, vehicular communication and radio based positioning. Fredrik has authored around
90 journal papers and 140 conference papers, he is fellow of the IEEE and recently he got the Neal
Shepherd Memorial Award for the best propagation paper in IEEE Transactions on Vehicular Technology
and the IEEE Communications Society best tutorial paper award.

Channel modelling and characterization for communication and sensing in a 6G era
6G is expected to be based on distributed and co-located ultra-massive MIMO at frequencies ranging
from one or a few GHz to hundreds of GHz. It will support both communication and sensing applications
and should at the same time offer extreme reliability, enormous data rates, and ultra-low latencies. In
this talk, we discuss channel characteristics, channel models, and the implications on 6G. Based on
measurement examples, we point out possible directions and limitations and what we really can expect
from the various frequency bands.

19



Ventsislav K. Valev
University of Bath, UK

Chiroptical harmonic scattering : predicted in 1979 and de-
monstrated four decades later

Ventsislav K. Valev is a Full Professor and a Research Fellow of the Royal So-
ciety, in the Physics Department of the University of Bath, where he serves as
the Head of Department. He is also an Associate Fellow of Homerton College,
in the University of Cambridge.

Valev was born in Bulgaria. He studied physics at the University of Western Brittany (France), with a
Þnal year at the University of Cardiff (Wales), as an Erasmus student. He received his PhD in 2006, from
the Radboud University Nijmegen (the Netherlands). Subsequently, he was a post-doc and a Research
Fellow at the KU Leuven University (Belgium). In 2012, he became a Research Fellow in the Cavendish
Laboratory at the University of Cambridge and, in 2013, he joined Homerton College, as a Research
Associate. Since 2014, he has been working at the University of Bath, where he arrived as a Reader and
a Research Fellow of the Royal Society. In 2019, he was promoted to professor and in 2021 he became
the Director of Research for the Department of Physics. He was appointed Head of Department in 2022.

ValevÕs research group focuses on the interaction between powerful laser light and nanostructured ma-
terials. He builds laser experiments to study novel materials, such as plasmonic nanostructures, meta-
materials, 2D materials and quantum optical materials. He explores the physics of photons, electrons
and magnetism conÞned to tiny volumes of space Ð nanoparticles or 2D sheets. He aims to discover
new properties and to test theoretical predictions, seeking out new and useful intersections between
classical electromagnetism and quantum mechanics. His investigations are both fundamental and ap-
plied, with potential beneÞts for the pharmaceutical, food, perfume, and agrochemical industries.

Chiroptical harmonic scattering : predicted in 1979 and demonstrated four decades later
Chiroptical harmonic scattering (CHS) was predicted in 1979, but an experimental observation of this
effect remained elusive for 40 years. A Þrst form of CHS was reported in 2019 ; it was demonstrated that
light scattered at the second-harmonic from Ag nanohelices dispersed in water could reveal the chirality
of the nanohelices. Observations in other systems (metal and semiconductor) and at the third-harmonic
quickly followed. Now, we show the effect in high refractive index dielectrics.
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TUTORIALS

Prof. Willie J. Padilla
Duke University, USA

Tuesday 6th June
15:00 - 16:00 Ñ Playamar

Introduction to Deep Learning Techniques for ArtiÞcial Elec-
tromagnetic Materials

Willie J. Padilla is a professor at Duke University with a masterÕs degree and
doctorate in physics. He received a Young Investigator Award from the OfÞce of

Naval Research and a Presidential Early Career Award for Scientists and Engineers. Padilla is a fellow
of the American Physical Society, Optical Society of America and Kavli Frontiers of Science. He is also
a Web of Science Highly Cited Researcher in physics for 2018 and 2019. He heads a group working in
the area of metamaterials with a focus on machine learning, computational imaging, spectroscopy and
energy, and has published more than 200 peer-reviewed journal articles.

Introduction to Deep Learning Techniques for ArtiÞcial Electromagnetic Materials
Deep neural networks (DNNs) have enhanced and transformed traditional research methods and are
driving scientiÞc advance. Deep learning has shown immense potential in the Þeld of artiÞcial electro-
magnetic materials (AEM) research, with applications spanning electromagnetic metamaterials, meta-
surfaces, photonic crystals, and plasmonics. In this brief tutorial we review the status of the Þeld with a
focus on recent advances, key limitations, and future directions. Strategies, guidance, evaluation, and
limits of using deep networks for both forward and inverse AEM problems are presented.

21



GUIDELINES FOR PRESENTERS I IN-PERSON

In-person Oral Presentations

Each session room is equipped with a stationary computer connected to a LCD projector. Presenters
must load their presentation Þles in advance onto the session computer. Technician personnel will be
available to assist you.

Scheduled time slots for oral presentations are 15 mn for regular, 20 mn for invited presentations, 30
mn for keynote talks and 35 mn for plenary talks, including questions and discussions. Presenters are
required to report to their session room and to their session Chair at least 15 minutes prior to the start
of their session.

The session chair must be present in the session room at least 15 minutes before the start of the session
and must strictly observe the starting time and time limit of each paper.

In-person Poster Presentations

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 provi-
ded to mount your posters on the board. All presenters are required to mount their papers 30mn before
the session and remove them at the end of their sessions. Posters must prepared using the standard
AES poster template (available on the conference website).
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GUIDELINES FOR PRESENTERS I ONLINE

All Oral presentations will be in person with option for remote viewing via Zoom.

Poster sessions will be hybrid, consisting of both in person and virtual presentations. Instructions for
virtual poster presenters can be found here : guidelines).
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USEFUL INFORMATION

Venue

AES 2023 will be held at :
Palacio de Congresos y Exposiciones de la Costa del Sol
3 Calle Mexico, 29620 Torremolinos (Spain)

https://palacio-congresos.es

Opened in October 1970, the Palacio de Congresos y Exposiciones de Torremolinos (Congress and
Exhibition Centre) was the result of a project designed in 1967 by the architects Rafael de la Hoz and
Gerardo Olivares James. The building, which became the state heritage property in 1971.

The complex is built on an estate of 70,000 square meters, of which 18,000 square meters are gardens.
Situated in a privileged location in the municipality of Torremolinos and located in the upper area of the
town on a hill overlooking the sea, the Congress Center is an icon of MalagaÕs coastal landscape.

The building is arranged in a circular format around which the various auditoriums, meeting rooms,
administrative ofÞces and annexed buildings are distributed. The central hall is presided over by its
most iconic visual symbol, an emblem of convention and business tourism in Spain : a large translucent
dome with an unprecedented crystal lamp hanging from the center of the exposed radial roof, falling like
drops in a waterfall spilling over the center of the composition.
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Getting to Venue

Getting to Torremolinos from Malaga Airport

Torremolinos is around 8km away from Malaga international airport. You can go from the airport to the
city center by taxi, by train or by bus.

Taxi
The airport has a well-signposted taxi rank outside the arrivals area of Terminal T3. Make sure that the
taxi driver has started the taximeter at the beginning of the journey (minimum fare). We recommend
requesting a receipt for any complaint or claim.

Train
The new suburban train station in the new Terminal T3 building links the airport with Torremolinos city
centre and other cities like Benalmadena and Fuengirola in one direction, and it links Malaga city center
in the other direction.

The train station is situated underground and accessed via escalators. It is well signposted and can be
reached via the square outside arrivals or outside departures. Before the station entry barriers you will
see several self-service tickets machines on your right where you can buy your tickets.

The Þrst train to Torremolinos leaves the airport at 05 :32, leaving every 20-30 minutes until the last train
at 23.42. Line : C1. Estimated travel time : 10 minutes.

Bus
You will Þnd the bus stop straight in front of you outside the arrivals area of Terminal T3 on the side
of the road where there are a couple of shelters with seats. You will also see a ticket ofÞce in the left
hand corner of the arrivals forecourt where you should purchase your tickets for the journey. Line :
Torremolinos-Benalmadena-Airport. Estimated travel time : 30 minutes.
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Getting to Torremolinos from Malaga train station

There are two train stations in the centre of Malaga : Maria Zambrano and Centro Alameda. Maria Zam-
brano station provides high-speed (AVE) and long-distance links to many Spanish cities like Barcelona,
Cordoba, Madrid, Santiago de Compostela, Seville, etc, as well as local and regional routes.

You can take Line C1 from any of the two stations to reach Torremolinos. The estimated travel time is
20 minutes. You can check the timetables on the website of the national rail company RENFE

Getting to Torremolinos from Malaga bus station

Malaga bus station is located at the street "Paseo de los Tilos" very near Maria Zambrano train sta-
tion. So it will be very easy to take a bus or a train from this station. You can take bus line Malaga-
Torremolinos. Estimated travel time : 20 minutes.
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Abstract: This talk gives an overview of advancements in hyperspectral terahertz imaging systems, which 
utilize plasmonic photoconductive terahertz detectors to provide significantly higher signal-to-noise ratio levels. 

 
 

Terahertz waves have unique specifications that enable unprecedented sensing functionalities for personal 
health monitoring, environmental monitoring, and security screening as well as pharmaceutical, industrial, and 
agricultural product quality control. This is because most molecules have unique spectral signatures in the 
terahertz frequency range and many optically opaque materials are relatively transparent to terahertz waves. 
�$�G�G�L�W�L�R�Q�D�O�O�\���� �W�H�U�D�K�H�U�W�]�� �S�K�R�W�R�Q�V�� �D�U�H�� �V�X�I�I�L�F�L�H�Q�W�O�\�� �O�R�Z�� �H�Q�H�U�J�\�� �W�K�D�W�� �W�K�H�\�� �G�R�Q�¶�W�� �F�D�X�V�H�� �D�Q�\�� �G�D�P�D�J�H�� �R�U�� �L�R�Q�L�]�D�W�L�R�Q��
especially for biomedical sensing applications. Although unique potentials of terahertz waves have been 
recognized for quite a while, the low efficiency, higher costs, and bulky nature of traditional terahertz systems 
has impeded their usage in practical applications. In this talk, I will give an overview of advancements in 
hyperspectral terahertz imaging systems, which utilize plasmonic photoconductive terahertz detectors [ref] to 
provide several orders of magnitude higher signal-to-noise ratio levels compared to the state-of-the art. 
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Spatiotemporal effects in multimode
optical fiber



 

Light by light manipulation in multimode fibers  
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Abstract: We demonstrate that a low-intensity beam can be severely cleaned or distorted by a high-energy pump 
beam copropagating in a multimode optical fibre at different wavelengths. Thus, the M! coefficient of the weak 
beam is either enhanced or degraded relative to the pump intensity, allowing an ultra-fast light-by-light control. 
This unconventional development extends the concept of the self-cleaning process where a single beam 
undergoes a significant brightness improvement under its own peak power. 
 

Providing additional degrees of freedom, a multimode beam propagation has been attracting a great interest, 
as it allows unveiling various new processes based on its highly complex dynamics [1-4]. Among others, 
Kerr-induced beam self-cleaning is one of the most debating phenomenon recently discovered. It permits 
changing a speckled structure into a quasi-single mode beam by using the light intensity itself. Such a 
self-transformation can be explained in terms of four-wave-mixing interactions, so far, demonstrated only at a 
single wavelength due to a nonlinear non-reciprocity of the mode coupling process [4]. This behaviour arises 
from a presence of self-phase-modulation differently impacting high-order and low-order modes. However, up to 
now this process seems resulting only in particular, Rayleigh-Jeans, energy distribution without allowing an 
on-demand control of the energy distribution over the guided modes [5].  
 

In this paper, we demonstrate experimentally that an incoherent speckled propagation of a weak 
beam can be controlled by means of a cross-phase-modulation enabled by an additional high power pump 
beam at a different wavelength, instead. We show that the change in modal energy distribution leading to 
the brightness enhancement (i.e. M! decrease) (see figure 1(a)), can be controlled and properly adapted. 
Interestingly, we notice a monotone evolution of the entropy while improving M! coefficient. Differently 
from previous studies we also show that by modifying the initial modal structure of the pump wave it is 
possible to obtain the opposite effect, observed as a beam defocusing or a beam degradation (i.e. M! 
increase) (see figure 1(b)), due to a change of modal energy distribution to the benefit of high-order 
modes. Our findings allow to generalise the concept of light control by light in multimode optical fibers. 
Numerous applications ranging from ultrafast focus control for nonlinear imaging or beam quality control 
for lidar can be addressed. A further extension of the light self-organization approach to the time domain 
can also be envisaged while allowing to control, for instance, multimode laser dynamics based on 
amplifying fibers or supercontinum generation in passive fibers. We believe that our results may also add 
new building blocks and strengthen the research activity in thermodynamic-based description of beams 
propagation in complex media since a large number of modes may lead to averaging approach, as well 
[6]. 
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Figure 1: Numerical simulations of the M! coefficient evolution of a weak and a strong beams (pump) 
copropagating in a graded index optical fiber for two different cases. (a) cross-cleaning of the weak beam 
because of the pump beam intensity; (b) cross-defocusing of the weak beam because of the pump beam intensity 
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Abstract: We review our recent results on the random Raman lasing based on femtosecond (fs) pulse written 
randomly spaced scattering points (Rayleigh reflector) and random array of fiber Bragg gratings (FBGs) in 
multimode graded-index (GRIN) fiber directly pumped by multimode laser. 

 
 

Raman fiber lasers (RFLs) based on multimode graded-index (GRIN) fibers allow for direct pumping by 
laser diodes (LDs) in all-fiber scheme [1], see also [2] for a review. An attractive feature of such lasers is a 
possibility to efficiently convert a highly multimode pump radiation into a Stokes beam generation, the quality 
of which turns out to be much better than that for the original pump beam, thanks to the Raman beam cleanup 
effect [8] treated as the main reason.  The use in the laser cavity of output couplers based on a fiber Bragg 
grating (FBG) inscribed by femtosecond pulses in the near-axis area of the GRIN fiber core, corresponding to 
the fundamental mode, makes it possible to further enhance the effect of beam cleaning for the generated Stokes 
radiation. So, in a single-stage resonator consisting of FBG pair resonantly reflecting Stokes beam at a 
wavelength of 976 nm at >100 W pumping by multimode LD with beam quality M2�, 34 at 940 nm, high-quality 
(M2�, 2) Stokes beam has been obtained in 1-km GRIN fiber with record pump-to-Stokes brightness 
enhancement factor of 73 [3]. For a random lasing of the 1st Stokes wave in multimode GRIN fiber with 
low-quality pumping much higher pump power is required. So, more than 300 W power of random lasing at the 
first Stokes wavelength of 1120 nm has been obtained in 120-m GRIN fiber at ~700 W multimode pumping by 
fiber combined Yb-doped fiber lasers at 1070 nm [4], however the threshold pump power for such Raman laser 
is as high as ~500 W.   

Here we review our recent results on the random Raman lasing based on femtosecond (fs) pulse written 
randomly spaced scattering points (artificial Rayleigh reflector) or random array of short fiber Bragg gratings 
(FBGs) in graded-index (GRIN) fiber which is directly pumped by multimode laser diode. The artificial random 
structures help to reduce the pumping threshold for random lasing and allow for the beam quality improvement, 
similarly to regular FBG with spatial filtering properties [3]. Note that much better output characteristics of 
random lasing are achieved in the latter case (random grating array). The fabricated 1D-3D random arrays form a 
half-open cavity together with the input highly-reflective regular FBG. Above the threshold pump power of 
~100W from a multimode 940-nm laser diode with beam quality M2~34, random lasing of the 1st-order Stokes 
beam was obtained with output power reaching ~30 W at maximum pumping. The output beam quality 
parameter varies with FBG distribution in the fiber cross-section and its best value amounts to M2~2, while the 
linewidth narrows to 0.1-0.2 nm. The main mechanisms of spatio-spectral beam narrowing in this configuration 
will be discussed. 
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Abstract: We recently introduced a novel technique for the systematic design of multimode photonic crystal 
(PhC) cavities with a prescribed dispersion curve, based on a well-established 1D reduced model. This is 
particularly interesting in the view of miniaturizing parametric generators of nonclassical light, optical 
nanocombs, and mode-locked laser sources. Here we apply our model to the study of nonlinear multimode 
interactions.  
Introduction  
The route towards the demonstration of optical frequency comb (OFC) generation in PhC structures [1] has been 
paved since a few years. The main interest comes from the minimal footprint of PhCs, resulting in ultra-low 
operational power levels, possibly leading to nonlinear quantum sources. The optical parametric oscillator 
(OPO), which can be seen dynamically as the very first stage of an OFC, has been reported only recently [2]. 
Nevertheless, the residual nonzero dispersion of real fabricated samples, leading to largely unequally spaced 
neighboring cavity modes, makes the demonstration of PhC-OFC �± which is composed of equally spaced 
frequency components - particularly challenging [3]. Both fabrication tolerances and intrinsic geometrical 
characteristics are responsible for this shortcoming. In a recent paper [4], we presented a novel self-consistent 
systematic technique, permitting to efficiently tailor the cavity dispersion management directly at the design 
stage. In order to do that, we set up a simple 1D reduced model (RM), which approximates a wide class of 
multimode PhC resonators to a distributed feedback (DFB) mirror. Interestingly, the model is also capable of 
describing nonlinear parametric interactions between the resonant modes of the resonators, thus describing the 
overall intra-cavity field evolution. In what follows, we show how we can simulate the PhC-OPO dynamics, 
which enables us to predict OFC generation under realistic experimental situations.  
Nonlinear multimode interactions in PhCs 
The RM of ref. [4] can be generalized to embed nonlinear cross- (��x) and self- (��+,-) phase modulation terms:                                  !

                                                                             

                                                                          ,            (1) 
where A+,- are two counter-propagating waves, linearly coupled by means of a DFB mirror (K). vg and D2 are the 

group velocity and the second order dispersion, respectively. In red we highlight nonlinear terms. In Figure I, we 

report the cold cavity spectrum (a), and the nonlinear evolution of the field (b). In (a) we colored the three 

fundamental modes interacting nonlinearly, while grey dashed lines indicate higher-order modes, whose contribution 

can be neglected for weakly nonlinear systems. Here we report a general physical situation using arbitrary units, by 

setting vg(x)=1 a.u., and neglecting leading-order dispersion terms. The coupling is chosen in such a way to shape the 

parabolic potential well, which is depicted in red in panel (a). The field is treated by means of a modal decomposition 

analysis on the OPO triplet �&+,-,0. We can see how nonlinear terms work as a tea spoon, mixing the stationary eigen 

solutions of the system. As the ��x,+, - terms increase, the coupling between modes is stronger and, eventually, it is no 

longer fully described by a pure OPO interaction, since higher-order modes also partecipate in the wave mixing 

process. 
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Conclusion 
In conclusion, we presented an application of a reduced model recently introduced for the systematic design of 
PhC structures, and the optimization of their geomtry [1]. Because of its generality, our analysis can also be 
extended to describe parametric nonlinear interactions in a wide class of multimde PhC resonators. 
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Abstract: We carried out two-waves thermalization and calorimetry experiments in nonlinear multimode optical 
fibers. Our results extend the thermodynamic description of the beam self-cleaning effect, enabling a new 
paradigm for the all-optical control of the spatial profile of intense multimode laser beams. 

 
The thermodynamic theory of light propagation in weakly nonlinear multimode optical systems allows for 

describing laser beams in analogy with a gas of particles [1]. In such a thermodynamic framework, the 
nonlinearity is responsible of the interaction among the gas of photons, which leads to the establishment of a 
thermal equilibrium after a sufficiently long propagation distance. Recently, the gas-like representation has been 
applied to the spatial beam self-cleaning (BSC) effect [2], which consists on the spontaneous formation of a 
bell-shaped intensity profile at the output of graded-index (GRIN) multimode optical fibers (MMF) [3]. The 
BSC effect, which is driven by the Kerr nonlinearity, can be described as resulting from the thermalization of the 
multitude of fiber modes, leading to a mode power distribution which obeys the Rayleigh-Jeans (RJ) law.  

Hence, BSC is associated with the transformation of a nonequilibrium system at the fiber input (Fig. 1a) into 
a state of equilibrium, i.e., of maximum entropy, at the fiber output (Fig. 1b). Note that virtually all the 
experimental demonstrations of BSC use linearly polarized light at the fiber input. At the same time, it is 
well-known that light progressively loses its degree of polarization upon propagation in a MMF [4]. Therefore, 
in Fig. 1a,b, we represent the input state as a gas which occupies half of the modal volume, i.e., only the modes 
with a given polarization are populated at the fiber input. Whereas, at thermal equilibrium, the gas 
homogeneously occupies the whole modal volume; moreover, it is possible to define thermodynamic parameters 
such as the gas temperature (T) and chemical potential (��). Remarkably, the value of thermodynamic parameters 
is only determined by the injection conditions of the input laser beam. As a consequence, one may somehow 
associate a temperature even to a nonequilibrium state, such as the input state. Note that such a temperature has a 
pure statistical meaning, i.e., it cannot be measured with a thermometer. 

Experimentally, in short fiber spans, i.e., whose typical length is of the order of a few meters, BSC is 
observed whenever the input power is high enough to ensure that interactions among the gas particles lead to a 
thermal equilibrium within the limited propagation distance. Typically, one observes a transformation from a 
speckles (Fig. 1c) into a bell-shaped beam (Fig. 1d), whenever the input peak power of the laser pulses reaches 
values of the order of few tens of kilowatts. 

Here we extend the thermodynamic description of BSC in MMF to two-wave thermalization (for more 
details, see Ref.[5]). We carried out experiments where two orthogonally polarized infrared beams are 
simultaneously injected into the core of a standard GRIN MMF. Such an input condition is represented in Fig. 1e 
in the same fashion as in Fig. 1a,b. In particular, in Fig. 1e, the particles of the two gases are shown with 
different colors, since the two beams were prepared so that they have different values of T and �� at the fiber 



input. In analogy with the single gas system, maximization of entropy of the gas mixture leads to the 
establishment of a thermal equilibrium, where the system eventually reaches a single temperature. Moreover, 
being the particles indistinguishable, at thermal equilibrium, the two gases are associated with the same value of 
the chemical potential. Consequently, the particles are depicted with the same color in Fig. 1f. 

 

Fig. 1. (a) Representation, in the thermodynamic framework, of a linearly polarized beam at the input of a MMF. (b) Depiction of the 

equilibrium state corresponding to BSC which is reached at the fiber output. (c) Intensity profile of the beam at the output of a GRIN 

MMF when the input peak power is lower than the BSC threshold. (d) Intensity profile of a self-cleaned beam. The histograms in (c) and 

(d) represent the distribution of the mode powers, sorted by their propagation constants. In (d) the monotonic trend obeys the RJ law. (e) 

Representation of the fiber input when two orthogonally polarized beams with different values of T and �� are simultaneously injected. (f) 

Equilibrium state resulting from two-wave thermalization. 

 
Our experiments verified the theoretical expectation: we found that the experimentally determined 

temperature and chemical potential of the photon gas mixture are independent of the output polarization 
direction (i.e., T and �� are the same in both the left and right sides of the box in Fig. 1f). Moreover, we 
experimentally verified that the value of entropy of the equilibrium state is grater than that at the fiber input. 
Finally, we demonstrate that the equilibrium values of T and �����F�D�Q���E�H���Y�D�U�L�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H��laws of classical 
calorimetry, e.g., by acting on the temperature or mass of any of the two gases at the fiber input. In this regard, 
our results pave the way for novel signal processing functionalities based on MMFs, such as the all-optical 
control of the spatial profile of intense multimode laser beams. 
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Abstract: In the context of the new area of optical thermodynamics of weakly nonlinear systems, we provide a 
fluctuation theory based on grand canonical ensemble. Our theory is generic and can be applied to any weakly 
nonlinear and non-integrable system (for example planar waveguide, optical fiber, photonic lattice) that contains 
a finite number of supermodes. By employing non-equilibrium statistical mechanics we also study the 
out-of-equilibrium behaviour.  

 
 

In recent years, considerable effort has been devoted to the study of nonlinear highly multimoded optical sys- 
tems [1]. The physical motivation behind these theoretical and experimental efforts has been the search for high- 
power optical sources that has been enabled by a sequence of new developments in multimode technologies per- 
taining to both guided wave structures and optical cavities. Understanding and predicting the complex nonlinear 
response of such systems especially when hundreds or thousands of modes are involved, is a challenging task. In 
the best case, all relevant approaches are mostly based on complicated nonlinear optical simulations, that make 
the description of realistic multimode fibers a formidable task. Thus a theory that explains and predicts such a 
complex behavior is still missing.  

Quite recently however, a self-consistent theoretical framework has emerged, what we call ÓOptical Thermo- 
dynamicsÓ [2Ð6]. In particular, optical thermodynamic theory is capable of describing such complex phenomena 
by means of thermodynamics of the systemÕs supermodes. A complete set of thermodynamical variables was de- 
termined and thus was able to describe and accurately predict the equilibrium behavior of the multimoded 
system. The equation of state, the entropy and the Rayleigh-Jeans modal occupancies distribution was derived 
axiomatically either on thermodynamical grounds [2Ð4] or equivalently on statistical mechanical foundations [5, 
6]. Such an approach is universal since it can be applied to any weakly nonlinear optical multimode system of 
finite number of supermodes that involves a finite number of conserved quantities. We can derive the 
fundamental relations that govern the grand canonical ensemble through maximization of the Gibbs entropy at 
equilibrium. In this classical picture of statistical photo-mechanics, we obtain analytical expressions for the 
probability distribution, the grand partition function, and the relevant thermodynamic potentials.  

The first part of the talk is devoted to the understanding of the role of equilibrium fluctuations and the second 



part to develop a non-equilibrium description of the system. In order to achieve our first goal we are going to 
rely on the grand canonical formalism [5] and directly calculate the relevant fluctuations based on the grand 
partition function expression. For states far from equilibrium, we develop a Langevin type of approach for the 
projection modal coefficients and derive effective stochastic equations that govern every supermode. Our 
analytical expressions are compared with direct numerical results of system-bath simulations, in all cases, and 
the agreement is excellent. 

In conclusion, by means of statistical mechanics, we have established a solid foundation for the optical ther- 
modynamics for equilibrium and non-equilibrium states. This formulation was carried out in the grand canonical 
ensemble picture and is applicable to any nonlinear arrangement involving conserved quantities such as the 
power, Hamiltonian, and a finite set of distinguishable modes. The equilibrium expressions for the fluctuations 
of power, Hamiltonian and modal occupancy number were found in excellent agreement with direct bath-system 
simulations. Even more interestingly, we were able to apply a Langevin type of formalism in order to understand 
the non-equilibrium behavior of our system. Our results universally apply to any other weakly nonlinear highly 
multimoded bosonic arrangement.  
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�,�Q�W�K�L�V�Z�R�U�N�� �Z�H�X�Q�F�R�Y�H�U�W�K�H�H�[�L�V�W�H�Q�F�H�R�I �D�U�L�F�K�Y�D�U�L�H�W�\ �R�I �/ �%�V�R�I �G�L�I�I�H�U�H�Q�W�R�U�G�H�U�V�L�Q�W�K�H�F�R�Q�W�H�[�W�R�I
�P�X�O�W�L�P�R�G�H�H�[�W�H�U�Q�D�O�O�\ �G�U�L�Y�H�Q�. �H�U�U�F�D�Y�L�W�L�H�V�Z�L�W�K�W�K�H�D�G�G�H�G�L�Q�I�O�X�H�Q�F�H�R�I �S�D�U�D�E�R�O�L�F�S�R�W�H�Q�W�L�D�O�V�� �: �H�H�[�D�P�L�Q�H�W�K�H
�V�W�D�E�L�O�L�W�\ �R�I �Y�D�U�L�R�X�V�K�L�J�K���R�U�G�H�U�/�%�V�D�Q�G�F�O�D�V�V�L�I�\ �W�K�H�P �L�Q�W�H�U�P�V�R�I�W�K�H�L�U�E�L�I�X�U�F�D�W�L�R�Q�G�L�D�J�U�D�P���%�\ �G�H�F�R�P�S�R�V�L�Q�J�W�K�H
�/�%�V�L�Q�W�R�W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�O�L�Q�H�D�U�H�L�J�H�Q�P�R�G�H�V���Z�H�F�D�Q�R�E�W�D�L�Q�W�K�H�H�Y�R�O�X�W�L�R�Q�R�I �W�K�H�P�R�G�D�O�H�Q�H�U�J�L�H�V�R�I�K�L�J�K���R�U�G�H�U
�/�%�V�����: �H���D�W�W�U�L�E�X�W�H���W�K�H���R�U�L�J�L�Q���R�I���W�K�H���K�L�J�K���R�U�G�H�U���/ �%�V���S�U�L�P�D�U�L�O�\���W�R���W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���K�L�J�K���R�U�G�H�U���P�R�G�H�V��

�,�Q�W�K�H�P�H�D�Q���I�L�H�O�G�D�S�S�U�R�[�L�P�D�W�L�R�Q���W�K�H�G�\�Q�D�P�L�F�V�R�I�W�K�H�H�O�H�F�W�U�L�F�I�L�H�O�G�H�Q�Y�H�O�R�S�H �S�U�R�S�D�J�D�W�L�Q�J�Z�L�W�K�L�Q
�W�K�H�F�D�Y�L�W�\ �L�V�J�R�Y�H�U�Q�H�G�E�\ �D�Q�H�[�W�H�Q�G�H�G�G�L�P�H�Q�V�L�R�Q�O�H�V�V�/�X�J�L�D�W�R���/ �H�I�H�Y�H�U���/ �/ �� �H�T�X�D�W�L�R�Q�Z�L�W�K�D���' �S�D�U�D�E�R�O�L�F
�S�R�W�H�Q�W�L�D�O

������

�Z�K�H�U�H �L�V�W�K�H�F�D�Y�L�W�\ �G�H�W�X�Q�L�Q�J�S�D�U�D�P�H�W�H�U�� �L�V�W�K�H�S�X�P�S�L�Q�J�U�D�W�H�� �D�F�F�R�X�Q�W�V�I�R�U�G�L�I�I�U�D�F�W�L�R�Q��
�D�F�F�R�X�Q�W�V�I�R�U�G�L�V�S�H�U�V�L�R�Q�� �L�V�W�K�H�W�U�D�Q�V�Y�H�U�V�H�S�D�U�D�E�R�O�L�F�L�Q�G�H�[ �S�U�R�I�L�O�H���R�U�V�S�D�W�L�D�O�S�R�W�H�Q�W�L�D�O���� �D�Q�G
�R�U�L�J�L�Q�D�W�H�V���I�U�R�P���V�\�Q�F�K�U�R�Q�R�X�V���S�K�D�V�H���P�R�G�X�O�D�W�L�R�Q��

�)�L�J�X�U�H�����D�� �V�K�R�Z�V�W�K�H�E�L�I�X�U�F�D�W�L�R�Q�G�L�D�J�U�D�P �R�I �/ �%�H�Q�H�U�J�\ �Y�V���G�H�W�X�Q�L�Q�J ���)�R�X�U�H�[�D�P�S�O�H�V�R�I�/ �%�V�W�D�W�H�V�I�R�U�W�K�H
�Q�H�J�D�W�L�Y�H�G�H�W�X�Q�L�Q�J�Y�D�O�X�H�V �D�U�H�S�O�R�W�W�H�G�L�Q�)�L�J�������L���L�Y�����U�H�V�S�H�F�W�L�Y�H�O�\���7�K�H�W�Z�R�V�K�H�O�O�V���L���H����
�L�V�R�V�X�U�I�D�F�H�V�� �Z�L�W�K�G�L�I�I�H�U�H�Q�W�F�R�O�R�U�V�� �U�H�S�U�H�V�H�Q�W�G�L�I�I�H�U�H�Q�W�I�L�H�O�G�L�Q�W�H�Q�V�L�W�L�H�V ���U�H�G�����D�Q�G ���E�O�X�H�����7�K�H
�I�R�X�U�V�W�D�W�H�V�W�K�D�W�Z�H�F�R�Q�V�L�G�H�U�U�H�S�U�H�V�H�Q�W�W�K�H�I�L�U�V�W�K�L�J�K���R�U�G�H�U�/�%�V���7�K�H�\ �D�U�H�V�H�S�D�U�D�W�H�G�E�\ �W�K�H�W�K�U�H�H�S�H�D�N�V�Y�L�V�L�E�O�H�L�Q
�W�K�H�E�L�I�X�U�F�D�W�L�R�Q�G�L�D�J�U�D�P���$�S�D�U�W�I�U�R�P �W�K�H�V�H�/�%�V���Z�H�D�O�V�R�R�E�V�H�U�Y�H�Z�D�Y�H�F�R�O�O�D�S�V�H�D�Q�G�W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�E�U�H�D�W�K�H�U�V
�L�Q�W�K�H�U�H�G�D�Q�G�E�O�X�H�U�H�J�L�R�Q�V�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �1�X�P�H�U�L�F�D�O�F�R�Q�W�L�Q�X�D�W�L�R�Q�D�Q�G�G�L�U�H�F�W�Q�X�P�H�U�L�F�D�O�V�L�P�X�O�D�W�L�R�Q�D�U�H�X�V�H�G�W�R
�F�D�O�F�X�O�D�W�H�W�K�H�V�H�V�W�D�W�H�V�� �%�\ �G�H�F�R�P�S�R�V�L�Q�J �W�K�H�V�H�V�R�O�X�W�L�R�Q�V�R�Q�W�K�H�W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�O�L�Q�H�D�U�H�L�J�H�Q�P�R�G�H�V���Z�H�R�E�W�D�L�Q
�P�R�G�D�O�H�Q�H�U�J�\ �� �����Z�K�L�F�K�L�V�S�O�R�W�W�H�G�L�Q�)�L�J�������E�����$�V�W�K�H�G�H�W�X�Q�L�Q�J �G�H�F�U�H�D�V�H�V�I�R�U�H�D�F�K�Q���W�K�R�U�G�H�U
�E�X�O�O�H�W�����L�W�V���P�R�G�D�O���H�Q�H�U�J�\ �L�Q�F�U�H�D�V�H�V���X�Q�W�L�O���L�W���U�H�D�F�K�H�V�D���S�H�D�N���Y�D�O�X�H���Z�K�H�U�H���D���S�K�D�V�H���W�U�D�Q�V�L�W�L�R�Q���R�I���/ �%���R�U�G�H�U���R�F�F�X�U�V��



�)�L�J�X�U�H�������D���E�� �%�L�I�X�U�F�D�W�L�R�Q�G�L�D�J�U�D�P�V�V�K�R�Z�L�Q�J�W�K�H�I�L�H�O�G�H�Q�H�U�J�\ �R�I �W�K�H�E�X�O�O�H�W�V �L�Q���D�� �D�Q�G�W�K�H�L�U�P�R�G�D�O�H�Q�H�U�J�\ �L�Q
���E�����Y�V�� ���I�R�U�W�K�H�S�X�P�S �L�Q���D�����6�R�O�L�G�E�O�D�F�N���G�D�V�K�H�G�U�H�G�� �O�L�Q�H�V�U�H�S�U�H�V�H�Q�W�V�W�D�E�O�H���X�Q�V�W�D�E�O�H�� �V�R�O�X�W�L�R�Q�V�R�E�W�D�L�Q�H�G�E�\
�Q�X�P�H�U�L�F�D�O�F�R�Q�W�L�Q�X�D�W�L�R�Q�� �%�O�X�H�F�L�U�F�O�H�V�V�X�S�H�U�L�P�S�R�V�H�G�R�Q�V�R�O�L�G�O�L�Q�H�V�D�U�H�V�R�O�X�W�L�R�Q�V�I�U�R�P �G�L�U�H�F�W�Q�X�P�H�U�L�F�D�O�V�L�P�X�O�D�W�L�R�Q�V�� �7�K�H
�F�R�O�O�D�S�V�H�U�H�J�L�R�Q�V�D�U�H�P�D�U�N�H�G�E�\ �U�H�G�D�U�H�D�V���D�Q�G�E�U�H�D�W�K�H�U�D�P�S�O�L�W�X�G�H�V�D�U�H�P�D�U�N�H�G�E�\ �V�S�D�U�V�H�E�O�X�H�F�L�U�F�O�H�V���7�K�H�J�U�D�\ �G�D�V�K�H�G�F�X�U�Y�H
�F�R�U�U�H�V�S�R�Q�G�V���W�R���W�K�H���O�L�Q�H�D�U���V�W�D�W�H�V���R�I���W�K�H���F�D�Y�L�W�\�����+�H�U�H�� ��

�7�K�L�V�Z�R�U�N�U�H�Y�H�D�O�V�W�K�H�S�U�H�V�H�Q�F�H�R�I �D�G�L�Y�H�U�V�H�U�D�Q�J�H�R�I �/ �%�V�Z�L�W�K�K�L�J�K�R�U�G�H�U�V�L�Q�P�X�O�W�L�P�R�G�H�H�[�W�H�U�Q�D�O�O�\ �G�U�L�Y�H�Q
�. �H�U�U�F�D�Y�L�W�L�H�V�Z�L�W�K�S�D�U�D�E�R�O�L�F�S�R�W�H�Q�W�L�D�O�V�� �7�K�U�R�X�J�K�R�X�U�D�Q�D�O�\�V�L�V�� �Z�H�H�Y�D�O�X�D�W�H�W�K�H�V�W�D�E�L�O�L�W�\ �R�I �P�X�O�W�L�S�O�H�K�L�J�K���R�U�G�H�U
�/�%�V�D�Q�G�F�D�W�H�J�R�U�L�]�H�W�K�H�P���%�\ �S�U�R�M�H�F�W�L�Q�J�W�K�H�/�%�V�L�Q�W�R�O�L�Q�H�D�U�W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�H�L�J�H�Q�P�R�G�H�V���Z�H�W�U�D�F�H�W�K�H�R�U�L�J�L�Q�R�I
�W�K�H���K�L�J�K���R�U�G�H�U���/ �%�V���W�R���W�K�H�L�U���F�R�U�U�H�V�S�R�Q�G�L�Q�J���K�L�J�K���R�U�G�H�U���P�R�G�H�V��

�: �H �D�F�N�Q�R�Z�O�H�G�J�H �W�K�H �I�L�Q�D�Q�F�L�D�O�V�X�S�S�R�U�W�R�I �W�K�H �(�X�U�R�S�H�D�Q �5�H�V�H�D�U�F�K �&�R�X�Q�F�L�O������������������ �0�L�Q�L�V�W�H�U�R
�G�H�O�O�
�,�V�W�U�X�]�L�R�Q�H�� �G�H�O�O�
�8�Q�L�Y�H�U�V�L�W�j �H�G�H�O�O�D�5�L�F�H�U�F�D���5�����6�3�%������������ �0�D�U�L�H�6�N�O�R�G�R�Z�V�N�D���&�X�U�L�H�$�F�W�L�R�Q�V����������������������
���������������������� �*�U�D�Q�W�3�,�' �����������������������1�%���&���� �0�&�,�1���$�(�,�� ������������������������������������������ �D�Q�G�³�(�5�' �) �$ �Z�D�\ �R�I
�P�D�N�L�Q�J �(�X�U�R�S�H���� �D�Q�G �6�D�S�L�H�Q�]�D �8�Q�L�Y�H�U�V�L�W�\ ���$�Y�Y�L�R �D�O�O�D �5�L�F�H�U�F�D �*�U�D�Q�W�V�� �$�5���������������(�' �������$����
�$�5���������������&�����' �(�%�%����

�5�H�I�H�U�H�Q�F�H�V
�������<�����6�L�O�E�H�U�E�H�U�J�����2�S�W�����/ �H�W�W��������������������������������������������
�������<�����9�����. �D�U�W�D�V�K�R�Y�����*�����(�����$�V�W�U�D�N�K�D�U�F�K�L�N�����%�����$�����0�D�O�R�P�H�G�����D�Q�G���/ �����7�R�U�Q�H�U�����1�D�W�����5�H�Y�����3�K�\�V������������������������������
�������&�����0�L�O�L�i�Q�����<�����. �D�U�W�D�V�K�R�Y�����D�Q�G���/ �����7�R�U�Q�H�U�����3�K�\�V�����5�H�Y�����/ �H�W�W������������������������������������������
�������2�����9�����6�K�W�\�U�L�Q�D�����0�����3�����)�H�G�R�U�X�N�����<�����6�����. �L�Y�V�K�D�U�����D�Q�G���6�����. �����7�X�U�L�W�V�\�Q�����3�K�\�V�����5�H�Y�����$������������������������������������
�������9�����/ �����. �D�O�D�V�K�Q�L�N�R�Y���D�Q�G���6�����: �D�E�Q�L�W�]�����/ �D�V�H�U���3�K�\�V�����/ �H�W�W������������������������������������
�������$�����. �����7�X�V�Q�L�Q�����$�����0�����7�L�N�D�Q�����D�Q�G���7�����-�����. �L�S�S�H�Q�E�H�U�J�����3�K�\�V�����5�H�Y�����$����������������������������������������
�������1�����(�Q�J�O�H�E�H�U�W�����1�����*�R�O�G�P�D�Q�����0�����(�U�N�L�Q�W�D�O�R�����1�����0�R�V�W�D�D�Q�����6�����3�����*�R�U�]�D�����)�����/ �H�R�����D�Q�G���-�����)�D�W�R�P�H�����D�U�; �L�Y������������������������������������
�����<���6�X�Q���3���3�D�U�U�D���5�L�Y�D�V���0���)�H�U�U�D�U�R���)���0�D�Q�J�L�Q�L���0���=�L�W�H�O�O�L���5���-�D�X�E�H�U�W�H�D�X���)���5���7�D�O�H�Q�W�L���D�Q�G�6���: �D�E�Q�L�W�]���2�S�W���/ �H�W�W����������������
������������
�����<���6�X�Q���3���3�D�U�U�D���5�L�Y�D�V���&���0�L�O�L�i�Q���<���9���. �D�U�W�D�V�K�R�Y���0���)�H�U�U�D�U�R���)���0�D�Q�J�L�Q�L���0���=�L�W�H�O�O�L���5���-�D�X�E�H�U�W�H�D�X���)���5���7�D�O�H�Q�W�L���D�Q�G�6��
�: �D�E�Q�L�W�]�����D�U�; �L�Y��������������������������������������
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Review of patch antennas for wireless applications using ink-jet printing technique 
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Abstract: This study focused on a double-stacked array antenna with patch elements disposed linearly and 
circularly. Using the inkjet printing method, the single patch antenna was created for the 5 GHz band. The goal is 
to print conductive silver ink on a thin Kapton film to produce microstrip lines. High-impact polyester (HIPS) is 
utilized as a substrate to secure the Kapton layers, which increases the impedance matching bandwidth while also 
enhancing mechanical stability. 
 
Antenna design: 

Fig. 1 shows the suggested method for introducing a double-stacked patch antenna that is described in [1]. 
Although this technique increases overall thickness, it improves antenna bandwidth in terms of impedance 
matching, which makes it worthwhile to use. As per the manufacturer [2], the electric constant of the HIPS and 
Kapton substrates are 2.4 and 3.4 respectively. 

 
 
 
 
 
 
 

Fig. 1) Stacked patch antenna configuration a) Perspective view, b) side view of the antenna including ground plane, 

conductive ink, Kapton and HIPS substrate, c) front view of the bottom layer and d) top layer, e) manufactured antenna. 

 

In a subsequent step, the idea of designing a stacked linear array antenna was discussed based on the proposed 
design principles. The proposed antenna's ultimate design is displayed in Fig. 2. As shown in this figure, the first 
layer includes the feeding network, which is intended to excite eight radiating patches. In order to obtain a compact 
design and enhance the impedance matching, double quarter-wavelength (�ã �v�¤ ) transmission lines with a corner-
cut T-junction power divider were used in each step of this feeding network.  

 
 
 
 
 
 

Fig. 2) Front view of the stacked linear array antenna including the a) bottom and the b) top layers. 



So far, the concept of a directional stacked antenna design employing a combination of the ink-jet printing 
method to put the silver conductive ink on Kapton films and the 3D printing method to manufacture the HIPS has 
been presented. This approach has a lot of potential, so it might be expanded to include more complex structures. 
An example is the omnidirectional antenna design, which is covered in more detail in this section.  

It has always been fascinating to think of conformal array antennas as small, inexpensive structures. The 
orientation of the elements, as the primary distinction between conformal and linear array antennas, makes it 
feasible to obtain an omnidirectional radiation pattern in the azimuth plane with this arrangement of the radiating 
elements. The formulation for an N-faced prism is taken from [3] and is as follows: 
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Where �'�,�&�Ô�å�å�Ô�ì�:�à�á�Î �; shows the conformal array antenna's radiated E-field, �'�,�&�á�:�à�á�Î �;, �+�á, and �=�á represent, 

respectively, the radiated E-field, feeding amplitude, and phase of the nth single radiating element and �N is the 
radius of the circle, which also points to the distance between the center of the circle and the center of each element. 
Accordingly, an initial idea of presenting a conformal array antenna by bending the concept that is presented in 
Fig. 2 based on designing a linearly stacked array antenna with eight elements has been shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 

Fig. 3) Stacked conformal array configuration. a) front view, b) perspective view of the top layer and c) perspective view of 

the bottom layer.  
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Stereolithography to generate OAM waves using dielectrics. 
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Abstract: Metal prototypes has always played an important role, with low tolerances and fulfilling the high 
standards of investigation [1]. 3-D printing is emerging as an alternative with technologies such as 
stereolithography. In this work it will be seen the application of this technique in the fabrication of dielectric 
transmitarrays (TA) with the capability of producing orbital angular momentum waves (OAM).  
 
Summary:  
Orbital angular momentum waves were proposed by Allen et al [2] in 1992. This type of wave has different 
modes, which are orthogonal one to another when the mode differs. Since then, the generation of this modes 
have been pursued, being the multimodal generation the principal target. Many ways of creation have been 
achieved in previous years using high-cost systems as multi-arrays antennas or monolithic metallic prototypes 
[3]. Stereolithography emerged as a solution to create 3D printed devices in dielectric with the capability of 
generate OAM.  
 
Stereolithography (SLA) emerged during the 1970s as a system that can build 3D objects by two intersecting 
radiation beams through both photochemically cross-linking or degrading polymers [4]. The process begins with 
an STL file, by slicing it the 3D model is converted to 2D slices that contain the information needed to generate 
each layer. The fundament of this process is the curing reaction of resins; the reaction is initiated by supplying 
the energy of UV light and it occurred two stages during the curing: gelation and vitrification [5]. The gelation is 
a transition between the liquid resin to a rubber state. Then, the vitrification occurred, being a thermo-reversible 
process that leads to the transition from rubber to a glassy solid resin [6].  
 
The choice of this technique to our problem is not trivial. After a careful design studying the phase shift 
introduce by each part of the cell, the unit cell presented in Fig.1 is developed: 
 
 
 
 
 
 
 
 
   
 

Fig.1 Front (left), perspective (center) and side (right) view of the unit cell proposed. 



While the dimension �&���F�D�Q���Y�D�U�\���I�U�R�P������42mm to 4.38mm (to introduce different phase shifts)�����G�L�P�H�Q�V�L�R�Q�V���&�����W�R��
�&���� �D�U�H�� �I�L�[�Hd, being its function to adapt the impedance to the dielectric. The goal was to obtain four different 

phase shifts in order to have a 2-bit configuration. With this unit cell we create a transmitarray (40x40) which has the 

ability to generate OAMs. Our choice of material was the Grey V4 with a permittivity of Er = 2,6. 

 

Once the final design is decided and the STL file is generated, it is used the Formlabs 3 [7] to 3D print our model. The 

�W�R�O�H�U�D�Q�F�H���R�I���R�X�U���S�U�L�Q�W�L�Q�J���L�V���D�E�R�X�W���������P (XY plane) and the layer thickness is about 50��m. This kind of machine use 

low force stereolithography. In this type of SLA, the printer uses a flexible film which bows gradually as the part is 

lowered, reducing the pressure in the overall system. It is important to set a correct arrangement of supports depending 

on the type of geometry we have. For example, if the structure has gaps or non-bulky parts, it is needed to correct the 

possible deviations of the printing. When the printing is done, a post-processing must be carried out, depending on the 

material used. First of all, the prototype must be washed to remove any resin residues. Then, the cured occurred, 

leaving it the time needed to entangle the polymer. Some pictures of final results can be seen in Fig.2. We expect to 

obtain a flat TA with the capability of generate a certain OAM mode.  
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Fig.2. Several OAMs lenses (left). Formlabs 3 (middle) and curing machine (right) 
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Antennas, EM and Smart Sensing
Technologies for Biomedical and
Healthcare Applications
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Abstract: This paper aims to study how to improve occupational health and safety conditions in the healthcare 
environment; in particular we will focus on a systematic evaluation of the exposure to the variable magnetic field 
produced during a transcranial magnetic stimulation (TMS) treatment. Four exposure conditions are provided 
based on two virtual human body models, in the case of a circular coil applicator. Results of the induced electric 
field inside the human body models show that in some cases exposure limits are exceeded and lead us to possible 
safety suggestions. 
Intr oduction 
The study began by carefully reviewing real exposure scenarios of clinicians, as the reference material used is 
company user manuals, websites, papers, and measurement campaigns1. We collected approximately 70 images 
of these scenarios to identify all the possible positions assumed by clinicians during TMS treatments. 
Furthermore, since the coil must be held in place in proximity of the patient's head, the operator often uses hands 
to hold it during treatment. This can potentially introduce critical issues with operator�¶s limb exposure that were 
confirmed by some results obtained in a previous study1,2. To reduce these local risks, a dosimetric approach to 
provide useful suggestions is carried out, as no technical standard devices are currently available for TMS.  
Models and methods 
As a source model, it is considered a circular coil model 9784-00 of Magstim powered with Magstim2001 and 
BiStim system; at the maximum stimulator output (100%MSO) the two systems deliver current pulses 
assimilated to pure sinusoids at equivalent frequencies of 3 kHz (5.6 kA) and 1 kHz (9.7 kA), respectively. The 
Human models used to reproduce the operator, are two posable versions of the male models, called Duke 
(34-year-old, 1.77 m, 70.2 kg) and Jeduk (33-year-old, 1.62 m, 64.5 kg), both members of the Virtual Population 
(ViP., v.3.0)3. Concerning the exposure scenario, in order to conduct a local analysis of the exposure of the 
clinician�¶�V�� �K�D�Q�G�V, two different way of gripping the coil are considered for each human model. For Duke, the 
clinician is assumed to hold the coil with one hand (right and left are assessed separately) with two different 
ways of gripping (defined as Closed and Open). For Jeduk model, a more realistic conditions are evaluated, with 
both hands involved in the exposure, as well as two different holding modes (related to the orientation of the 
right hand and named defined as �³Alfa�  ́and �³Beta� )́. Finally, the 99th percentile of the induced electric (E-) field 
in the human model was assessed by comparing it with the limit  of ICNIRP 20104 guidelines (i.e., 1.13 V/m for 
these frequencies).  
Results 
First, we have evaluated the local maps of the induced E-field due to the TMS exposure of the hands, 
considering the four conditions described before (Figure 1). 



 

Figure 1. E-field maps: (a) Duke right Closed hand, (b) Duke left Open hand, (c) Jeduk Alfa with coil handle perpendicular 

to the body surface, and (d) Jeduk Beta with the handle parallel to the body surface. 

These distributions of the E-field show how, in all the cases, a large portion of the hand exceeds the limit 
confirming the criticality of the proximity in use of the device. The extent of the exposure becomes clearer by 
analyzing the 99th percentiles of the E-field evaluated in the hand and forearm, as reported in Table I. 

Table 1. 99th percentiles of induced E-field (V/m) 
 

Discussions 
For all the exposure conditions here considered, the circular coil causes an induced E-field that exceeds the 
suggested limits, also considering the lowest level of MSO used in practice in clinics (30% MSO). Excluding the 
implausible 100%MSO5, the percentage variation respect the limits ranges between +164.6% up to +1790%. 
These results indicate the need to explore new method for shielding the hand by using for example a dedicated 
glove. In conclusion, we demonstrate how, risk assessment in healthcare workplace can be effectively 
approached using computational methods with ultimate goal to identify possible flaw of knowledge and 
suggesting new protocol for assessing exposure to devices such as TMS, which currently lack standardizations. 
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 Duke Jeduk 
 Closed Open Alfa Beta 

Hand right left right left  right left  

70% MSO 21.36 15.17 7.33 15.88 6.97 21.67 
50% MSO 15.26 10.84 5.23 11.34 4.98 15.48 

30% MSO 9.15 6.50 3.14 6.81 2.99 9.29 
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Abstract: A novel microwave medical sensing method is proposed for fast stroke classification and localization, 
which utilizes space division of the region under examination (i.e., the head). The space division is enabled by 
the generalized scattering matrix theory and incorporates the brain anatomy. Then a novel decision tree learning 
method is proposed, which facilitates efficient stroke feature identification for classification. The classification 
accuracy and localization efficiency are shown to be greatly improved compared to the traditional method.  

In microwave medical sensing (MMS), signals scattered from a region under examination (RUE) such as the 
hu�P�D�Q�� �K�H�D�G�� �D�U�H�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �5�8�(�¶s geometric shape, internal structure, and electromagnetic properties. A 
wearable MMS system is shown in Fig. 1(a). The RUE structure is often highly complex, and it is difficult to 
characterize the spatial property of an anomaly without reconstructing the image. To solve this problem, we 
propose a novel space-division-based stroke classification and localization method. As shown in Fig. 1(b), the 
RUE is an enclosed area A, whereas the receiving antennas are outside A. Assume that there is an anomaly in the 
RUE; this feature will influence the electromagnetic responses at the receiving antennas. According to medical 
knowledge and anatomical structure, RUE is divided into multiple subareas by spatial partitioning. The 
generalized scattering matrix (GSM) theory is utilized to conduct an electromagnetic analysis on the space 
division, merging some of the subareas. The merging aims to ensure that the electromagnetic responses of 
different subareas are independent of each other. Thus, any anomaly present in a certain subarea will introduce 
highly location-selective signatures. Subsequently, if the RUE A is divided into several subareas, A = {A1, �«����
Ai�����«����AI} . Each subarea separately satisfies the electromagnetic independence requirement based on GSM [1]. 
When an anomaly occurs in a certain Ai, this feature will produce a specific electromagnetic response. Based on 
this response, we can obtain the location information of the disease.  

 
Fig. 1. (a) Architecture of the proposed system. (b) Pictorial illustration of the space-division-based method. 

For each Ai, a stroke incidence probability �.i is assigned according to expert knowledge, where the risk set of 
A is �. = { �.1, ..., �.i, ..., �.I} . Without loss of generality, let us assume that the subareas are sorted in risk so that A1 

has the highest risk in A and �.1 �•���.2 �• �«���•���.I. We now proceed to construct a decision-tree-based classifier. The 
criterion for decision-making is the incidence probability, where the highest-risk subarea should be selected. 



Thus we first check A1 for stroke classification. In this case, the root node has two branches, which are { A1} and 
{ A2, ..., Ai, ..., AI}. If the stroke area is not in A1, we would continue to the subarea with the second highest 
incidence probability A2. As such, the detection sequence is obtained based on the incidence risks. Next, as there 
are two types of stroke, intracranial haemorrhage (ICH) and ischemic strok (IS). Linear discriminant analysis is 
utilized to distinguish ICH from IS due to its efficiency.  

 
Fig. 2. (a) Brain structure and space division. (b) Head-mimicking phantom. (c) Wearable antenna array. 

The brain area is divided into five subareas based on GSM and brain anatomy: basal ganglia region (BGR) 
A1, left forebrain A2, right forebrain A3, left hindbrain A4, right hindbrain A5, as shown in Fig. 2(a). Then we 
define the incidence probabilities of these subareas as �.1 = 46%, �.2 = 20%, �.3 = 20%, �.4 = 7%, �.5 = 7% [2]. The 
disease area is randomly introduced to these subareas according to their corresponding incidence probabilities. 
Half of the manufactured human brain is shown in Fig. 2(b), and the experimental system setup with the 
wearable antenna array is shown in Fig. 2(c).  

 
Fig. 3. (a) Simulation and (b) experimental results for proposed and traditional methods. 

There are 1000 and 200 groups of simulation and experimental results in the database, respectively, and half 
of those are IS and the other half are ICH. The training set accounts for 70% of the database, whereas the test set 
accounts for 30%. For the classification performance, the receiver operating characteristic (ROC) curves of the 
proposed and traditional methods are shown in Fig. 3. For simulation results, the areas under the curve (AUCs) 
for the proposed and traditional methods are 0.97 and 0.85, respectively, which exhibits a 14.1% performance 
improvement. The localization accuracy of the proposed method is 94.2%. For experimental results, the AUC for 
the proposed and traditional methods are 0.93 and 0.78, respectively, which exhibits a 19.2% performance 
improvement. The localization accuracy of the proposed method is 90.5%. In addition, due to the decision tree 
learning method, the diagnosis time is significantly reduced, with a 21.1% efficiency improvement.  
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Abstract: Reconfigurable Reflecting Intelligent Surfaces represent a valid solution for future 6G 
communications but face practical implementation challenges such as limited tuning range of diodes and losses 
caused by their presence. The paper focuses on the impact of diode series resistor on RIS performance, 
highlighting the importance of minimizing losses.  

 
In recent years, Reflecting Intelligent Surfaces (RISs) have become a highly investigated solution 
for wireless communication systems [1]. The concept behind RISs is to manipulate the phase and 
amplitude of incident signals by adjusting the impedance of the surface [2], [3]. This can be 
achieved by using reconfigurable RISs, which allow for dynamic changes to the impedance and 
reflectivity in real-time [4], [5]. 
The reconfigurable nature of RISs brings numerous benefits to wireless communication systems, 
such as improved spectral efficiency, increased coverage, and reduced interference [6]. There are 
various methods to achieve reconfigurability in RISs, including using Varactor Diodes [7]�±[9], PIN 
Diodes [10], [11], and MEMS [12]. 
By applying a varying bias voltage to varactor diodes, the impedance of the surface can be adjusted, 
resulting in a range of reflection coefficients for incident signals. However, there are also 
challenges associated with reconfigurable RISs. One of these challenges is the limited tuning range 
of varactor diodes, which restricts the range of impedances that can be realized by the RIS [13]. 
Additionally, the high series resistance of the diodes can result in substantial reflection losses, 
which can negatively impact the overall performance of the RIS.  
In addition to losses caused by the presence of diodes, there are other factors that affect the 
efficiency of Reflecting Intelligent Surfaces (RISs). For example, the use of materials such as 
glass-reinforced epoxy laminate (FR4), which are cost-effective but also have high loss properties, 
can result in losses. Furthermore, the flow of current on imperfect conductors and losses in the 
active components can lead to ohmic losses. Minimizing the effect of these losses is critical, and it 
has been found that a small periodicity of the lattice is an effective way to achieve this [14]. In fact, 
designing the pattern with a small period not only reduces losses but also leads to a wider 
bandwidth for the RIS, thus improving its overall performance [15], [16] 
Studies in the literature have investigated the behavior of varactor diodes, the key components of 
RISs, at microwave frequencies. However, it has been discovered that the actual resistor value of 
the diodes is significantly different from the one specified in the data sheet, and the series resistance 
is often much higher than expected [17]. Given these findings, it is critical to assess the reflection 
losses of RISs when the series resistor exceeds 2 ohms. 
This paper aims to provide a comprehensive evaluation of the reflection losses of RISs, focusing on 
the impact of the diode series resistor on the performance of the RIS. 
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Abstract: In this communication, the results of a preliminary analysis on the possibility to use a curved passive 
smart electromagnetic skin working at millimeter waves to be mounted on street light or stop light poles are 
presented. In particular, the radiation properties of the curved surface are studied and compared with those of a 
planar solution, taking also into account the visual impact and the possibility to rotate the surface around the 
supporting pole.  
 

 
The need for the next generation of communication systems to provide huge data rates with very low latency, 

ubiquitous mobile ultra-broadband connectivity, seamless coverage, and reduced power consumption pushed the 
research interest to find new solutions to satisfy these requirements. If, on one side, the use of the mm-wave 
frequencies presents several advantages, on the other, the larger attenuation and stronger interaction with obstacles 
along the propagation path can cause a degradation of the services in those regions that are not in the line-of-sight 
of the base station antennas. To limit their spread, Smart Electromagnetic Skins (SESs) can be introduced in the 
environment in which the propagation occurs [1-2]. They are very thin surfaces, consisting of many elements with 
resonant or subwavelength size, able to provide anomalous reflections. Depending on the scenario in which they 
are introduced, they could be passive structures [3], but, if necessary, they could also include active elements to 
provide coverage reconfigurability [4]. Usually, SESs are assumed planar to be integrated on walls of buildings. 
However, this solution is not always feasible, as for example, in historical city centers or on buildings with plenty 
of windows. Thus, other supporting structures must be used, such as the street light or the stop light poles (see the 
scheme in Fig. 1a). For the latter cases, the use of a curved instead of a planar reflecting surface seems convenient 
to reduce its visual impact and allow the SES to be illuminated by the field arriving from different base stations. 

 

      
 (a) (b) 

Figure 1: (a) Example of the considered environment, where the SES is used to 
cover blind zones for the base station antenna. (b) Top and side view of the SES. 

 
To assess the feasibility and the performance of a curved SES, a configuration as the one shown in Fig. 1b, 



designed to be mounted on a light pole with a diameter of 240 mm and protected by a radome concentric to the 
pole, with a diameter of 300 mm, is considered. Note that in the present analysis the effect of the radome on the 
performance of the SES is assumed negligible, but it is used to have an indication of the size of the reflecting 
surface that can be introduced between it and the pole. 

 Even if SESs can be realized either with resonant or sub-wavelength unit-cells, here the first choice is adopted. 
Moreover, since the required bandwidth is less than 10%, a simple re-radiating element is selected, i.e., a square 
patch printed on a single layer of Dicald527, with thickness h = 0.8 mm, relative dielectric constant �B�p
L �t�ä�w�w 
and losses characterized by �–�ƒ�•�A
L �r�ä�r�s�y. The unit-cell has a size equal to �I �t�¤  at the upper bound of the 
considered frequency range f = 27.5 GHz. The surface, that has size of 300 mm �u 340 mm, is therefore discretized 
with 55�u62 elements. 

The performance of the curved SES is compared with that of two different planar reflecting surfaces with the 
same height of the curved one. The first one has a width of 180 mm to stay between the pole and the radome. The 
width of the second configuration is instead fixed in such a way that the reflected main beam has the same HPBW 
of the curved SES, and it is equal to 266 mm. In Fig. 2a the top and side views of the two planar SESs are shown. 
The three configurations are designed to provide a reflection in the direction (�à�å 
L �s�s�r�Ü�á�î �å 
L �u�r�Ü) with respect 
to the coordinate system indicated in Fig. 2a, when an incident plane wave is impinging on the surface with angles 
(�à�Ü�á�Ö
L �{�r�Ü�á�î �Ü�á�Ö
L 
F�t�r�Ü) and then their radar cross section (RCS) is evaluated. The obtained patterns in the 
plane �à�å 
L �s�s�r�Ü are plotted in Fig. 2b. It is worth noting that the curved SES has a maximum RCS comparable 
to that of the larger planar SES, which however is too large to stay behind the radome. 

          
 (a) (b) 

Figure 2: (a) Top and side view of the planar SESs. (b) Evaluated RCS in the �à�å 
L �s�s�r�Ü plane. 
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Abstract

Antennas and Electromagnetic Þeld Processing Devices
(EPD) are discussed, considering their role in the OSI stack
of the next generations of personal communication systems.
The physical layer is divided into two layers, the ÔSurface
Physical LayerÕ, which will be called simply the Physical
Layer (PL), and the ÔDeep Physical LayerÕ (DPL). Accord-
ing to this Ôextended OSIÕ model, antennas are Ôcross-layerÕ
devices, while EPDs are Ôsignal processingÕ devices operat-
ing at the DPL, wherein the ÔsignalÕ is the electromagnetic
Þeld conÞguration.

1. Introduction

The challenging objectives of the next generation of per-
sonal communication systems require extremely aggressive
use of the communication channel with active control of it.
In this new vision, the communication channel becomes a
resource that can be dynamically optimized, with a great
impact on the performance of the communication system.
Radiating systems interact intelligently with the environ-
ment, playing an active role in the communication system.

The starting point of the analysis carried out in this pre-
sentation is to use a physical approach to information theory
[1] for the analysis of such structures. The basic idea is to
split the Physical Layer, introducing a layer below the phys-
ical layer, called the Deep Physical Layer, wherein infor-
mation is not yet an abstract quantity, but aphysicalquan-
tity, deÞned as the number of distinguishable conÞgurations
of the observable (in the speciÞc case the electromagnetic
Þeld) in the presence of noise at the receiver side [2].

This opens new challenges in the study of the physi-
cal processing of information in the communication chan-
nel and the analysis of the impact of these systems on the
communication process.

2. The Deep Physical Layer

The OSI model (Fig. 1) gives a complete view of the com-
munication process. In the OSI model the data stream is
divided into seven layers starting from the highest level, the
ÓapplicationÓ layer, down to the lowest level, the Óphysi-
cal layerÓ (PL), which describes the implementation of the
transmission of bits through the communication channel.
Each intermediate layer represents a conceptual Ôdisconti-
nuityÕ in the complex procedures required for communica-
tion.

!""#$%&'$()
#&*+,

-&'& .+'/(,01",(%+22
'(1&""#$%&'$()2

3,+2+)'&'$()
#&*+,

-&'& -&'&1,+",+2+)'&'$()
&)41+)%,$"'$()

5+22$()
#&*+,

-&'& 6)'+,)78(2'
%(99:)$%&'$()

;,&)2"(,'
#&*+,

5+<9+)'2 =)47'(7+)41%())+%'$()2
&)41,+#$&>$#$'*

?(
2'

1#
&

*+
,2

.+'/(,0
#&*+,

3&%0+'2 3&'814+'+,9$)&'$()2
&)4163

-&'&1#$)0 @,&9+2
A!B1&)41CCB

38*2$%&#1&%%+22

38*2$%&#
#&*+,

D$'2
A+4$&!"2$<)&#1&)4
>$)&,*1',&)29$22$()

-++"1"8*2$%&#
#&*+,

@$+#42
@$,2'1",$)%$"#+2
@$+#41%()E$<:,&'$()2

A
+

4$
&

1#
&

*+
,2

#&*+,
-+

+
"1

#&
*+

,

C&*+,1#

C&*+,1$

C&*+,1%

C&*+,1&

C&*+,1'

C&*+,1(

C&*+,1)

C&*+,1*

!)'+))&2

A
$%

,(
",

(%
+

22
(,

2

=3-2

5$<)&#1
",(%+22$)<
4+F$%+1

C&*+,

Figure 1: In the extended OSI layer, antennas are Ôcross
layerÕ devices, while RISs (Reßecting Intelligent Surfaces)
are special EPDs (Electromagnetic Þeld Processing De-
vices) able to perform signal processing at the Deep Physi-
cal Layer level

If we look at the physical layer, we can note that the
analysis of the communication process at this level is per-
formed using statistical models. This is a well-established
approach, routinely applied by the signal processing com-
munity with great success.

However, the Þrst step that any communication system
does before starting the communication is to identify the
channel state. In practice, this changes the perspective of
the communication systems from a statistical approach to
a deterministic approach, ÔobservingÕ the actual state of the
channel. This indicatedn that inside the physical layer, there
is a ÔconceptualÕ discontinuity.

Loosely speaking, in the physical layers two ÔworldsÕ
coexist. In a world, information is an abstract concept re-
lated to the Shannon mutual information. This is the world
of themathematicaltheory of information. However, there
is a further world where information is encoded in a phys-
ical observable, that obeys the rule of physics. Loosely
speaking, this is the world of thephysicaltheory of infor-
mation. Here, limitations are Þxed by the laws governing
our universe and hence are unbreakable.

All this suggests dividing the physical layer into two
parts, an upper part, the Òsurface physical layer,Ó which in
the following will be called simply the Physical Layer (PL)



Figure 2: A prictorial view of the roel of the antennas in
the extended OSI layer; antenna is the ÕgateÕ between the
Physical Layer (PL) and the Deep Physical Layer (DPL).
In this sense, antennas can be seen as Õcross-layerÕ devices.

for the sake of simplicity, and a lower part, the ÒDeep Phys-
ical LayerÓ (DPL) [1]. While in the upper part, information
is represented by abstract quantities, at the DPL, informa-
tion is associated with physical observables. In particular,
the amount of information is deÞned as the number of dis-
tinguishable electromagnetic Þeld conÞgurations on the re-
ceiver.

In this ÔextendedÕ OSI model the DPL is treated the
same way as the other layers of the stack. In particular, as
in the other layers, also in the DPL it is possible to do some
Ôsignal processingÕ to optimize the communication process
[4]. The only difference is that at the DPL the ÔsignalÕ is
the electromagnetic Þeld conÞguration, and the devices at
the DPL directly modify the electromagnetic Þeld conÞg-
uration. We will call these devices Electromagnetic Þeld
Processing Devices (EPDs) [3]..

3. The role of Antennas in the DPL

As discussed above EPDs directly modify the electromag-
netic Þeld conÞguration in the DPL. In this view, antennas
can be seen as quite special EPDs.

Indeed, the role of the antennas is to ÔconnectÕ the PL
with the DPL (Fig. 2). In this sense, they ÔtranslateÕ bits
in different electromagnetic Þeld conÞgurations and vice-
versa [4].

All this also suggests a bottom-up vision of the commu-
nication systems.

The DPL contains all the resources regarding
space/time/polarization degrees of freedom of the elec-
tromagnetic Þeld that the communication system can use
to encode information [1]. EPDs allow the maximization
of these resources by increasing the number of possible
distinguishable Þeld conÞgurations by the receiver.

The different distinguishable conÞgurations of the Þeld
must be converted into ÔbitsÕ to be processed by the layers
above the DPL. The antenna does this conversion.

As a consequence, while before the use of EPD the
propagation channel was the bottleneck, the use of EPD
shifts such a bottleneck toward the antennas. It is worth not-
ing that this view also suggests a Ôcross-layerÕ approach for

!"#

Figure 3: A pictorial view of an EPD; it consists of
an array of electromagnetic controllable scattering ele-
ments optimized to maximize the capacity of the wire-
less system. The DPL contains all the resources regarding
space/time/polarization degrees of freedom of the electro-
magnetic Þeld that the communication system can use to
encode information while EPDs allow the maximization of
these resources by increasing the number of possible dis-
tinguishable Þeld conÞgurations by the receiver, acting as
ÕlensesÕ for physical information.

antenna synthesis, in which the radiating system is designed
considering a double goal: controlling the distribution of
the radiated power density in the space and maximizing the
channel capacity [4].

4. The role of EPDs in the DPL

As noted above, the role of the EPD is to maximize the
resources the DPL makes available to the upper layers [3].

An EPD consists of several electronically controllable
scattering elements. The general architecture is similar to
the one used in the Reßecting Intelligent Surfaces (RIS) [5].
However, there are some differences.

The goal of EPDs is the maximization of the channel
capacity, and their synthesis is driven by information-based
goals [6]. The solution maximizes the number of MIMO
spatial subchannels [7], giving quite complex Þeld conÞg-
urations on the EPD. Instead, the main goal of the RIS is
extending the wireless connection to overcome the limita-
tions of the high-frequency communication systems, as in
5G FR2 or in the THz band that will be used in the next-
generation 6G communication systems. RIS is based on
reßection, allowing more classic synthesis methods to be
used.

Also, the Þeld of application of EPDs and RISs is dif-
ferent. RISs are highly effective in mmW and THz frequen-
cies, where their use at lower frequencies, where scattering
mitigates the coverage problems, is more attractive at the
lower frequencies, where increasing the MIMO spatial sub-
channels allow increasing the capacity balancing the nar-
rower bandwidth available, while is less appealing. at very
high frequencies, where extremely large bandwidth allows
very high bit rates.

EPDs and RISs share the use of controllable devices.
Indeed, EPDs can also be obtained as an array of RISs, i.e.,

2



of reßecting controllable surfaces [7] organized to maxi-
mize the capacity of the wireless system [3] (Fig. 3).

Loosely speaking, RIS devices give optimal Þeld pro-
cessing when Þeld conÞgurations have only one spatial de-
gree of freedom, [4]. More complex Þeld elaboration must
be carried out to maximize the channel capacity if more
than one degree of freedom is available.

5. Conclusions

Introducing the Deep Physical Layer in the OSI model al-
lows for quantifying the amount of information transmitted
by the communication systems in terms of electromagnetic
Þeld conÞgurations. Put simply, in the DPL,information is
physical.

In this model, the role of the antennas is to ÔconnectÕ the
upper layer of the physical layer with the DPL, ÕmappingÕ
bits in different conÞgurations of the electromagnetic Þeld
and vice-versa.

Processing at the DPL is made by devices called Elec-
tromagnetic Field Processing Devices (EPDs), which con-
sist of arrays of controllable reßecting devices organized to
maximize the capacity of the wireless system [3]. They act
as ÔlensesÕ instead of Ômirrors,Õ as in RIS devices, for infor-
mation.

A simple Óproof of conceptÓ of EPD is the ADAM ar-
chitecture, in which several controllable scattering elements
are placed in proximity of a MIMO antenna, obtaining a 6
bits local controllable environment [6]. Experiment tests
conÞrmed the effectiveness of the use of EPD. In particu-
lar, the prototype allowed almost half the transmitted power
without reducing the performance in terms of channel ca-
pacity, with a positive impact not only on the communica-
tion network, reducing energy consumption, but also on the
environment, lowering the level of the electromagnetic Þeld
[7]. The ADAM architecture is the starting point for de-
veloping new devices under investigation in the microwave
laboratory of Cassino University.
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Abstract: Measuring ultrafast, near-field waveforms on atomic length scales has remained an open challenge. 
Using a molecular switch as a local field sensor, we sample the temporal shape and strength of atomically 
confined light field transients. This allows us to quantitatively determine the instantaneous field strength in units 
of V/m with sub-cycle precision. 
  

Tailored nanostructures like antennas, nanoparticles and tips can confine and enhance electromagnetic 
waveforms in sub-wavelength volumes. Such nanoscale optical fields have revolutionized (bio)chemical and 
medical detection1, augmented photoenergy harvesting1, and allowed for femtosecond scanning tunneling 
microscopy (STM)2,3, with real-space resolution down to the sub-molecular level3. However, when light interacts 
with nanostructures, a complex interplay of plasmonic propagation, near-field screening, geometrical phase 
retardation and antenna enhancement determines the time-dependent near fields making an a priori prediction of 
local waveforms extremely challenging. Moreover, non-classical femtosecond dynamics such as tunneling has 
been predicted to shape local fields4. Far-field transients can be directly sampled in the time domain by 
electro-optic detection. In contrast, quantitative measurements of ultrafast atom-scale near fields have remained 
a major challenge. Since light-matter interaction crucially depends on the absolute strength of local fields as well 
as their temporal evolution, a parameter-free method to directly measure and calibrate atom-scale waveforms has 
been highly desirable.  

 

Fig. 1. a, A THz waveform is coupled into an STM junction where the ultrafast voltage applied by the near-field 
waveform is detected using a single-molecule switch (inset) as an atom-scale voltage gauge. b, A test transient, 
VNF(t), is superimposed with a gate waveform, Vgate(t), (pink curve) for different delay times, �W. Thereby, the 
field crest at the maximum of the interference sum samples the test waveform (blue curve). c, Calibration 
scheme. The switch�¶s reaction rate depends on the local THz-induced peak voltage (data points). Comparing the 
derivative of this error function (gray curve) with steady-state tunnel spectroscopy (green curve) gauges the 
THz-induced voltage quantitatively. 

 



We demonstrate a direct quantitative detection of atomic-scale near-field waveforms with femtosecond precision 
in a novel pump-probe sampling scheme5. A single-cycle pulse in the terahertz (THz) range of the 
electromagnetic spectrum is focused onto the •ngstršm-scale junction of an STM, where the light fields induce 
an ultrafast voltage2,3,5,6. The idea is to use the field crest of a second THz pulse as a sub-cycle gate. When we 
vary the delay time between the two pulses, the peak voltage of the interference transient directly traces the test 
waveform. Hence, we can stroboscopically resolve the time evolution of our test waveform, if we manage to 
measure the local instantaneous peak voltage. To this end, we employ a bistable molecule as a high-precision, 
atom-scale and quantitative voltage sensor and build on state-selective lightwave-driven STM3,7. Using the 
voltage-dependent switching rate of the molecular rotor, we directly sample the temporal shape and strength of 
atomically confined light-field transients quantified in units of volts5. The far-field waveform (Fig. 2a, red) 
focused on the STM junction differs markedly from the atomic near-field transient (data points). The 1/f-scaling 
of the field enhancement redshifts the central frequency and a clear phase shift can be observed. These and more 
subtle features of the transfer from the far field to the near field are reproduced by a classical numerical 
calculation (Fig. 2b). First principles TDDFT simulations8 corroborate assumptions made in our analysis and 
confirm that the instantaneous peak voltage can be extracted very accurately by our atomic-scale sensor. 

Our ultrafast, local sampling technique opens the doors to exploring the validity limits of classical 
nano-optics directly on sub-• and femtosecond scales. Moreover, this lays the foundation for calibrated 
simulations, which connect macroscopic light and •-scale waveforms. Moreover, atomically defined and 
calibrated waveforms can now be utilized to shed light on the dynamics of single molecules, atomic defects or 
novel quantum materials by means of ultrafast nanoscopy and spectroscopy. 
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Fig. 2. a, Far-field waveform coupled into the junction (red). Resulting tip-confined voltage transient (data points) 
and a scaled classical simulation of the near-field waveform (black curve). b, Transfer function for amplitude and 
phase determined experimentally and using a classical simulation. c, First principles TDDFT simulations8 of the 
dynamical Hartree potential. 
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In situ control and nanofocusing of extreme ultraviolet 
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Abstract: We integrate coherent short-wavelength high-order harmonics from a MgO crystal, with a 
nanostructured element etched onto the surface of the crystal itself, allowing us to control the emitted extreme 
ultraviolet light. Using this technique, we achieve focusing of the radiation down to 150 nm waist radius. Future 
developments may demonstrate nanoscale laser ablation and miniaturization of extreme ultraviolet coherent 
sources on a chip. 
 
Modern technology heavily relies on the processes occurring on a length scale of 10 nm. Addressing this length 
scale with light requires operating in the extreme ultraviolet (XUV) as dictated by the diffraction limit. Using the 
traditional, ex situ approach, where the XUV generation and control are separated, is complicated by the need of 
bulky and expensive equipment. 

 

Here we report on a different, in situ approach, with both generation and control of the XUV taking place in 
a single, chip-scale device. We fabricate a structure on the surface of a magnesium oxide crystal. When 
illuminated by the femtosecond laser, it emits coherent radiation in the extreme ultraviolet spectral range through 
a high harmonic generation process. The phase and amplitude profile, imprinted by the structure onto the 
generated light, leads to the rapid focusing of the latter with unprecedentedly high numerical aperture of 0.35, 
and to its eventual convergence down to a waist radius of 150 nm. 
 

In the future, shorter wavelength harmonics and higher numerical aperture structures will bring the size of 
focal spot achieved with our technique, down to the sub-100 nm scale. The unique combination of short 

 

 
Figure 1. (a) High-NA in situ focusing of XUV from a structured dielectric. (b) Knife-edge measurement of a waist size. 



wavelength, small focus and high intensity, inherent to the method, will enable many applications, such as direct 
laser nanostructuring and nonlinear imaging with chemical specificity, element-specific imaging, and 
photoelectron spectro-nanoscopy. 
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Abstract: The efficiency of any heat engine is bounded by the well-known Carnot efficiency. While achieving 
high efficiency is of interest for energy production, engines that operate close to the Carnot efficiency usually 
have vanishing power output. Operating at maximum power, however, leads to significantly degraded 
efficiencies, thus imposing a trade-off between power and efficiency. In this talk, we evaluate this trade-off for 
heat engines that exchange heat radiatively with a hot source, which includes thermophotovoltaic systems. 

 
Thermodynamic limits set the bounds for any heat engine operating between thermal sources. Particularly, the 
maximum efficiency of a heat engine that operates between a hot source and a cold bath is given by the Carnot 
limit [1]. Among heat engines, a peculiar example is given by radiative heat engines, which receive heat in the 
form of thermal radiation. One practical implementation of such engines is thermophotovoltaic systems, where a 
photovoltaic cell converts the thermal radiation emitted by a hot source into electricity. Thermophotovoltaics is a 
very active and promising research field, with many impressive results reported recently, both in terms of 
efficiency [2], [3] and power density [4]. Aside from solar radiation, thermophotovoltaics can convert heat from 
any other source, which results in a large applicability of this technology in waste-heat recovery. Therefore, it is 
becoming increasingly important to determine figures of merit in order to compare experimental results between 
each other, as well as to evaluate their performance relative to optimal configurations. 
 
We consider a hot emitter at temperature �6�Á and a cold bath at temperature! �6�¼ exchanging power through a heat 
engine in steady-state condition. The emitter and the converter exchange energy radiatively, while the converter 
is in thermal contact with the cold bath. We call �2�Á and �2�¾ the power densities emitted by the hot source and 
by the engine, respectively. The heat engine generates an output power density �9 , with an accompanying heat 
flux Q. The general system is schematically represented in Fig. 1 (a). 
!
We define a first figure of merit �é
L �9 �ê�6�Á

�8�¤  as the output power density normalized to the power density emitted 
by a blackbody emitter at temperature �6�Á, where �ê is the Stefan-Boltzmann constant. Meanwhile, the second 
figure of merit is the efficiency �ß
L �9 �:�2�Á 
F�2�¾�;�¤ , where the denominator accounts for the net heat drawn from 
the emitter. We aim at maximizing the �é for any given value of �ß, once �6�Á and �6�¼ are fixed, to estimate the 
maximum power output attainable when operating at a given conversion efficiency. 
 
In doing so, we derive three general thermodynamic bounds for radiative energy conversion (Fig. 1 (b)). The first 
is the absolute limit, corresponding to an isentropic conversion process and requiring an infinite number of engines 
connected non-reciprocally (analogous to the Landsberg limit for sunlight conversion [6]). This is indicated, in 
�)�L�J���� ���� ���E������ �D�V�� �³�1�R�Q�U�H�F�L�S�U�R�F�D�O�´�� The second is obtained by combining an infinite number of engines without 
breaking reciprocity (in analogy to what in solar energy conversion is called multicolor limit [7]), in Fig. 1(b) this 



�L�V�� �U�H�S�R�U�W�H�G�� �D�V�� �³�5�H�F�L�S�U�R�F�D�O�´. Finally, the third corresponds to the performance bounds using a single engine 
(endoreversible or blackbody limit for solar conversion [8])�����G�H�Q�R�W�H�G���D�V���³�%�O�D�F�N�E�R�G�\�´���L�Q���)�L�J�����������E��. We observe 
that the introduction of nonreciprocity leads to significantly higher upper bounds, while the difference between 
one engine and an infinite number of reciprocal engines is marginal. 
 

 
�)�L�J�X�U�H���������7�K�H�U�P�R�G�\�Q�D�P�L�F���O�L�P�L�W�V���R�I���U�D�G�L�D�W�L�Y�H���K�H�D�W���F�R�Q�Y�H�U�V�L�R�Q�����,�Q�����D�����D���V�F�K�H�P�D�W�L�F�V���R�I���D���U�D�G�L�D�W�L�Y�H���K�H�D�W���H�Q�J�L�Q�H���R�S�H�U�D�W�L�Q�J��

�E�H�W�Z�H�H�Q���W�Z�R���W�K�H�U�P�D�O���U�H�V�H�U�Y�R�L�U�V���L�V���G�H�S�L�F�W�H�G�������E�����7�K�H�U�P�R�G�\�Q�D�P�L�F���S�H�U�I�R�U�P�D�Q�F�H���E�R�X�Q�G�V���R�I���U�D�G�L�D�W�L�Y�H���H�Q�H�U�J�\���F�R�Q�Y�H�U�V�L�R�Q�����L�Q��

�W�H�U�P�V���R�I���W�K�H���P�D�[�L�P�X�P���S�R�Z�H�U���R�X�W�S�X�W���D�F�K�L�H�Y�D�E�O�H���I�R�U���D�Q�\���J�L�Y�H�Q���H�I�I�L�F�L�H�Q�F�\�����I�R�U���W�K�H���W�K�U�H�H���G�L�I�I�H�U�H�Q�W���H�Q�J�L�Q�H���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�����7�K�H��

�S�O�R�W�W�H�G���F�X�U�Y�H�V���D�U�H���F�D�O�F�X�O�D�W�H�G���I�R�U���6�Á 
L �x�r�r���� ���D�Q�G���6�¼
L �u�r�r���� �� 
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Abstract: In this work, Substrate Integrated Waveguide with a Dielectric Resonator Antenna is introduced in a 
more compact size to operate in the 4G bands for LTE Band 3 (1.8 GHz), LTE Band 7 (2.6 GHz) and covers 5G 
Band n77 (3.7 GHz). A U-shaped slot cut is introduced in order to produce multiple frequency of operation. 
Simulation is done using Ansys HFSS (High Frequency Structure Simulator) version 2019. Simulated 
impedance bandwidths are 21.51% (1.67- 2.07 GHz) at 1.8 GHz, 4.63% (2.53-2.65 GHz) at 2.6 GHz and 7.57% 
(3.56-3.84GHz) at 3.7 GHz and good radiation pattern performance were obtained. 
 

I.  Introduction  
A compact multiband antenna is favored in tod�D�\�¶�V���Z�L�U�H�O�H�V�V���F�R�P�P�X�Q�L�F�D�W�L�R�Q���H�U�D [1]. A multiband resonance 

can be obtained by the multiple slots [2] using Substrate Integrated Waveguide (SIW). In this paper, a 
rectangular Dielectric Resonator Antenna (DRA) excited by a U-shaped slot using Substrate Integrated 
Waveguide is proposed in this paper for 4G and 5G applications to have higher bandwidth and higher gain. 

 
II.  Research Methodology 

The 3D model view of a single port SIW fed DRA is shown in Fig. 1. A FR4 substrate with a permittivity of 
4.6, a loss tangent of 0.019 and with a thickness of 1.6 mm is used���� �$�� �'�5�$�¶�V�� �S�H�U�P�L�W�W�L�Y�L�W�\�� �R�I�� ������ �D�Q�G��a loss 
tangent of 0.0019 is used in this work. Its dimensions for 1.8 GHz are calculated in [1]. It is excited in respective 
mode by the U-shaped cut configuration, located in the top wall of SIW operating in TE10 mode. The SIW and 
microstrip transition design parameters are calculated from a conventional waveguide WR 430 in [3], [4], [5]. 

!
! ! ! ! ! ! ! !! ! ! ! (a)                                    (b)                               (c) 

Fig. 1 Single port SIW with a DRA geometry (a) Overall 3D view (b) Top view (c) Back view 
 

Table 1 Optimised design parameters 

Parameter sa sb sc sd x1 y1 z1 x2 y2 lf  lt  wf wt sw 

Value (mm) 64 56 85 1.6 40 40 21 0 -2 10 19 2.95 20 7 

               

Parameter sl2 sw2 sx sl sy d p a1 a2 a3 a4 Weq Wsiw 

Value (mm) 20 6 0 23 -2 4 8 6 10 12 2 52 56  



 
III.  Result and Discussion 

The simulated results of the proposed antenna are discussed. The simulated impedance bandwidths are 
21.51% (1.67-2.07 GHz) at 1.8 GHz, 4.63% (2.53-2.65 GHz) at 2.6 GHz and 7.57% (3.56-3.84 GHz) at 3.7 GHz, 
as shown in Fig. 2(a). Less than -22 dB of return loss is found within the bands of interest. Simulated normalised 
radiation patterns of E-plane and H-plane for each frequency is depicted in Figs. 2(b), 2(c) and 2(d). 

    
                (a)                           (b)                (c)                (d) 
Fig. 2 Simulated antenna performance (a) return loss (b) normalised radiation patterns at 1.8 GHz (c) 
normalised radiation patterns at 2.6 GHz (d) normalised radiation patterns at 3.7 GHz 
 
IV.  Conclusion 
A multiband SIW singly fed with a DRA and a U-shaped cut is presented in this paper. The antenna exhibits 
good characteristics where impedance bandwidths are 21.51% at 1.8 GHz, 4.63% at 2.6 GHz and 7.57% at 3.7 
GHz. More than 4.5 dBi of gain and at least 74% of antenna efficiency are found within the bands of interest. 
The proposed antenna can be a good candidate for 4G and 5G applications. 
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Abstract: Recent study reveals an application of dual bandpass (BP) type negative group delay (NGD) circuit 
for beam steering antenna array (BSAA) design. The innovative BSAA is based on frequency independent 
microwave phase shifter. The operation principle in function of the BP-NGD center frequency and bandwidth is 
described. An illustrative recent result showing simultaneous steering in two different directions by means of 
NGD value in dual-band frequency is reviewed. The proposed dual BP-NGD microwave function is particularly 
useful in the future for 5G and 6G communication system.  
 
1. Introduction of BP-NGD description for microwave signal synchronization 

An unfamiliar electronic circuit susceptible to operate with NGD effect was investigated [1]. Thanks to the 
behavioral analogy with filter theory, a BP type NGD microwave function was identified [1]. The NGD can be 
analytically understood by means of GD definition from f-frequency dependent transmission coefficient S21 
associated to PS expression �¥(f)= arg[S21(jf )]: 
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The outstanding BP-NGD circuit can be used to synchronize microwave signals for 5G communication 
system [2]. The proposed dual BP-NGD can be potentially employed for WSN Tx-Rx system performance 
improvement owing to the principle illustrated by Fig. 1. In this scenario, a tri-band NGD circuit having center 
frequency and bandwidth (fk,�ûfk)k={1,2,3}  is expected to synchronize signals transmitted by WSk by reducing 
propagation from distance dk.  

 

Fig. 1: Illustrative Tx-Rx multi-WSN scenario of synchronization by using BP-NGD circuit [2]. 

By assuming that ( [ / 2]) 0k kGD f f f� • � r � ' � �, the following equation explains how the synchronization can be 

performed: 



/ ( )k k kt d velocity GD f�  � �                            (2) 

2. BSAA design principle with dual BP-NGD frequency independent PS 
The unfamiliar BP-NGD circuit was also used for frequency independent PS design [3-4]. We remind that the 
classical BSAA operating through bandwidths B1 and B2 at two frequencies f1 and f2 which are associated to PS 
values �¥1=�¥(f1) and �¥2=�¥(f2), respectively, can be represented by Fig. 2(a). The BP-NGD PS was recently 
exploited to design BSAA with outstanding control of radiation center frequencies and bandwidths as illustrated 
by Fig. 2(b) [5].  

 

Fig. 2: Illustration of (a) classical and (b) dual band NGD BSAA [5]. 
The BSAA BP-NGD design principle of the multi-beam phased array is described. The design feasibility is 

illustrated with dual BP-NGD circuit. A proof-of-concept (PoC) of BP-NGD circuit is simulated and analyzed. 
Based on the PoC, simulations with separate beam steering positions at different frequencies are also analyzed. 
The innovative SBAA behavior is discussed.  
3. Conclusion 

An innovative application of dual BP-NGD circuit for BSAA design is reviewed. After description of 
BP-NGD unfamiliar microwave function, the design principle is illustrated. Simulations with dual BP-NGD PoC 
explain the feasibility of the SBAA design. The developed concept is useful in the future for designing 
SAA-NGD system of innovative multi-beam antenna for the improvement of RF and microwave system.  
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Abstract 

The design of a pod-mounted transmitter is subject to 
specific radiation pattern constrains, to be fulfilled in a 
strongly limited volume. The step-by-step definition of the 
antenna is described. 

1. Introduction  

The antenna will be housed in a pod of internal diameter 
250 mm and protected by a radome to be optimized 
separately. The antenna to be designed has to cope with 
radiation pattern requirements as indicated below:  
 

Table 1: Radiation pattern requirements. 
Frequency 

band 
(GHz) 

Beamwidth 
horizontal 

Beamwidth 
vertical 

Gain 
(dBi) 

Near 
SLL 
(dB) 

Far 
SLL 
(dB) 

8.5-9.6 <10¡ >30¡ >20 <-15 <-25 
 

The horizontal beam width requires the width of the antenna 
to be close to the pod diameter. A further requirement is the 
capability of the main beam to be mechanically scanned 
from the axis of the pod up to at least 40¡ laterally, which 
adds a constrain to the length of the antenna, see figure 1. 
Due to power handling capability, the antenna has to be fed 
by a waveguide, chosen to be flexible to avoid rotary joint 
issues. 
 
First, in terms of antenna selection, a pyramidal horn of 
thickness smaller than width �±close to a sectoral horn- 
appears to approach the radiation pattern requirements [1]. 
Nevertheless, the criteria of quasi-plane wave front at the 
�D�S�H�U�W�X�U�H�� �G�R�H�V�Q�¶�W�� �D�S�S�H�D�U�� �D�F�K�L�H�Y�D�E�O�H�� �Z�L�W�K�R�X�W�� �D�� �O�H�Q�J�W�K�� �R�I�� �W�K�H��
horn prohibiting wide enough angular scan, see (figure 1a) 
[1]. Therefore, compensating the spherical wave front of a 
reduced length horn through a plano-convex dielectric lens 
was selected [2]. Secondly, since mechanical scan remained 
still insufficient (figure 1b), the next improvement was to 
add a dielectric prism to deflect the main beam out of the 
plane of symmetry of the horn (figure 1c). Numerical 
simulations with a 3D electromagnetic commercially 
available code implementing Finite Integration Method with 
the Perfect Boundary Approximation were performed. 

!
!

a- Long horn 
!
!
!

b- Lens compensated 
     short horn 

!
!
!

c- Prism deflected Beam 
 

 

Figure 2 : Principles for mitigating the size limited angular 
scan (radome not shown) 

This article presents the different steps to achieve an 
antenna that meets the different constraints imposed by the 
specifications. 

2.  Preliminary antenna selection 

Without taking into account the size of the antenna, a 
preselection of several kinds of antennas has been made.   
For the realization of this project, high peak power was 
considered, to be generated by a magnetron. This leads to 
feed the antenna through a waveguide. In the literature [1], 
several types of antennas can be found which meet this 
criterion. From radiation pattern and footprint 
considerations, sectoral horn antennas were first selected. 
  
Because of its simplicity of construction and dimensioning, 
the horn antenna is the most widely used antenna for 
microwaves [1], fed by a waveguide. At the end of this 
waveguide, the edges are flared to obtain a larger opening. 
The angle, cross-section and length of the flare play an 
important role in the radiation pattern. This gradually 
increasing aperture also prevents mismatch from guided to 
free space propagation. 
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2.1. Sectoral E plane 

The sectoral horn in E plane corresponds, on the one hand, 
to the flaring of the guide sections perpendicular to the E 
field. On the other hand, the edges of the guide parallel to 
the E field keep the same dimension, as shown below.  

 
Thanks to this aperture, the radiation in the E plane is thin 
and wide in the H plane. We have dimensioned a sectoral E 
plane horn from a WR112 guide (12.63 x 28.50mm).  
First, we considered that the horn will be installed in a 250 
mm diameter cylinder: this leads us to choose an aperture 
width of 240 mm. In a second phase, following the main 
laws of illumination for a rectangular aperture and assuming 
that the plane E follows a uniform and equiphase law [2], we 
obtain : 

�*�2�$�9 
L �w�r�ä�z
��

�º
�á    (1) 

 
With �� the wavelength, �º the aperture width of the horn and 
�*�2�$�9 is the half-power beam width in degrees. Taking an 
average frequency of 9 GHz, we obtain HPBW = 7¡, with a 
peak sidelobe at -13.2 dB. We are now interested in the 
distance Re from the center of phase of the horn to the 
center of its aperture. We seek the smallest possible length, 
while having secondary lobes lower than -15 dB. From the 
universal E-plane radiation pattern [1], for an E-plane 
sectoral antenna, we derive a parameter s of one eighth and 
side lobes less than -15 dB for angles greater than 15¡.  
This parameter corresponds to a coefficient given in the 
literature [1]. 

�O
L
�º�.

�<���Ë�Ø
,    (2) 

 
Thus, depending on this parameter, and using relationship 
(2) we obtain a length Re of 172 cm. 

 

 We carry out a simulation with the dimensions determined 
previously, the result is presented in figure 3. The simulation 
results show parameters in agreement with those obtained 
analytically. Nevertheless, the side lobes are too high (-8 dB 
peak value) and do not meet the specifications. In addition, 
the length of the horn does not allow for the expected 
angular deflection. 

2.2. Sectoral H plane  

The H-plane sectoral horn is defined by flaring the guide 
sections parallel to the E-plane, with constant dimension  in 
the perpendicular plane, resulting in a wide beam in the E 
plane and a thin beam in the H plane. 

 
We start from a WR112 guide to shape the horn and we 
keep an aperture width of 240 mm. Since the illumination 
now follows a cosine law [2], we obtain in a first step a -3 
dB beam width of 9.6¡, as well as a peak sidelobe equal to   
-23dB for a frequency of 9 GHz. In a second step, reference 
is made to the universal H-plane radiation pattern for an H-
plane sectoral antenna: a parameter s of one quarter is 
determined for same conditions as in E-plane, this parameter 
s is also obtained from the literature [1]. A length Rh  of 86 
cm is now required to reduce the side lobes below -15 dB.  
The simulation of the horn is shown in figure 5. The cross-

sectional plane is this time quite conclusive at the level of 
the side lobes. It also matches the data obtained 
theoretically. Nevertheless, the vertical aperture has to be 
adjusted, which is performed in the next section.   
 
It is now clear that H-plane sectoral horn is preferred to E-
plane not only for side lobes level but also for horn length 
consideration. 

Figure 3 : Radiation diagram in E-plane (in blue the half-
power beam width, in green the peak side lobe level) 

Figure 5 : Radiation diagram in H plane (In blue the half 
power beam width, in green the peak side lobe level) 

Figure 3 : Geometry of a sectoral E horn antenna [1] 

Figure 4 : Geometry of a sectoral H horn antenna [1]  
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2.3.  Transition from a sectoral horn to a pyramidal horn 

In parts 2.1 and 2.2 we studied the radiation pattern in the 
horizontal plane parallel to the flared sides of the horn. But 
the above defined H-plane sectoral horn has a gain of only 
13.7 dBi due to its very wide but unnecessary beam width of 
111¡ in the vertical plane. We therefore have to consider 
increasing the vertical aperture to increase the gain, i.e. 
turning the sectoral into a pyramidal horn. Following [1], the 
gain equation for a non-equiamplitude aperture is given by : 
 

�) 
L
�8��

�� �.
�Û�5�Û�B�Ú,    (3) 

 
With G the gain of the antenna, S the aperture surface, �B�Ú the 
gain factor depending on the illumination law of the aperture 
(in our case, this coefficient is 0.81). Thus, for a gain of 20.7 
dBi at 9 GHz and an horizontal aperture of 240 mm a 
vertical aperture of 55 mm is obtained. The simulation 
figure 6 shows the resulting vertical radiation pattern with 
32¡ of half power beam width.  

3. Reduction of the length of the horn 

As seen in the previous section, the length of the horn 
becomes our main problem to meet the specifications. To 
reach the angular deflection, a shortening of the horn length 
is necessary. We first performed a simulation by reducing 
the length of the horn down to 200 mm, while keeping the 
same aperture. The degradation on the beam in the 
horizontal plane is such that the main lobe widens to 16.9 
degrees: this leads to a loss of 4 dB on the gain of the 
antenna. In order to compensate for these degradations, we 
now add a lens. The objective of this lens is to compensate 
the spherical phase front at the aperture, therefore thin the 
beam and increase the gain.. By pure geometric rule, if we 
place ourselves in the H plane and look in the direction of 
propagation, we determine that the wave at the center of the 
aperture travels 17.6 mm further than on the edges of the 
horn. This distance difference generates a phase shift of 
190¡ at a frequency of 9 GHz. We consider using rexolite 
(refractive index 1.59) for the lens, for its low loss at 
microwave frequencies and high resistance to environmental 

constraints. With these different data, geometrical 
considerations show that a planospherical lens of radius    
Rh = 332.3 mm and as center, the center of phase of the 
horn, is able to achieve the required phase front 
compensation at the aperture of the horn. To avoid 
reflections generated by the refractive index of the lens, 
matching layers a quarter wavelength thick and refractive 
index 1.26 are also included in the overall simulation 
presented in the figure below. 
The results are quite satisfactory: when we look at the line-
of-sight section, the compensation of the phase shift by the 
lens is obvious. This compensation is reflected in the 
radiation diagram, with a thinning of the main beam and a 
gain greater than 21 dBi.  
To conclude, the lens fulfills its objective by compensating 
for the shortening of the horn. With such horn dimensions, 
angular scanning becomes feasible. However, practical 
implementation of the matching layers is now to be 
considered.   

4.  Corrugated matching layers 

The matching layers realized in the previous simulations are 
ideal, but not realizable in homogeneous rexolite. A solution 
is to create an artificial dielectric material, i.e. make periodic 
holes or grooves within the dielectric structure.  
In order to be equivalent to an homogeneous medium, the 
period of the corrugations must not exceed the spacing p 
defined by the following equation:  

!
�L
L

��

�á�Þ�>�á�Ô�Û�q�g�l���:�� �Ô�;
"!!!!#$%!

 
With �J�æ, the refractive index of the rexolite, �J�Ü =1 the 
refractive index in free space and �à�Ü  the maximum angle of 
incident radiation, we find a spacing that must be less than 
16 mm. There are two choices since corrugation can be 
achieved by periodic material substitution in 1 or 2 
dimensions.. For practical reasons we chose to dig 
cylindrical holes in the lens according to spacing p.  
Following this, an optimization was made through 
computation of the effect of varying the diameter and 

Figure 6 : Section of the radiation pattern in E-plane 
Figure 7 : Electric field inside and outside the device (left) 
and radiation diagram at 9 GHz for phi 0¡ (right) 
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spacing of the holes, in order to obtain the structure with the 
lowest reflection coefficient. Below we can see a 
comparison of the coefficient for a simulation without 
matching layers, and with layers of periodic holes or 
grooves . 
 
Figure (8) confirms the advantages of the matching layers. 
Moreover, we observe that we obtain slightly better results 
with corrugated grooves.  

5. Beam deflection  

Having achieved the design of a compact, high peak power 
antenna meeting the required radiation pattern, we further 
want to extend the potential beam deflection. Such a 15¡ 
beam deflection should allow a mechanical scan of +/- 25¡ 
of the antenna to create a beam scan of  -10/+40¡ with 
respect to the axis of the cylinder, meeting a further 
requirement for the system.. Such beam deflection could 
result from the insertion of a dielectric prism into the horn. 
Like the lens, the prism is expected to be made of rexolite. 
 
A representation of the antenna is given figure 9 with lens, 
prism and matching layers assembled.  Obviously, prism and 
lens may be implemented from a single piece of rexolite, 
with matching layers at the input of the prism and the output 
of the lens. 
 
 

Again the sizing of the prism is done by simulation, starting 
with a thin prism, allowing to observe jointly beam 
deflection and potential radiation pattern degradation, and 
further increasing the thickness of the prism. . The figures 
below shows the final result: we obtain a 15¡ beam 
deflection without changing the main characteristics of the 
radiation pattern.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 10 : Radiation diagram at 9 GHz for phi 0¡ 

Figure 11 : Radiation diagram at 9 GHz for phi 90¡ 

Figure 8 : Reflection coefficient without matching layer 
(green), with periodic holes (blue), with periodic grooves 
(orange) 

Figure 9 : Final design of pyramidal horn 
Figure 12 : Electric field inside and outside the device 
combining horn, lens and prism  
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6. Conclusion 

 
To conclude,  the step-by-step  design of a horn and 
dielectric antenna has been shown theoretically to  meet the 
specifications, taking into account various practical 
constraints. A physical realization of this antenna is 
underway..  
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Abstract: We propose a deep-learning-based method for the control of a reconfigurable metasurface 
antenna. We modeled the metasurface as a collection of dipoles with states of varying polarizability and used a 
deep autoencoder neural network combined with a scattering equation and Born approximation to generate 
on-demand far-field maps. Our proposed autoencoder exhibits higher accuracy and a much faster speed 
compared with the conventional GA approach and allows for the real-time operation of a reconfigurable 
metasurface antenna for beam steering. 

 
We propose a metasurface antenna capable of real-time holographic beam steering. An array of 

reconfigurable dipoles can generate on-demand far-field patterns of radiation through the specific encoding of 
meta-atomic states i.e., the configuration of each dipole. Suitable states for the generation of the desired patterns 
can be identified using iteration, but this is very slow and needs to be done for each far-field pattern. Here, we 
present a deep-learning-based method for the control of a metasurface antenna with point dipole elements that 
vary in their state using dipole polarizability. Instead of iteration, we adopt a deep learning algorithm that 
combines an autoencoder with an electromagnetic scattering equation to determine the states required for a target 
far-field pattern in real-time. The scattering equation from Born approximation is used as the decoder in training 
the neural network, and �D�Q�D�O�\�W�L�F���*�U�H�H�Q�¶�V���I�X�Q�F�W�L�R�Q���F�D�O�F�X�O�D�W�L�R�Q��is used to check the validity of Born approximation. 
Our learning-based algorithm requires a computing time of only around 100 ���V to determine the 900 
meta-atomic states, thus enabling the real-time operation of a holographic antenna.  

 

 

State patterns generated by the neural network, and the calculated far-field map from the �*�U�H�H�Q�¶�V���I�X�Q�F�W�L�R�Q 
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Abstract: This paper presents origami foldable and deployable reflectarray antennas for CubeSats. To enable the 
reflectarray antennas, there is two key technology: creaseless reflection elements and deformation compensation 
reflectarray. In this paper, these technologies are shown in detail with design and measurement results. 

 
Folding patterns are shown in Fig. 1 and are composed of mountain and valley folding lines. Array lattice is 

shown in the same figure and designed so that the boundaries coincide with the folding lines. Most of them 
match with the array lattice but some cross the array element [2]. Figure 2 shows the shape of the reflection 
element which does not cross the folding lines and it is composed of four triangular patches with notches. 
Changing the dimension of the patch and the notch reflection phase can be tuned. These reflection elements 
enable creaseless design of reflectarray antennas. 

 
Figure 3 shows the deformation compensation reflectarray antennas and the reflection elements are 

composed of a rectangular patch and a varactor diode. Depending on the deformation amount, bias voltage to the 
varactor diode is controlled to compensate for the deformation. Using a solid reflectarray prototype, the gain 
increment is confirmed [3]. 
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Fig. 1 Folding patterns Fig. 2 Creaseless patch shape Fig. 3 Deformation compensation reflectarray 
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Abstract �3�U�H�V�V�X�U�H�� �L�V�� �R�Q�H�� �R�I�� �W�K�H�� �P�R�V�W���I�U�H�T�X�H�Q�W�O�\�� �P�H�D�V�X�U�H�G�� �S�K�\�V�L�F�D�O�� �T�X�D�Q�W�L�W�L�H�V���� �)�R�U�� �W�K�L�V�� �U�H�D�V�R�Q�����L�W�� �L�V�� �X�V�H�I�X�O�� �W�R�� �K�D�Y�H��

�S�U�H�V�V�X�U�H���V�H�Q�V�R�U�V���W�K�D�W���D�G�D�S�W���W�R���W�K�H���P�R�V�W���Y�D�U�L�H�G���D�S�S�O�L�F�D�W�L�R�Q�V�����+�H�U�H���D���V�L�P�S�O�H���Z�L�U�H�O�H�V�V���S�U�H�V�V�X�U�H���V�H�Q�V�R�U���E�D�V�H�G���R�Q���D���P�P���Z�D�Y�H��
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�F�R�P�E�L�Q�D�W�L�R�Q���R�I���W�K�H���S�H�U�L�R�G�L�F���V�X�U�I�D�F�H���Z�L�W�K���W�K�H���V�X�S�H�U�V�W�U�D�W�H���U�H�V�X�O�W�V���L�Q���D���I�U�H�T�X�H�Q�F�\���V�K�L�I�W���R�I���W�K�H���U�H�V�R�Q�D�Q�W���S�H�D�N���Z�K�H�Q���S�U�H�V�V�X�U�H��

�L�V���D�S�S�O�L�H�G���W�R���W�K�H���W�D�J�� 

 
Introduction  Pressure sensors are required in a large number of applications ranging from biomedical [1], robotics 
[2], aerospace industries [3]. Pressure sensors can be classified as capacitive, resistive and piezoelectric according 
to the characteristics of the active layer [4-5]. Many of the pressure sensors released to date are wired, difficult to 
install, and require active excitation. One way to make fully wireless, battery-free sensors is through RFID 
technology [6]. In this case it is possible to interface the sensor with the RFID chip in order to have the sensing 
functionality in the radio frequency system. Another possibility is to create chipless RFID sensors [7]. In chipless 
RFID technology the tag has no electronic components and requires no power source. In this case the sensor is 
based solely on the frequency response of a resonator. Here a chipless pressure sensor composed of a resonator 
working at mm-wave frequencies is proposed. The resonator operates in conjunction with a dielectric superstrate 
and pressure is applied to the ground of the resonator. The application of pressure causes a frequency shift of the 
resonance peak. 
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Abstract: In this paper, we propose a new foreign object detection (FOD) structure in which a synchronous coil 
is added to the balanced coils. The location of the foreign object can be identified by comparing the phase of the 
added coil with that of the two balanced coils, and using the signal processing method known as the sample and 
hold method. This paper presents the configuration of the FOD system and the results of the detection method. 

 
 

The proposed FOD (Foreign Object Detection) method in this paper utilizes a synchronous coil added to the 
center of the detecting coil to obtain a transmission signal, which allows for the location of a foreign object to be 
determined using phase detection. The balanced coil method has been used previously, but it has limitations such 
as low detection rates and an inability to locate foreign objects in certain areas. The proposed method is designed 
to address these limitations and is applied to mobile phone charging. The location of foreign objects can be 
identified through simple signal processing. 

 
The FOD structure proposed in this paper is composed of a transmitting coil and a detecting coil. The 

detecting coil includes two balanced coils and a synchronous coil in the center. The balanced coil generates an 
electromagnetic field, and when a metal object is placed in the area where the balanced coil is located, the 
electromagnetic field becomes unbalanced, and current begins to flow. The synchronous coil receives the 
transmission signal, which is synchronized with the charging signal sent by the transmitting coil, and converts it 
into a digital signal. This signal is then supplied to the microprocessor, where sample and hold processing is used 
to create a pulse. The output signal of this method changes its output level and sign depending on the location of 
the foreign object. The method can determine the presence or absence of a metal object and its location based on 
the signal change of V1

out and V2
out. 

 
To verify the proposed structure, analog circuits such as filters, amplifiers, and various signal processing 

functions are required. By using Cypress's PSOC5 microprocessor, it can be configured relatively simply. This 
processor has built-in high-performance programmable analog blocks that can be configured to perform various 
signal processing functions. The proposed FOD method can be used to improve the safety and convenience of 
mobile phone charging by detecting foreign objects and preventing potential hazards. 



 
Figure 1. Experimental setup and detection result. 
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Exploring  the Thermally Activated Delayed Fluorescence Performance                        

for a Phenothiazine Derivative via TD-DFT 

L. Cascino1,2*, A. Maggiore2*, I. Rivalta3,4, G. P. Suranna5, R. Grisorio5, D. Conelli5,                
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Abstract: To design new materials for �7�K�H�U�P�D�O�O�\�� �$�F�W�L�Y�D�W�H�G�� �'�H�O�D�\�H�G�� �)�O�X�R�U�H�V�F�H�Q�F�H�����7�$�'�)�����L�W�� �L�V�� �Q�H�F�H�V�V�D�U�\�� �W�R��
�D�F�K�L�H�Y�H���D���G�H�W�D�L�O�H�G���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���W�K�H���V�H�Y�H�U�D�O���H�O�H�F�W�U�R�Q�L�F���V�W�D�W�H�V���L�Q�Y�R�O�Y�H�G���L�Q���V�X�F�K���P�H�F�K�D�Q�L�V�P�����Z�K�L�F�K���D�U�H���D�O�V�R���Y�H�U�\��
�V�H�Q�V�L�W�L�Y�H�V���W�R���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���H�I�I�H�F�W�V�����V�X�F�K���D�V���V�R�O�Y�H�Q�W���S�R�O�D�U�L�W�\���D�Q�G���U�L�J�L�G�L�W�\�����,�Q���V�X�F�K���S�H�U�V�S�H�F�W�L�Y�H�����T�X�D�Q�W�X�P���P�H�F�K�D�Q�L�F�D�O��
�F�D�O�F�X�O�D�W�L�R�Q�V���D�U�H���S�R�Z�H�U�I�X�O���W�R�R�O�V���W�R���U�D�W�L�R�Q�D�O�L�]�H���7�$�'�) ���V�\�V�W�H�P�V�����+�H�U�H�L�Q����we report a computational analysis based on 
Time Dependent Density Functional Theory (TD-DFT) to investigate a �S�K�H�Q�R�W�K�L�D�]�L�Q�H�� �G�H�U�L�Y�D�W�L�Y�H���W�K�D�W���D�F�W�L�Y�D�W�H�V� � � �
�7�$�'�)���R�Q�O�\���X�S�R�Q���D�J�J�U�H�J�D�W�L�R�Q�������� 

In classical fluorescent systems, especially at room temperature, the triplet electronic states can decay only through 
non-radiative pathways by vibration or phonon interactions, while radiative decay is forbidden. On the other hand, 
in phosphorescence metalorganic complex featuring heavy metals, the strong spin-orbit coupling enables a 
radiative emission from triplet excited states. In order to overcome the drawbacks of the latter (toxicity and high 
costs), new full organic systems that recovering triplet excitation through a delayed fluorescence mechanism have 
been largely investigated. Such process, namely the TADF, [1] occurs because of a fast reverse intersystem 
crossing (rISC), which up convert triplet to singlet by thermal energy. Therefore, in order to achieve good TADF 
performances, besides a large transition dipole moment between excited and the ground singlet states, it is of vital 
importance to ensure a small enough singlet-triplet energy gap (~ 0.1 eV) [2]. In order to reduce this gap, the 
exchange energy (J), which is inversely proportional to the spatial separation between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), has to be minimized (2J= �ß�ûE). 
It has been demonstrated that Donor-Acceptor (D-A) molecules presenting strong charge transfer states (CT) are 
among the most efficient systems to reduce the exchange coupling J.  

In this work, we investigated the TADF performance of a phenothiazine derivative consisting of a strong donor 
(phenothiazine) and acceptor (fluorerone) component, adopting a quasi-equatorial D-A conformation [3] and we 
analyse the possibility for this molecule to activate TADF by forming aggregated electronic states (Fig. 1a).             
All simulations were performed by using the ORCA 5.0 package. The geometry of the ground state was optimized 
in the gas phase by employing the B3LYP functionals and a TZVP basis set, with the def2/J auxiliary basis set for 
the RIJCOSX approximation to the Coulomb integrals [4]. Electronic and optical properties were analysed for the 
monomer in the quasi-equatorial conformation and in the non-polar cyclohexane solvent. After characterization of 



the monomer properties in terms of relative positions of the first singlet (S1) and triplet (T3) charge transfer states, 
we considered three different dimer geometries, analysing their structural and electronic properties as a function 
of the inter-monomer separation distance (see Fig. 1b). 

 

Fig. 1 (a) Sketch of a dimer of phenothiazine���G�H�U�L�Y�D�W�L�Y�H�V���L�Q���W�K�H���T�X�D�V�L���H�T�X�D�W�R�U�L�D�O���F�R�Q�I�R�U�P�D�W�L�R�Q���������c�����X�Q�U�H�O�D�[�H�G���� (b) 

Energies of S0, S1 and T3 states vs separation distance between molecules (system sketched in panel a) for the 

monomers relaxed to their ground state geometry.  

An important reconstruction in both S1 and T3 states was observed, resembling the typical one of dimer electronic 
state with one monomer in the ground state (S0) geometry and the other one in the excited state geometry, i.e. S1 
and T3 geometries, respectively. Moreover, fingerprints of aggregate formation were also tracked down in the 
nature of Natural Transition Orbitals of S1. With respect to monomer, we registered a promising change in the 
relative position of the electronic states of interest for TADF. Moreover, coherently with experimental PL 
spectrum, we observed a red-shift of the emission peak. In addition, to what is well known about the effect of 
environment conditions (e.g. polarity of solvent affecting the TADF performances), this study attests a new path 
to activate TADF trough the formation of a new aggregate electronic state. This open new perspective toward an 
on-demand control of the TADF response in molecules of interest for optoelectronics and nanomedicine. 

�7�K�L�V�� �Z�R�U�N�� �Z�D�V�� �S�D�U�W�L�D�O�O�\�� �I�L�Q�D�Q�F�H�G�� �E�\�� �W�K�H�� �5�H�V�H�D�U�F�K�� �3�U�R�M�H�F�W���³�3�2�1�� �$�5�6�����B������������ �(�&�2�7�(�&�B�� �(�&�2-sustainable 
and intelligent fibers and fabrics for TEChnic clothing (CUP �%�����&�������������������������´�� 
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Abstract: A technique to analyze MMW microstrip tunable filters with finite number of unit cells is developed. 
It uses eigen decomposition for factorization of the unit cell transmission matrix to obtain constituent parts and 
then canonicalize the periodic structure with N unit cells. Based on this concept MATLAB  scripts have been 
developed to determine the dimensions of finite length MMW microstrip periodic structure filter. The results 
from ADS simulations uphold the validity of the technique. 

With��the global demands for higher data rate/wider bandwidth networks, most telecommunication service pro-
viders are considering wireless MMW technology for mission-critical capabilities including superior speeds and 
low latencies. Due to their small sizes, development of MMW filters essential for the network transceivers are 
cumbersome and one promising approach is to use microstrip line periodic structures with finite number of unit 
cells. As such, the usual theory of periodic structures assuming infinite number of repeated cells is not accurate. 
In this paper an alternative approach for fast analysis of these structures is proposed. 

Periodic structures are modeled based on their unit cells as shown in Fig. 1. In this technique, the reciprocal 

transmission matrix of a unit cell is factorized into its constituent parts (i.e. canonical and eigenvectors matrix) 
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Therefore, the transmission matrix of the unit cell can be expressed as a diagonal matrix. This guarantees a 
simpler and faster determination of the overall transmission matrix of a periodic structure with finite number 
of cells. The set of eigen value (EV) solutions (i.�H�����������R�U��the spectrum of the reciprocal transmission matrix is 
calculated from characteristic eigenvalue equation:  
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Therefore, the EV and Canonical matrices can be obtained: 
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Hence, for N unit cells connected in cascade, the overall transmission matrix (where PS represents the overall 
transmission matrix) will be obtained as follows: 
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Based on the method presented, different unit cells made of microstrip structures for periodic filters are ana-
lyzed. MATLAB scripts are written to design a filter based on optimization of the periodic structure transmis-
sion matrix. The program receives basic inputs such as desired frequency, bandwidth, input impedance, number 
of unit cells and the microstrip lines parameters (i.e. �V�X�E�V�W�U�D�W�H���S�H�U�P�L�W�W�L�Y�L�W�\�����W�K�L�F�N�Q�H�V�V�����F�R�Q�G�X�F�W�R�U���K�H�L�J�K�W�����«�����D�Q�G��
then by running different loops, it determines the physical dimensions of the microstrip unit cell. Several filters 
are designed using the MATLAB script. Designed filters are also simulated by ADS which verifies the validity 
and accuracy of the design method presented here.     
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Abstract
Electromagnetic propagation above a rough polluted sea
surface differs from one above a clean sea. Indeed, a damp
effect on the waves appears. This can be used to detect a
pollutant leakage. In this article, we model the propagation
of electromagnetic waves above a polluted sea using a fast
wavelet-based method and a two-scale model. Numerical
simulations in S-band are provided.

1. Introduction

In this paper, we are interested in the tropospheric long-
range propagation in the maritime environment. In this con-
text, local phenomena such as sea waves, or the presence of
a pollutant on the sea have an impact on the measured Þeld.
Indeed, waves introduce diffraction for example, while the
presence of oil introduces a damping effect [1]. This latter
can be used to detect pollutant leakage on the sea [2, 3].

In this framework, a large part of the literature has fo-
cused on computing the radar cross section (RCS) of the
sea with and without pollutant [4, 5, 6, 7, 3]. Indeed, these
methods are appropriate here, since the sea spectrum (and
its modiÞed version for an oily sea [1, 6]) can be con-
veniently introduced in the integral equation [4, 3]. Re-
sults have been obtained showing the difference between
the RCS of a clean sea and a polluted sea, even leading to
the detection of oil leakage from SAR images [2, 3].

Less work [8, 9] has focused on modeling the long-
range propagation above a polluted sea surface. In particu-
lar, the sea geometry has been assumed to be ßat (with the
roughness accounted through Ament coefÞcient [10]), and
the oil to cover the whole domain. Nevertheless, the ob-
tained results have highlighted the effect of the oil on the
propagated waves and show that detection is feasible.

In this paper, we develop a fast hybrid approach for
computing the propagation over a polluted sea surface. The
approach is based on the one developed in [11, 12] for prop-
agation above a clean sea, where the sea spectrum [13] is
used to generate random surfaces and a roughness coef-
Þcient. Besides, the use of the parabolic wave equation
model allows taking into account the refraction [14] (due
to tropospheric ducts for example), differing from the other
proposed works [8, 2, 3]. Furthermore, we show using a
Principal Component Analysis (PCA) that a polluted sea
can be detected from a clean one using measurements at a
given vertical.

The remainder of this paper is organized as follows.
Section 2 focuses on the modelization strategy. First, the
parabolic wave equation is recalled. After that, both the
clean and polluted sea spectra are introduced. Section 3 in-
troduces the computational method. This latter is based on
a hybrid approach to introduce the effect of the maritime
environment on propagation. Section 4 shows numerical
tests performed in the S-band. Besides, a PCA analysis is
provided. Finally, Section 5 concludes the paper and gives
some perspectives for future works.

2. The model

In the following work, aexp(j!t ) time dependence is as-
sumed, wherej is the imaginary unit and! = 2 "f is
the angular frequency. We also denote byn the refractive
index, and this latter is assumed to be slowly varying in
the propagation direction. Furthermore, from now on the
Cartesian(x, y) coordinate system is used.

2.1. The parabolic wave equation

As a reminder, we want to compute the long-range prop-
agation above a clean or polluted sea surface. A suitable
model in this context is the parabolic wave equation [14]
(PWE). Indeed, by only accounting for forward propaga-
tion, it allows wide steps in the propagation direction, lead-
ing to more computationally efÞcient methods. Besides, the
effect of the refraction, the relief, and the terrain can be in-
corporated. Note that the PWE is only valid in a paraxial
cone. Thus for better accuracy, we use its wide-angle PWE
version here. This latter is given by

#u
#x

= ! jk 0

! "
1
k2

0

#2

#z2 + 1 ! 1

#

u ! jk 0(n ! 1)u, (1)

with u the reduced Þeld [14],x the propagation direction,
andk0 the wave number. If the backward propagation is of
interest, one can use the two-way PWE [15, 12].

2.2. Modeling the waves: the sea spectrum

To model the sea surface along the propagation, a com-
mon way is to use a sea spectrum, such as the Elfouhaily
one [13], which is used from here on. This latter gives a
statistical representation of the sea geometry with respect



to the wind speed. The spectrumS is then expressed as

S(K ) =
1

K 3 (Sl + Sh) , (2)

whereSl andSh correspond to the long and short wave cur-
vature spectrums, respectively. Note that those parameters
mostly depend on the wind speed at10m (denoted byU10)
above the sea, and the interested reader is referred to [13]
for more details. An example of the computed sea spec-
trums for different wind-speed is given in Figure 1.

K (wavenumber)

Figure 1: Computed sea spectrums [13] for different wind
speedsU10 " { 5, 8, 10, 15} m/s in a Log/Log scale.

Note that the wind speed has a great inßuence on the
low wavenumberK (i.e. the large scale), thus higher waves
are expected.

From this spectrum, one can derive a stochastic process
to obtain sea surfaces. Indeed,S describes the statistical
properties of the sea surface. The idea is to create a ran-
dom surfacezr (x), normally distributed with a zero-mean,
µ = 0 , and centered,$2 = 1 . To add the correlation with
the sea surface, thenzr is convoluted to the inverse Fourier
transform of

#
S, such that

z(x) = F ! 1
$#

SF (zr (x))
%

, (3)

with F the Fourier transform andz the generated sea sur-
face. Some examples of realizations are given in Figure 2
for different wind speeds.

2.3. Accounting for the pollutant: the dumped spec-
trum

In this section, we introduce how to model a polluted sea
surface. First of all, one can consider, depending on the
wind speedU10, whether the oil is soluble or not, meaning
that we have an emulsion or not. Here, we focus on the in-
soluble case, i.e.U10 $ 8 ! 10m/s [8], where the damping
model [1] can be used.

This latter is based on the following equation

Spo = Sclean

&
1 ! F +

F
y

'
, (4)

Figure 2: Generated random sea surfaces for different wind
speedsU10 " { 5, 10, 15} m/s using (3).

whereSclean corresponds to the clean sea spectrum (see
Section 2.2),F to the fraction of oil covered surface,y to a
damping ratio andSpo to the polluted sea spectrum. Here,
we consider only the case where the sea is fully covered, i.e.
F = 1 . In this equation,y introduces the attenuation due
to the oil Þlm and depends on the pollutant parameters [4].
In Figure 3, an example of the clean sea spectrum and its
polluted counterpart are plotted.

K (wavenumber)

Figure 3: Computed clean and polluted sea spectrum for
U10 = 8 m/s in a Log/Log scale.

One can see that the pollutant affects mainly the capil-
lary waves, even if the maximum is reduced a little.

Using, the polluted sea spectrumSpo , we can use the
same stochastic method to generate oil-covered sea sur-
faces. For a wind speed of8 m/s, an example of the com-
puted clean and polluted sea surface is given in Figure 4.

It should be noted that, as expected [4], the pollutant
decreases the waves extremum.

3. The computational method

In this section, we describe the hybrid wavelet-based
scheme proposed to solve the PWE (1), while accounting

2



Figure 4: Generated random clean and polluted sea surface
for U10 = 8 m/s.

for refraction, relief (sea surface), and ground composition.

3.1. Discretization

We denote byxmax and zmax the size of the computa-
tional domain! . The source is placed atx $ 0 and we
assume the Þeld atx = 0 to be known. Thus, we have
! = [0 , xmax ] %[0, zmax ], since the propagation above the
ground is studied. For numerical reasons! is discretized
alongz andx with Nz andNx the number of discrete points
along each direction. The mesh size is thus given by

" z = zmax /N z

" x = xmax /N x

Finally, we denote byux the reduced Þeldu discretized
alongz at positionx.

3.2. An overview of split-step wavelet

In this article, the PWE is solved using the efÞcient iterative
split-step wavelet method (SSW) [16, 17].

This latter allows computing the Þeld marching in on
distances by going back and forth in the wavelet and spatial
domain. A step of propagation is thus split into two parts.
First, the Þeld is propagated in free space in the wavelet
domain. Second, the effect of the refraction, the relief, and
the ground composition are taken into account in the spatial
domain. A step fromx to x + "x can thus be summed up
as follows

ux+!x = RLW ! 1PC V s W ux , (5)

where W is the wavelet transform,CV s a compression
with hard threshold,P corresponds to the sparse wavelet-
to-wavelet propagation [17], andR andL ammount for the
relief and phase-screen operators, respectively. The latter
allows taking into refraction. For the relief, the staircase
model is used [14]. Finally, the ground composition is ac-
counted for through the efÞcient local image method [16].

To conclude on the computational method for the prop-
agation, SSW is efÞcient both in terms of memory stor-

age and computation time, with a complexity and a mem-
ory footprint lower than the conventional split-step Fourier
method [16, 17].

3.3. The hybrid approach

In this section, we describe the hybrid approach [11, 12] to
accurately model the effect of the sea (polluted or not) on
Þeld propagation.

The idea is that given a spatial discretization ofNx

points (or a step" x), not all the levels of the sea spectrum,
Sclean or Spo , can be accounted for. Thus, we can com-
pute the cut-off parameterK max , due to the discretization,
between the large-scale and low-scale waves. This latter is
given by

K max = Nx
2"

xmax
. (6)

Using this cut-off the effect of the sea is introduced with
a two-scale model. First, the lowest part of the spectrum,
with respect toK max , is used to generate the random sea
surfaces, as described in 2.2. Second, the highest part of
the spectrum is used to compute a new roughness coefÞ-
cient [11, 12] to take into account the capillary waves ef-
fect. This latter is multiplied by the Fresnel coefÞcient in
the local image method.

Nevertheless, the geometry generation is based on a
stochastic process, thus a Monte Carlo method is used
to compute the mean of the propagation overNMC

cases. Therefore, the efÞciency of SSW is very interesting
here [12], in particular for largeNMC .

4. Numerical experiments

The objective of this section is twofold. First, we test that
the method works well in different scenarios. Second, a
PCA analysis is performed on the constructed database to
obtain insights into the pollutant effect.

All the tests are performed in the S-band, atf = 3 GHz,
in a domain of sizexmax = 5 km andzmax = 128 m.
The discretization steps are set to" x = 50 m and" z =
0.05 m. We also consider a surface duct, as it is frequent
above the sea. A complex source point (CSP) placed at
xs = ! 50 m andzs = 20 m with a width of3 m is consid-
ered as the source. Finally, we use the following dielectric
constant for the sea (resp. the oil):%r = 70 (resp.%r = 2 .2)
and$ = 5 S/m (resp.$ = 0 .0017S/m).

4.1. Field propagation results

In this Þrst part, we consider two different pollutants, one
with an elasticityE0 = 9 mN/m and a characteristic pul-
sation! D = 6 rad/s, while the other has an elasticity of
25mN/m and a characteristic pulsation of11 rad/s.

First, a test with a wind speed of5 m/s, where with the
given parameters, the ground is considered ßat. This allows
a comparison with the results of [8]. In Figure 5, we plot the
Þeld obtained with SSW, with a zoom between0 and56 m
in altitude, at the last iteration for a clean sea and when both
pollutants are considered.
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Figure 5: Field atx = 5 km computed with SSW for the
propagation above a clean and polluted sea.

In Figure 5, one can see the effect of the pollutant on
the measured electromagnetic Þeld. Indeed, the extrema are
changed when an oil Þlm is considered, as expected since
the ground composition is not the same. These results are
in line with the one obtained in [8]. In this case, detection
seems easy. Nonetheless, it should be recalled that at this
wind speed, the sea is considered ßat, and one can won-
der what happens with a higherU10 increasing, and waves
appearing.

Therefore, we choose to do the same test, withU10 =
7 m/s. In this case, since the sea surface is not ßat, the mean
over the20 Monte-Carlo simulation of the Þeld computed
with SSW at the last iteration is plotted in Figure 6.

Figure 6: Field atx = 5 km computed with SSW for the
propagation above a clean and polluted sea whenU10 =
7 m/s.

In this case, we can still see the effect of the oil Þlm but
it is less clear than whenU10 = 5 m/s, even if all the area
is covered by the pollutant (i.e.F = 1 ). This difference
is due to the surface geometry, which is not ßat anymore.
Note that in different cases (i.e. other surface generation),
the detection can be easier or on the contrary more difÞcult.
This is why we decide using a PCA analysis.

4.2. PCA analysis

Here, the goal of the PCA analysis is to obtain features
that can help to detect a polluted sea surface. This method
has been used in another context in electromagnetic where
stochastic processes are studied, see [18].

Given the task, we still study the three cases (clean
and polluted sea, with two different pollutants) for differ-
ent wind speeds. Therefore, we constructed one database
perU10 as follows. This latter is composed of100features
per case, thus we have a total of300features. These latter
shall represent the Þeld propagation as precisely as possi-
ble. Therefore, each feature consists of the mean of the
computed Þeld at the last iteration over20 Monte-Carlo
simulations, to take into account the stochastic aspect of the
surface. Example of these features are given in Section 4.1
for U10 = 5 m/s and7 m/s.

Then, a PCA with a given number of3 components is
performed on each dataset. The goal is to Þnd one (or mul-
tiple) directions that describe the effect of the pollutant on
propagation.

In Figure 7, we plot the transformed features over the
Þrst two components of the PCA decomposition. Here, the
wind speed is5 m/s. Note that label0 is for a clean sea
while labels1 and2 correspond to the two pollutants with
E0 = 9 mN/m and! D = 6 rad/s, andE0 = 25 mN/m and
! D = 11 rad/s, respectively.

Figure 7: Features transformed onto the PCA components
plotted for the Þrst two components whenU10 = 5 m/s.

As expected, the three cases are fully separated, and de-
tection is easy (using for example a logistic regression). Be-
sides, since at this wind speed, the sea surface is ßat, all the
features for each case are the same. Nevertheless, we can
see that the Þrst axis here seems to relate to how close to a
clean sea we are.

Therefore, the same analysis is now performed atU10 =
7 m/s. As before, we plot the transformed features over the
two Þrst components of the PCA analysis in Figure 8. The
labels remain the same.

In this case, since the surface is not ßat anymore, many
points are plotted for each label depicting the features in
the Þrst two componentsÕ axis. Nonetheless, one can see
that the three cases are still separated leading to an easy
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Figure 8: Features transformed onto the PCA components
plotted for the Þrst two components whenU10 = 7 m/s.

detection here. Besides, as before, the Þrst axis seems to
refer to how close to a clean sea we are.

Other tests have been performed for wind speed upper
than U10 = 8 m/s, upper than the limit for insoluble oil
Þlm, and at these speeds, no separation was achieved. This
is due to the dominant inßuence of the sea geometry on the
electromagnetic Þeld at theseU10.

5. Conclusion

In this article, we studied the tropospheric propagation of
the electromagnetic Þeld above a polluted sea.

The propagation model is based on a hybrid approach
where the sea spectrum or its damped version to take into
account the pollutant, is used to generate random surfaces
and to compute a roughness factor.

A wavelet-based computational scheme is used since its
efÞciency allows fast Monte Carlo simulations. Besides, we
constructed a database for different wind speeds to obtain
features that help to detect an oil leakage based on electro-
magnetic measurements.

A PCA analysis, with3 components, has been per-
formed on these databases, showing that the polluted and
clean sea can be detected when the wind speed is below a
limit of 8 m/s. Besides, we saw that the Þrst axis of the
PCA decomposition could refer to how close we are to a
clean see.

Thus, we are currently working on the case where the
sea is not fully covered by the pollutant, i.e.F < 1. In
this case, a new model shall introduce the position of the
oil leakage. The same analysis could then be performed to
assess the limit of detection. Finally, we are also working
on the case where we have an emulsion of oil and water,
and when a Þlm and an emulsion are considered.
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Abstract: In this work, we report the effects of misalignment between a dielectric waveguide and a hollow metallic 
waveguide in the WR-10 band. The results indicate the excitation of unwanted higher-order modes in the dielectric 
waveguide that are expected to degrade the performance, especially at higher frequencies. 
 

Dielectric waveguides are a promising guiding structure for THz and sub-THz systems, owing to their low 
losses and fabrication simplicity. Several platforms to ease integration with standard measurement equipment have 
been developed, such as effective medium cladded waveguides1 and unclad dielectric waveguides2. However, most 
dielectric waveguides are excited by a tapered transition structure inserted into a hollow metallic waveguide3-5. 
The manual insertion of the dielectric waveguide into the hollow waveguide can be a source of losses in case of 
misalignments. If  the taper of the dielectric waveguide is not centered in the hollow waveguide, undesired higher-
order modes will be excited, an effect especially pronounced at higher frequencies. Fig. 1 shows different kinds of 
misalignments between a tapered dielectric rod waveguide (DRW) and a hollow metallic waveguide. 
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 A �������P�P��silicon DRW with cross section of 1 �P�P by 0.5���P�P���D�Q�G���D�������P�P���W�D�S�H�U���L�Q���W�K�H���(���S�O�D�Q�H���Z�D�V���V�L�P�X�O�D�W�H�G��
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�ì ���P�R�G�H����A low loss, low permittivity foam was used as a 
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 Fig. �� shows the measured results, after TRL calibration at the metallic waveguide flanges and time gating. 
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