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PARIS-SACLAY

AEMZE™

Advanced Electromagnetics

UniversitZ Paris-Saclay|is a research university based in Paris, France.
UniversitZ Paris-Saclay offers a comprehensive and varied range of
Undergraduate, MasterOs and PhD degrees, renowned internationally
thanks to the UniversityOs reputation for research excellence and the
commitment of its academic staff. The UniversityOs 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.

UniversitZ 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 beld 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).



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.
0. 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 belds represent one of the most important carriers of energy. The ability to control
electromagnetic belds 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 efbciency limit of solar energy harvesting.



Yongxin Guo
National University of Singapore, Singapore

Efbcient Wireless Power Transfer for loTs 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 Artibcial Intelligence,
NUS Chongging Research Institute. He has authored or co-authored over 500 international journal and
conference papers and 4 book chapters. He holds over 50 granted/pPled 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 B 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.

Efbcient Wireless Power Transfer for 1oTs 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-peld inductive and capacitive WPT and far-beld WPT will be reported.
Adaptive rectiber design and reconbgurable diode topology will be explained. Waveform-optimized WPT
together with reconbgurable diode topology will be further illustrated.



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/NASAOs 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 lllinois 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 WhoOs Who in America, WhoOs Who in Frontiers of Science and
Technology and WhoOs 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, humerical 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 2009D2011 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
MarconiOs First Measurements to TodayOs Incredible Advances

Starting with MarconiOs brst antenna pattern measurements, we then discuss modern planar near-beld
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 beld measurements and diagnostics tech-
nigues will be highlighted. Modern measurement systems such as plane-polar, bi-polar and robotics



scanning systems will be presented. Representative measurement results of rel3ector, array, ref3ectar-
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..



Eva Rajo-lglesias
University Carlos Il 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 Il of Madrid, Spain, in 2002. She was a Teacher Assistant with
the University Carlos Il 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 Il 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, GSteborg, Sweden, as a
Guest Researcher, in 2004, 2005, 2006, 2007, and 2008, and has been an AfPliated 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, artibcial
surfaces and periodic structures, gap waveguide technology and MIMO systems. Dr. Rajo-lglesias was
the recipient of the Loughborough Antennas and Propagation Conference Best Paper Award in 2007,
the Best Poster Award in the Peld of Metamaterial Applications in Antennas, at the conference Metama-
terials 2009, the 2014 Excellence Award to Young Research Staff at the University Carlos Il 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.
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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
HuaweiOs 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 Othe leadership and contributions in development of 3G and 4G wireless systemsO in 2014, and IEEE
Communications Society Distinguished Industry Leader Award for Opioneering technical contributions
and leadership in the mobile communications industry and innovation in 5G mobile communications
technologyO 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 OIEEE Fellow CommitteeO.

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 : artibcial 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-
tibc 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 artibcial intelligent hardware and
software hyperspectral technology for security, food safety, and biomedical applications.

Universal light encoders : artibcial intelligent optical hardware for real-time hyperspectral ima-

ging and ultrasensitive detection

I will summarize present and future research in the peld of universal light encoders (ULEs), which re-
present artipcial intelligent optical hardware implementing arbitrary user-debned 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. | 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 signibcant 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-
bc 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 Ofbce of Naval Research, the Army Research Ofpbce, 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 signibcantly 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 Cientibcas 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 beld 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 Otsuiji
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 masterOs degree and
doctorate in physics. He received a Young Investigator Award from the Ofpce 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 pbeld 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
' f' 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, brst
prize in IEEE IMS 2019 3MT competition and IEEE AP-S Design Competition 2022, bnalist/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 CanadaOs 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 Rexible and wearable wireless sensing systems through a combination of CMOS and
additive manufacturing technologies. He is a Senior Member of IEEE, founded the brst 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.
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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
Pnal 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.

ValevOs 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 conbned to tiny volumes of space B 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 benebts 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 brst 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 N Playamar

Introduction to Deep Learning Techniques for Artibcial Elec-
tromagnetic Materials

Willie J. Padilla is a professor at Duke University with a masterOs degree and

doctorate in physics. He received a Young Investigator Award from the Ofbce 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 Artibcial Electromagnetic Materials

Deep neural networks (DNNs) have enhanced and transformed traditional research methods and are

driving scientibc advance. Deep learning has shown immense potential in the peld of artibcial 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 beld 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 | 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 Ples 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).



GUIDELINES FOR PRESENTERS | 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 IocateNd in the upper area of the
town on a hill overlooking the sea, the Congress Center is an icon of MalagaOs coastal landscape.

The building is arranged in a circular format around which the various auditoriums, meeting rooms,
administrative ofbces 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 Prst 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 bPnd 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 ofbce 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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Juan R. Deop-Ruano, Alejandro Manjavacas,
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Detection of concealed reagents using THz parametric generator (pp. 284)
Kodo Kawase, Sota Mine, Kosuke Murate,

Symmetry aspects of patterns produced by optical scanners with Risley prisms (pp. 286)
Virgil-Florin Duma, A.-L. Dimb,

Fictitious, Physical and Stochastic Sources within Multilayer Optics (pp. 288)
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Low threshold mode-locking close to the exceptional point in coupled microcavitie (pp. 290)
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chiral susceptibility (pp. 300)
Takao Horai, Hajime Ishihara,
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Scattering and diffraction
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Propagation theory
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Delia Deaconescu, David Vatamanu, Ana-Maria Buda, Paul Bechet, Simona Miclaus,



Classification of IEEE 802.11ax Emissions by Using YOLOv7 Real-Time Detection Algorithm (pp. 326)
Ana-Maria Buda, Delia Deaconescu, David Vatamanu, Simona Miclaus,

Material Characterization and non-destructive testing

Ultra-wideband graphene-based absorbers for THz integrated waveguide systems (pp. 330)
N. Xenidis, A. Przewloka, A. Krajewska, P. Drozdz, J. Oberhammer, Dmitri Lioubtchenko,

Intelligent Testing Environments for the Over-The-Air Characterization of Intelligent Wireless Devices (pp. 332)
AndrZs Alay—n Glazunov,

Non-Axial Aligned Biaxial Material Characterization Using a Focus Beam System (pp. 334)
Nicholas O'Gorman, M. J. Hauvrilla,

Artificial intelligence optical hardware for ultra-sensitive detection (pp. 336)
Qizhou Wang, Ning Li, Zhao He, Arturo Lopez, Fei Xiang, Andrea Fratalocchi,
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Hyperspectral Terahertz Imaging Using Plasmonic Btectors
(Invited talk)

Mona Jarrahi

Universityof California, Los Angeles, USA
PMDUUDKL#XFOD HGX

Abstract: This talk gives an overview of advancements in hyperspectral terahertz imaging systems, which
utilize plasmonic photoconductive terahertz detectors to provide signiji¢agher signaito-noise ratio levels

Terahertz waves have unigue specifications that enable unprecedented sensing functionalitissni@r per
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 andamy optically opaque materials are relatively transparent to terahertz waves.
$GGLWLRQDOO\ WHUDKHUW] SKRWRQV DUH VXIILFLHQWO\ ORZ HQH
especially for biomedical sensing applications. Although unique palentf 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 applicationsthis talk, | will give an overview of advancements in
hyperspectral terahertz imaging systems, which utilize plasmonic photoconductive terahertz degdictors
provideseveral orders of magnitude higlsggnatto-noise ratio levelsompared to the statd-the art
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Spatiotemporal effects In multimode
optical fiber



Light by light manipulation in multimode fibers

T. Mansuryan?, A. Tonello!, Y. Arosa Lobato®, M. Ferraro?, M. Zitelli 2, F. Mangini?, Y. Sur?, B.
Wetzel, K. Krupa?, S. WabnitZ, V. Couderct
lUniversitZ de Limoges, XLIM, UMR 7252, 123 AvenuePhomas, 87060 Limoges, France
2DIET, Sapienza University of Rome Via EudossianaQlA 84 Rome, Italy
3 University of Santiago de Compostela, Praza do @ira S/N, Santiago de Compostela, 15782 Coru-ainSp

“4Institute of Physical Chemistry, Polish AcademyBafences, ul. Kasprzaka 44/52, 01-224 Warsaw, Eolan
“corresponding author: Vincent.couderc@xlim.fr

Abstract: We demonstrate that a low-intensity beam can bersgvcleaned or distorted by a high-energy pump
beam copropagating in a multimode optical fibreliferent wavelengths. Thus, the M! coefficienttbé weak
beam is either enhanced or degraded relative tpuh® intensity, allowing an ultra-fast light-bygtit control.
This unconventional development extends the concépthe self-cleaning process where a single beam
undergoes a significant brightness improvement uitsl®@wn peak power.

Providing additional degrees of freedom, a multimbéam propagation has been attracting a greatstte
as it allows unveiling various new processes basedts highly complex dynamics [1-4]. Among others,
Kerr-induced beam self-cleaning is one of the naedbating phenomenon recently discovered. It permits
changing a speckled structure into a quasi-singt@lenbeam by using the light intensity itself. Suzh
self-transformation can be explained in terms efrf@ave-mixing interactions, so far, demonstrataty @t a
single wavelength due to a nonlinear non-recipyocftthe mode coupling process [4]. This behaviatses
from a presence of self-phase-modulation diffeseintipacting high-order and low-order modes. Howguprto
now this process seems resulting only in particuRayleigh-Jeans, energy distribution without altoyvan
on-demand control of the energy distribution over guided modes [5].

In this paper, we demonstrate experimentally tlmingoherent speckled propagation of a weak
beam can be controlled by means of a cross-phadedatmn enabled by an additional high power pump
beam at a different wavelength, instead. We shatttie change in modal energy distribution leadiong
the brightness enhancement (i.e. M! decrease)fi(gere 1(a)), can be controlled and properly adapte
Interestingly, we notice a monotone evolution & #ntropy while improving M! coefficient. Differdpt
from previous studies we also show that by modgtine initial modal structure of the pump wavesit i
possible to obtain the opposite effect, observe@ #®am defocusing or a beam degradation (i.e. M!
increase) (see figure 1(b)), due to a change ofaiedergy distribution to the benefit of high-order
modes. Our findings allow to generalise the conoépight control by light in multimode optical fdrs.
Numerous applications ranging from ultrafast focastrol for nonlinear imaging or beam quality canhtr
for lidar can be addressed. A further extensiotheflight self-organization approach to the timendm
can also be envisaged while allowing to control, ifasstance, multimode laser dynamics based on
amplifying fibers or supercontinum generation isgee fibers. We believe that our results may at
new building blocks and strengthen the researdhitycin thermodynamic-based description of beams
propagation in complex media since a large numbenades may lead to averaging approach, as well

[6].
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Figure 1. Numerical simulations of the M! coefficient evbbn of a weak and a strong beams (pump)
copropagating in a graded index optical fiber fao tdifferent cases. (a) cross-cleaning of the wiealim
because of the pump beam intensity; (b) cross-dsfog of the weak beam because of the pump beamsity
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Random lasing in multimode diodepumped gradedindex fiber with fs-inscribed
3D refractive-index structures
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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 oéfl§ and random array of fiber Bragg gratings (FBGS) in
multimodegradedindex (GRIN) fiber directly pumped by multimode laser.

Raman fiber lasers (RFLs) based on multimode grémtdek (GRIN) fibers allow for direct pumping by
laser diodes (LDs) in afiber schemd1], seealso[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 thegiral 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-agigrarea of the GRIN fiber core,reesponding to
the fundamental mode, makes it possible to furthbaece the effect of beam cleaning for the generated Stokes
radiation. So, in a singlstage resonator consisting of FBG pair resonantly reflecting Stokes beam at a
wavelength of 976 nm at100 Wpumping by multimode LD with beam quality?M 34 at 940 nm, higlgquality
(M2, 2) Stokes beamhas been obtaineth 1-km GRIN fiber with record pumpto-Stokes brightness
enhancementactor of 73[3]. For a randonlasing d the 1st Stokes wavin 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 irmL@RIN fiber at ~700 W multimode pumping by
fiber combined Ykdoped fiter lasers at 1070 nrd][ 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 poingstificial Rayldgh reflector)or random array oghortfiber Bragg gratings
(FBGs) in gradedndex (GRIN) fiberwhich isdirectly pumped by multimode lasdiode The artificial random
structures help to reduce the pumping threshold for random lasing and allow foathebality improvement
similarly to regular FBG with spatial filtering properties [3]. Note thatchh better output characteristio§
random lasingre achieved in the lar case(random grating array)he fabricated 1E3D random arrays form a
half-open cavity together with the input highhgflective regular FBG. Abovéhe threshold pump power of
~100W from a multimode 940m laser diode with beam quality?»B84, random lasing of the istder Stokes
beam was obtained with output power reaching ~30 Whatimum pumping. The output beam quality
parameter varies with FBG distribution in the fiber cresstion and its best value amounts t6-®) while the
linewidth narrows to 0-D.2 nm. The main mechanisms of spafpectral beam narrowirig this configuation
will be discussed.

The authors eéknowledgdinancial support of Russian Science Foundation (grant-72-30029.
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Abstract: We recently introduced a novidchnique for thesystematicdesignof multimode photonic crystal
(PhC) cavities with a prescribed dispersion curve, based welleestablishedlD reduced modelThis is
particularly interesting in the view ofminiaturizing parametric generators of nonclassical light, optical
nana@ombs,and moddocked laser sourceslere we apply our modeto the study of nonlinear multimode
interactions
Introduction
The route towards the demonstratioropfical frequency comb (OF@gneratiorin PhC structuregl] has been
pavedsincea few years. The main interest comes from thi@imal footprintof PhCs, resulting inltra-low
operatiomal power leves$, possibly leading tononlinear quantum sourcesThe optical parametric oscillator
(OPO), which can be seen dynamically as the very first stage of an OFC, has been oapprecently P).
Neverthelessthe residual nonzero dispersion of real fabricated samp#eslingto largely unequally spaced
neighbomg cavity modes makes the demonstration &GOFC *which is composed of equally spaced
frequency components particularly challenging[3]. Both fabrication tolerances and intrinsiometrical
characteristicare responsible for this shortcoming. In a recent ppleme presented a novel selbnsistent
systematic technigueermitting toefficiently tailor the cavitydispersion management directly at the design
stage. In order talo that, we set up a simple 1D reduced model (RM), whigproximatesa wide class of
multimode PhC resonatote adistributed feedbackDFB) mirror. Interestingly, the model ialso capable of
describing nonlinear parametric interac8dretween the resonamodes of the resonatoithiusdescribingthe
overall intra-cavity field evolution. In what follow, we show how we can simulate the POO dynamics,
which enables us to predict OFEneratiorunderrealistic experimental situations.
Nonlinear multimode interactionsin PhCs
The RM of ref. f] can be generalized sambednonlinearcross ( x) and sel ( +.) phase modulation terms:

At = (DeB2 — iv,0,)AT — KA~ +i(7:|A~PAT + 4. |AT]2AT)

WA~ = (D202 +iv,0:) A~ — KAt +i(72|ATPA~ +7_|A7|2A7) (1)
where A"~ are two countepropagating wavedinealy coupled by means & DFB mirror (K). vgand D, are the
group velocity and the second order dispersion, respectiveled we highlight nonlinear termsin Figure | we
report the cold cavity spectrum (apnd the nonlinear evolution of theeld (b). In (a) we colored the three
fundamental modes interacting nonlinearly, wigitey dashed linemdicatehigherorder modeswhosecontribution
can be neglected for weakly nonlinear systererewe report a general physicatustion using arbitrary units by
settingvy(x)=1 a.u, and neglecting leadingrder dispersion term3he coupling is chosen in such a wagkape the
parabolic potentialvell, whichis depicted in red in panel (a). The field is treated by means of a modahjgesition
analysison the OPO triplet& .o. We can see howonlinear terms work as a tea spporixing the stationary eigen
solutions of the system. Athe - -termsincrease, the coupling between modestisnger and, eventually,is no
longer fully describedby a pure OPO intecsion, since higheorder modes also partecipate in the wave mixing
process.
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Conclusion

In conclusionwe presergd an application of aeduced modelecently introduced fothe systematicdesignof

PhC structuresand the optimization oftheir geomtry [1].Because of its generaljtpur analysis caralso be

extendedo descrile parametric nomhear interactiong a wide class of multimde Ph@sonators.
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Abstract: We carried outwo-waves thermalization and calorimetry expezntsin nonlinear multimode optical
fibers. Our results extenthe thermalynamic description othe beam seléleaning effect, enabing a new
paradigmfor theall-optical control of the spatial profile of intense multimode laser beams.

The themodynamic theaor of light propagation irweakly nonlineamultimodeoptical systemsllows for
descrbing laser beans in analogy witha gas ofparticles [1]. In sucha thermodynamic framework, the
nonlinearityis responsible of #interaction among thgasof photons which leads to the estblishment of a
thermal equilibriumafter a sufficietly long propagatiordistance Recently the gaslike repregntation haveean
applied to the spatial ben selfcleaning (BSC) effecf2], which consists on thspontaneus formation of a
bell-shapel intensity profile at the output ajradedindex (GRIN) multimodeoptical fibers (MMF) [3]. The
BSCeffect, whid is driven ly theKerr nonlinearity can be described as resultiingm thethermalizatiorof the
multitude of fiber modedeading toamodepowerdistribuion which obeyshe RayleighJeangRJ) law.

Hence BSCis associated witthetransfamationof a nonequilibriunsystemat the fiber input (Figla) into
a stateof equilibrium, i.e., of maxinum entopy, at the fiber outputFig. 1D. Note thatvirtually all the
experimental demonsttions of BSC uselinearly polarized lightat the fiberinput At the same time, it is
well-known that light progessiely loses its degree glarizationupon propagation ia MMF [4]. Therefore,
in Fig. 1a,b we represent thimput stateas a gas which occigs half of the modal volume, i.egnly the modes
with a given polarization ae populated # the fiber iput. Whereas, at thermal equilibrium, the gas
homogneously occupss the whole modal volumeloreoverijt is possible talefine themodynamic parameters
suchasthe gagemperaturgT) and chemical potentidl ). Remarkablythe vale ofthermodynamic paraeters
is only determind by theinjection conditiors of the input laser beams a consequence, oneayrsomehow
associate semperature even to a nonequilibrium statech as the input stafdote that sucla tenperature has a
purestatistical meaning.e., it cannotbe nmeasured with a thermometer.

Experimentally, in short fiber spansi.e., whose typical length is of the order of a few metB&C is
observed whenever the input power is high enouginsue that interactionsamongthe gas particleseadto a
thermal equilibrium within the limitedpropagation distancdypically, one observes a transformation from a
specklesFig. 1c)into a beltshape beam(Fig. 1d) whenever thenput peak poweof the laserpulsesreaches
valuesof the order ofew tens of kilowatts.

Here weextendthe thermodynamic description @SC in MMF to two-wave thermalizatior(for more
details, see Ref.[b] We carred out experiments wherwo orthogonally polarizd infrared beans ae
simultaneously injected into theore of astandardGRIN MMF. Such an iput condition isepresented Fig. 1e
in the same fashioasin Fig. 1a,b.In paticular, in Fig. le, the particles of the two gases are shown with
different colors since thetwo beams were preparesh that theyhave diffeentvalues of T and at the fiber



input. In analogy with the single gas systemmaximization of entropy of the gas mixturdeads to the
establishment of a thermal equilibmiu where thesystem eventually eehesa singletemperatte. Moreover,
being the particles tlistingushale, atthermal equilibriumthe two gaesare associated with treamevalue of
the chemicalpotental. Consequently, thparticles aredepided withthe same color inif. 1f.
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Fig. 1. (a) Representatiarin the themodynanic framewok, of a linearly polarized beait theinput of a MMF. (b) Depiction of the
equilibrium statecorresponding to BSQvhich is reached at the fiber outp@t) Intensity profile of the beam at the outputaofSRIN
MMF when the inpupeakpoweris lowerthan the BSC threshaldd) Intensity profile of aself-cleaned beam. The histograms in (c) and
(d) represent thedistributionof the modepowers, sorted by their propagation constarin (d) the monainic trendobeys the Rlaw. (e)
Representationfdhe fiber input when twaorthogonallypolarized beams wittifferent values off and are simultaneously injected. (f)
Equilibrium stateresuting from two-wavethermalization

Our experimentsverified the theorécal expetation we found thatthe experimentally deermined
temperatureand chemical paential of the photon gas mixtureare independentof the output polarization
direction (i.,e., T and are the same in both the left and rigides of the box in Fig 1f). Moreover we
experimatally verified thatthe value of entropwf the equilibrium stateis grater than thaat the fiker input
Finally, we demortsatethat the equilibrium values of Tand FDQ EH YDULHG RWF®RtaGdicdld WR
calorimetry,e.g., by acting otthe temperaturer mass ofany of the two gases at the fiber inpht this regrd,
our resultspave he way for novel signal processindunctionalitiesbasedon MMFs, swch as theall-optical
control of the spatial profile of intense multimode laser beams.
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dell'Universit™ e della Ricerca (R18SPB8227and SapienzaUniversity (Avvio alla Ricerca Grarst
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Abstract: In the context othe new area odptical trermodynamics of weakly nonlinear systems, we provide a
fluctuation theory based on grand camahiensemble. Our theoig generic and can be appliedany weakly
nonlinear and noimtegrable system (for example planar waveguide, optical fiber, photdtige) that contains

a finite number of supermodes. By employing +squilibrium statistical mechanics we also study the
out-of-equilibrium behaviour.

In recent years, considerable effort has been devoted to the study of nonlinear highly multimindédyspt

tems [l]. The physical motivation behind these theoretical and experimental efforts has been the search for higl
power optical sources that has been enabled by a sequence of new developments in multimode technologies |
taining to both guidedvave 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 tas}
the best case, all relevant approaches are mostly lbasedmplicated nonlinear optical simulations, that make
the description of realistic multimode fibers a formidable task. Thus a theory that exgidipredict such a
complexbehavioris still missing.

Quite recently however, a saibnsistent theoratal framework has emerged, what we €dptical Thermo
dynamics@2E6]. In particular, optical thermodynamic theory is capable of describing such complex phenomena
by means of thermodynamics of the systemOs supermodes. A complete set of thermodyarablealwas de
termined and thus was able to describe and accurately predict the equilibrium behavior of the multimode
system. The equation of state, the entropy and the Raylemis modal occupanciestdtsution was derived
axiomatcally either ontiermodynamical ground2i] or equivalently on statistical mechanical foundatidns [

6]. Such an approach is universal since it can be applied to any weakly nonlinear optical multimode system «
finite number of supermodes that involves a finite numblercanserved quantities. We can derive the
fundamental relations that govern the grand canonical ensemble through maximization of the Gibbs entropy
equilibrium. In this classical picture of statistical phatechanics, we obtain analytical expressionsthe
probability distribution, the grand partition function, and the relevant thermodynamic potentials.

Thefirst part of the talks devotedto the understanihg of therole of equilibrium fluctuations anthe second



partto develop a norquilibrium description of the system. In order to achieve our first goal we are going to
rely on the grand canonical formalisfh] fand directly calculate the relevant fluctuations based on the grand
partition function expression. For states far from equilibrium, wesldgva Langevin type of approach for the
projection modal coefficients and derive effective stochastic equations that govern every supermode. Oi
analytical expressions are compared vditect numerical results afystembath simulations, in all cases, dn

the agreement is excellent.

In conclusion, by means of statistical mechanics, we have established a solid foundation for the optical the
modynamics for equilibrium and naquilibrium states. This formulation was carried out in the grand canonical
ensenble picture and is applicable to any nonlinear arrangement involving conserved quantities such as tr
power, Hamiltonian, and a finite set of distinguishable modes. The equilibrium expressions for the fluctuation:
of power, Hamiltonian and modal occupamzymber were found in excellent agreemwith direct bathsystem
simuldaions. Even more interestingly, we were able to apply a Langevin type of formalism in order to understanc
the nonequilibrium behaviorof our system. Our results universally apply ty ather weakly nonlinear highly
multimoded bosonic arrangement.

Acknowledgements: This project was funded by the European Research CouncilJ&i0lidator) under the
grant agreement No. 101045135 (Beyond Anderson).
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< 6XQ33DUUD 5RYDVOLOQ .DUWDVKRNURBDUODQJLQL=LWHOOL
5 -DXEHUWBM™OHQMNQAG BEQLW]

* (7 60BHY D8 QYHMWR 5RPH S5RPH ,\BD
, QY8 QYHYMILGHO DAP DIFD3XDL$ STFDED 8 QYHYMVBRDMQFDGHI DBCAD 9DBAD 6500Q
,QXYMMR 6SHARARS. 5 XWIDQ$ FOGP\ R 6AHFHY 7URWN 0 RFRZ 5 X\WID
&15 ,12 ,\\\MMR1 0 IRDBIG.2 WD 91D&0P S.) GIUL 3R]XRQ ,\WD

FRUASRIEQ) DAKRU\ LIDQ\KQ# XQURPD LW

$ EVADRW: H\WKRZ WHSWHHFHR MBEBIKLI K RGHUQI KVWEX@IVIQ D FRHIHQ® GUYHYSDMYHP XA RaH. HW
FOW Z W D \WUHH QP HMRBOSRIMNDO 7 KRHWEM KDYHYHY  WFK P XGNP RGHIHDMUHY Z KIFK DIHXQYHBGE

GHRP SRUQ) WHQRQDGHIWROMRQYRQ\WH\KUHH GP HMRDOIGHUHIHP RGVR WHFDYLW

6ROLIBBNLRWMEO! VXOWRPBDQ BBNEHOM\IKEND WZADH W\KDUR S DLIPRQHO P68 B D@
W KUHH DRI R Q O RGMDW 8 D W L R WOHRFFORQULIBOAYY AR P P R Q B \H WUBNGE L JEOWD OH W
HP BIHY DU H VI W&H O LEFIDACHHRMZGIRIQO L GGHD D EVB\QREQV SHYRZRQMIRUPDW LR Q
RIVWHDGV% W@WHHH G L PHHQWW BIZINGD O N RREZQOGDQA W KHUHV IRQAH K RUGHU
SHUW X B EHDRAVQEEQ K HIUGINQMD B/ IXGEKIADLYAHR O O>D @ H U WW BRIV M P H G\W WRIQIRE Q W D
HIHF WD @HP LW LJD/WHRKDKLRNFK D Q LQF\D X\8 KXW L O L RDWILR R DERP SHWLQ J
QRQOL Q H DAY Z WNOADW\GHA (@ §X3U D GJHHG U DEQVG.M$, 1 GLVW U LE@ WU R RNH\B D BH
VWDE LQUASHEH VR GEN VL SDOW] HR Q OLLGLIVGE b ¥ LR MBWD W X D DERMHEBUE VH TXHQW O
L QV KR Q VR IP XD W LI B @ B VX LVOH. | W G $IQIREIG X O B WBIKFD® R G X O DPIEHR@F RUSRUD W
L Qi [W H URWDIORB @ L BAXMAL OLL QDU DVF\IM LKW \R @ B XD B W RIKVIH V X QWHHW H DRVD R Q
WHP S RWDGSR @ H QY WIIFQ O MMDERHL DIREML QVKHDWRH ' > @QG VHWWL@JIV
UHVSHFWLYHO\

,Q\KY ZRIN ZH X@RYHJWH H IMMIFH R D UFK YOUHWV R / %/ R GLIHHAWRGHY 1Q \WH FRQM WR
P XQP RGH H WO GUYHD . HW AW Z W \WH D335 L.QOHFH R SOUTERTF SRAMQMYY : HH OP LGH WH
WEELQNV R YOURXV KUK RGH/ 9/ 0QG FOWL\ \WHP LQWP VR WHUELXUDARQGDIUP % GHARP SRUQ) \KH
/ %V 1QR \KUH GP HUIRZOOGHUHIHEP RGH Z HFDQ RABQ WH HYROMRQ R \WH P RIDIDHHJLHVR KUK RGHJ
/ 9%/ : HDAMEXM\WHRIWIQR \WHKLIK RGHY %vSUP DO \R\WHFRINSREQ) KK RGP RGY/

,Q\WWHP HIQ | IHIECESW P DIRQ \WHG @P LFVR WHHBAE | IHGHHBSHA (7, 4, 7, 1) SIRSDIDIGY) Z MKMQ
\WH FDYLW LV JRHGHG B DR H \WE-G GP HQIRQBW / XIIDR/ HHWHU //  HDOMRQ ZIW D ' SDUIERIF
SRAQMD
9A i( 5 . O

5, =iV )A ~i(@+y*+Cr)A+ilAPA— (1+i8)A+P,

Vitaa
ZKHH DWHFDAW GAMQQ) SDIP HAMUP WRHS® SQ) DMV = 92z + Jyy  CFFRXQIVIRUGLIUIRIRD - -

CFFRXQV IRJAVGHURD (77 + ¥%) 1V \WH WDQWHYH SDITERTF LG SIRLG! RU\SDMOSRMIMD DG C'r2
RUWLCDMYIURP X QFKURGRXV SKDVHP ROXOMRQ

)LUXH D KRZVWHEIXUDNRQGADIUEP R / %HHI YV GIX¥QQI S ) RXUH CP SBVR / %\WBMYI ROKH
QHIDAYH GAMQQ) YOOHVS = —1, —4, —8, —11.5 DHSRWGIQ)L) LLY UASHRWHD 7KHER\KHWY LH
DRXUDAHY Z WK GLHHOAFRBLY W-BUAHAGL I HIQIIHTS LOMMMWY T =3 WG DG 2 =0.1 EOH 7KH
| RAUMIBAR \KDAZ H FRQUGUUHSURHQARH | LIKAKLIK REH/ 9%/ 7KH DUHVFEDDAMG B\ WH WUHH SHINV YIME®ILO
\WHEIXUDNRQGDIWP  $ SOWURP \KHH/ %/ Z HDOR REVH.YH Z DyH FRIDS\H DG \WUHH QP HQIRDCEBDAHY
LQ \WH U5 DG EOH WILRYY UAGHRYHD 1 XP HIFDOFRQIMDINRY DQG GLHRAAQP HIFDOMP XTWMRQ DHXHG W
FOBX@M WHH WBM/ 98 GHRP SRIQ) WHH VROMRYY RQ \WH WUHH QP HUIRIDOMGHIUHIHP R Z HRAIQ
PRIOHHN B, n=1,2, ... ZKKIVSRWGIQ)L E $VWHGIMAQ § GFUHDH/IRIHK QW R G
EXWMWP RDHHI\ B [GRUHDR/XQMIWIHIFKH/DSHIN YDOHZ KHHD SKDHWIQIMRQR / % REHIRFFEXY



60 L . L .

N
o
1
.
o
Z

Energy
Ix
e
T
=
Z

0 T T T T T T
10 ' L ' L '
(b)
,g):m- F (i) 6=—4 (iv) 6=—11
g 20- \Z i - \ i by
-g ? vf\ / v0 o
- / ) - il NE N\
04 e I‘ — T T T T T T T T T T "- ()i'\_'___?)__,_("—" T2 2 0
=12 <11 <10 <9 <8 <7 6 b5 4 <3 2 1 0 . ]
Detuning §

JLUXWH  DE 9AXUDIR)GDIUP V\KRZ I WHIHBHH R WHEX@WE (1) 19 D ogsWHUP RIICHHI\ £n (1) 1
E Wi IROMHS®SP = (.75 1Q D 6RIGEDAN KHSUHG O/ BBUAHINEES! XQME®! \ROWRY RABIGHSE
QP HIFCOFRQMOIRY Y%60H ALUFBY \KSHIP SRHG RQ \RIG QH/ DUH VROMRY 1 URP GLHAQP HIFDDMP XOMRQY 7KH
FRUMS\H WLR)VDHP DN-G B UHG0UHDY DG EHDNHUDP SOXGH/DHP DN-GE. \EDWHEOHAUFBY 7KHIWD KHEPAUWH
FRUASRIG/MNR\WHOGHOUMBM/R \WHFDYW + HHC = 1

7KLV Z RN UVHDY \WWH SUAHIPHR DAYHYHWIQIHR / %vZ MWK KK REHY LQP XAWP REHH WD GIYHD
. HWFDYIMAY Z WK SOUERTE SRAQNY 7 KURKIK RXUDDOMY Z H HYDOOM WH EELQW R P XMSBI KLIK REHU
/ %/ DG FDMRU HWHP %4 SURVRNY) \WH/ 9OVLQR QQHDUUH GP HMRIOHIHP RAH/ Z HWEFHWHRUWLOR
WHKLIK REH 9%\RWHUFRINSRIEQ) KUK REHUP R3V

© H DNQZOGEH WH ILDGADD WKSSRWR  WH ( XURSHID SHHIFK  &RXGHO 0 LQVMR
GHD)\WK| LIRH GHTB QYHMW H GHD 5IFHD 5 63% 0 DUH 6NRERZ \ND &XUH $ FURQY

* (DQW3,’ 1%& 08&1 $(, DG (5 ) $ zD R
PINQ (XRSH DG 608HID SQYHMW $YYIR DD S5LFHFD * WQN $5 ¢ 3
$5 & (9%

5 HHHF
< BLEHEHJ 2 SW HW
< 9 . DMDKRY * ( $WMNKDFKIN % $ 0 DBPHG DG/ 7REHJ1DASHY 3K\ V
& 01MQ< . DVMIKRY DG/ 7REHI3K V 5HY / AW
2 9 GKMIDO 3 )HRUN< 6 . INKIUDIG6 . 7XUMQ 3K V5HY' $
9 / . DDWQNRYDG6 : CEQW / DHBK V / HW
$ . 7XAQQ$ 0 7INDDOUG7 - . ISSHEHJ) 3K V5HY'S
1 (QGEHWL * RGPDIQO0 (WQUR1 0 RMDQ6 3 *RJD) / HR OQG- ) DRPH DY LY
< 6XQ3 3MUD5LYD/0 )HUDR) ODQIQ 0 =0MD 5 -DEHWX ) 5 70BQNDIG6 : CEQW 2 SM HW

< 6XQ 3 3MUD5LYDV & 01MQ< 9 . DWPKRY 0 )HIDR) 0 DY 0 =\MD 5 -DEHWMX ) 5 7DBRN D6
- CEQW DY LY
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, WHUDWLYH FRUUHFWLRQ RI SKDVH HUURUV LQ 10
XVLQJ IXO0 ZDYH PRGHOLQJ

&DUH\ 5DSIDPFR BWQ ORUIJHQWKDOHU

1RUWKHDVWHUQ 8QLYHUVLW\ %RVWRQ 0$ 86%
UDSSDSRUW#QHX HGX

$EVWUDRMWULEXWHG GLHOHFWULF OHQVHV RIIHU VLJQLILFDQW SI
FRQYHQWLRQDO XQLIRUP GLHOHFWULF OHQV DQWHQQDV EXW RIW
EDVHG GHVLJQ 7KH FXUUHQW LQYHVWLJDWLRQ FRQVLGHUV DQ LP¢
ZDYH SURSDJDWLRQ WKURXJK D OHQV WKDW PHDVXUHV WKH SKDVH
SURILOH RI WKH OHQV 7KH GHVLJQ SURFHVV SURFHHGV LWHUDWL
IRU WKH RSWLPDO OHQV DQWHQQD

'"HVLJQ OHWKRG
$VVXPH WKH GHVLUHG OHQV LV IOD®& DRIAURROWY GZIHDK K@U LFEUPRWY |
U IHG E\ D SRLQW K RXW E 8 @®L\W IKMH EKMQ D IGL D O OQAWHELIDHFMY U DF O H Q \
KDYH UHODWLYH GNHOWKPWULY EQGN MHEEHVQDW R | VKIBILFADWD O\ GHVLJC
VLPSOLILHG FRQGLWLRQ WKDW UD\VK UNRP WHHH WHRFSG Ol R QDEDREX DKIH WY
WUDFH VWUDLJKW GRZ® & RQWKHDRXWM UWKHUBAY DOZD\V UD\ UHIU

7R JHQHUDWH D SODQH ZDYH RXWSXW ZLWK F
DOO H[LWLQJ UD\V PXVW EH WKH VDPH (TXLY

\ OHQ.‘[Iﬁ%Tﬁ@OWKURXJKGW\KIH VOKIHD\ R XWHU VXUIDFF
—~p FRQVWDQW ZKLFK RFFEXUV ZKHQ
d €
, ¥:U  ->E2¥:0 > .
[ Y LIS E — N ——p

JLIXUH )ODW FLUFXOb@Vdidly WKk QW@Y 1RWH WKDW WKH GLVWDQ
RI WKH OHQ@ DQ®WHKDRDW SRLQW

z
h

.

JRU D *+] PP GLDPHWHG PPWKLFN OHQV XKLWKPPHWKIRLQW
GLHOHFWULF FRQVWDQW SURJI SO QM VKRDEDQ PX\B LQ WKH

7KH HOHFWULF ILHO“F(adi.ailg}-\;r;;ngL—ens:d=2.0m;n
Radially-Varying Lens Dielectric ¢ SRLQW VRXUFH WKD\ ‘ ™ IEphl.scalll in dB G E\ WKH
GLVWULEXWHG GLH f""/"" I‘“’/ LV
0R 70

E 10 PRGHOHG ZLWK \ ¢
> "LIITHUHQFH )JUHTXH( 2 | L
% 10 20 30 40 )')' PHWKRG DQG Lz 1l
mm yLJ 7KHUH LV E B 50
JLIXUH  )ODW FLUFXQPRINGHQYWWHU ZLWK ™2 & 1 o VLW\
GLHOHFWULFE FRQVWPRYIP/YROHBYLQJI WKH \ (SSHU
ULJKW % %
20
7KH EDFNVFDWWHU FDQ EH DPHOLRUDWH ° = " KH GLHOH

p (mm)

WKLFNQHVYV DV ZHOO DVGLD/(V\LLXNEX?JWLIR@M.SYH:%UH, JLHOG VFDWWHUHG E
UbD\V WUDFH VWUDLJKW WKURXJK \Q?%}E’@Q’HQFV_UDQ@D@EE%RD)@@D%HJ\SQQ
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WKH LQGH[ R¥oUHI BBAVEHRYXBGHQFH LV K\SRWKHVLPH®R ZLR E HU 8 P UOELR

PDWFKHG DW WKH WRS ORGM WXUGD PH 8 RVRHRD MAMPRPIWULFDOO\ II
XQLW\ DW WKH ERWWRP VXUIDFH DW

PR
CElly0s@A FCtCYCr

.6

S E i@ F—A F(CVYCF(t
7R GHWHYPLWKH LQGH[ Rl UHIUDFWLRIQ REVR LNQLEX WHMAIBDAWHD® LVOR
IURP 7KH VROXWIL RDYOE: é;:@ 4 7KH UHVXOWLQJ GLVWULEXWLR
ZLWiK: L Fyw £6y¢DQG PD[@RP%RaSUHVHQWY D PDWFK WR IUHH VSDFH

VXUIDFHVY ZKLOH NHHSLQJ WKH SKDVH FKDQJH YHUWLFDOO\ VWUDL
DV WKH SUHYLRXV OHQV

Uncorrected 3D Lens Dielectric ¢ 7KH ))) PRGHOHG ST -
P WKURXJK WKLV D e
LQGLFDWHY QHDU SO | 'YLRU
RQ H[LWLQJ WKH OHQ LV VWLOC
I5 SKDVH HUURU DFUR’
& m @ L DSHUWXUH 7KH UHG

mm- LQGLFDWHS BIOPRH W |

J)LIXUH ')ODW FLUF)(gpoLgOHQVV\LR U 8VLQJ

GLHOHFWULF FRQVWERWWHTGR'SE skDVH LQI

FRUUHFWLRQ WR WKH GLHOHFWULF FRQV .. . . = J=XWLRQ
Jaos LQ JLUVW ILW D IRXUWHK B WGRHW KHY  radiiposon(mm) L Q

)LJ WKHQ VHW LW HTXDO WR WKH @é@WéiJ)LUD@H-RI 3KDYH WY UR K HRO RE

DQG VROYsH IRMHUDWH WKH PRGHOLQJ zZLWXPY! &
o LRiSoRs T e RS

RULJUQRMD®QG WKH BRJSVHFWIHG WKH SKDVH Y
PLQLPL]JHG VHH )LJ EOXH FXUYH ZLWK UDGLIIBQ SHDWVHE YDULT

K UWKH FRIJJHPFWHIG y¥E, Evs v &8 S F v agur: ¢ ZL¥OKé; JLYHQ LQ

1C

RP

Phase (radians)

S5HVXOWY DQG &RQFOXVLRQV
Corrected 3D Lens: d =20 mm 7KH FRPSXWHG ZDYH SDWWHUQ LQ )LJ VKRZYV
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» " FRUUHFWHG DUH V'~ 7 7 megain-.2604 s
DORQJ ZLWK WKH L
“ H[FLWHG DSHUWXUH
FLUFXODU GLPHRBRLR(
7KH SDWWHUQ RI W
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Review ofpatch antennas for wireless applications using inkjet printing technique
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Abstract: This study focused on a douldtacked array antenna with patch elements disposed linearly and
circularly. Using the inkjet printing method, the single paotenna was created for the 5 GHz band. The goal is
to print conductive silver ink on a thin Kapton film to produce microstrip lines.-Higdact polyester (HIPS) is
utilized as a substrate to secure the Kapton layers, which increases the impedancg betdmirdth while also
enhancing mechanical stability

Antenna design

Fig. 1shows the suggested method for introducing a destihleked patch antenna that is describefd]in
Although this technique increases overall thickness, it improves antennwittdnih terms of impedance
matching, which makes it worthwhile to uges per the manufacturg2], the electric constanof the HIPS and
Kaptonsubstratesre2.4 and 3.4 respectively

Conductive Ink Kapton
75 pm
4
ny HIPS
|
Ground Plane
(a) (c) (d)

(b)

(e)
Fig. 1) Stacked patch antenrm@nfiguration a) Perspective view, b) side view of the antenna including ground plane,
conductive ink, Kapton and HIPS substrate, c) front view of the bdégenandd) top layer, e) manufactured antenna.

In a subsequent step, the ideaesigning a stacked linear array antenna was discussed based on the proposed
design principlesThe proposed antenna's ultimate design is displayEdjir2. As shown irthis figure the first
layer includes the feeding netvkorvhich is intended to exeiteightradiating patchesn order to obtain a compact
design and enhance the impedance matching, double gwastetength @@\ transmission lines with a corner
cut T-junction power divider were used in each step of this feeding network.

i‘eed-ing network ”
(a) (b)
Fig. 2) Front view of thestacked linear array antenimaluding the a) bottom and the b) top layers.



Sofar, the oncept of a directional stackestenna design employing a combination of thejétkprinting
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 mighpéeded tanclude more complex structures
An example is the omnidirectional antenna design, which is covered in more d#i&kiection.

It has always been fascinating to think of conformal array antennas as small, inexpensive stiitatures.
orientation of tle 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
elementsThe formulation for an Maced prismis takenfrom [3] and is as follows:

¢ Va2
'%556ﬁé’1; Li '%Zédf T RA R
a@b

papaee Ua Olapdy;>qh

Where '§ 5 2 52d ; shows the conformal array antenna's radiatéidlfl, '&:ad ; +, and =4 represent,

respectively, the radiated-ield, feeding amplitude, and phase of thh single radiating elemernd Nis 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 piesented
Fig. 2based on designing a linearly stacked array antenna with eight elements has been Bigpvén

radiating
element

Ground Plane

 feeding port

Kapton

Fig. 3) Stacked conformarrayconfiguration. a) front view, b) perspective viefvthe top layer and c) perspective view of
the bottom layer.
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Stereolithography to generate OAM waves usindielectrics.
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Abstract: Metal prototypes has always played an important role, with low tolerances and fulfilling the high
standards of investigation [1].-I3 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 fabricatiozieatric
transmitarrays (TAith the capability of producing orbital angular marhen wavegOAM).

Summary:

Orbital angular momentum waves were proposed by Allen et ah[2P92. Thistype of wave hasdifferent
modes, which are orthogonal oneandher when the mode differsSince then, the generation of this modes
have beempursued, bag the multimodal generation the principal target. Many ways of creation hese
achieved in previougears using higitost systems as muliirays antennas or monolithic metallic prototypes
[3]. Stereolithography emerged as a solution ta@ter8D printed devices in dielectriwith the capability of
generate OAM.

Stereolithography{SLA) emergedduring the 1970s as a system that can build 3D objects by two intersecting
radiation beams through both photochemically ctivésng or degrading plymers[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 layerThe fundament of this process is the curing reaction of retsiageaction is initiated bsupplying

the energy of UV light and it occurred two stages during the curing: gelation and vitrificatidimg¢sgelation is

a transition between the liquid resin to a rubber state. Then, the vitrification occurred, being ar¢iversible
process thdeads to the transition from rubber to a glassy solid [é$in

The choice of thiseichnique 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 Figevidoped:
w

T ——
P E
.//;
H

d

‘-'P‘Q>

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



While the dimesion & FD Q Y D UA2rhbh BoR.38mn(to introduce differenphase shifts) GLPHQVLRQV &
& DU H, being its function t@adapt the impedance to the dielectfibe goal was tmbtain four different

phase shifts in order to have @i configuration.With this unitcell we create a transmitarray (40x40) which has the
ability to generate OAM®ur choice of material was tiigrey VAwith a permittivity of Er = 2,6.

Once the final design is decided and the STL file is generated, it is udenrthiabs 3[7] to 3D prirt our model.The
WROHUDQFH RI RXU SKY®@Mhe)ant thalayBrEhRRO®ESs atidut 50m. This kind of machine use

low force stereolithographyn this type of SLA, the printer uses a flexible film which bows gradually as the part is
lowered, reducing the pressure in the overall systieisiimportant to set a correct arrangement of supports depending
on the type of geometry we have. For example, if the structure has gapsharkoparts, it is needed to correct the
possible deviations of the printing/hen the printing is done, a pg®ibcessing must be carried out, depending on the
material used. First of althe prototype must be washed to remove any resin residues. Then, theaunedd
leaving it the time needed to entangle the polymer. Sontergs of final results can be seen in Fi§\& expectto
obtain a flat TA withthe capability ofjenerate aertain OAM mode.

G

Fig.2. Several OAMs lenses (left). Formlabs 3 (middle) and curing machine (rigt
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7KH ODQXIDFWXULQJ OHWKRGV &RPSDULVR
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UDQVLWLRQ IURP WKH VLQJOH ULGJH
$QWHQQD XQGHU WHV\Xy KDV DOVR EHHQ GHYHORSHG

7KH $87 LV DQ VORW HQG IHG VLQJ G Y
DQWHQQD PDGH LG D VWDOGLQ) zmﬁ “%%&%@%%“@%&% e
IRU D FHQWHU BUHTXH®F\>R® > PHWULE GLEH |
LOOXVWUDWHY WKH VLPXODWLRQ PR[S; ﬂf' %ﬁ%u'?g ESVQ\}VHQéB ¥k
ORQJLWXGLQDO VORWV DUH DUUDQJ LQ b' FURBDG ZDOO RI WKH
ZDYHJXLGH LQ VXFK D ZD\ WKDW WKH FXUUHQW IORZ LV LQWHUUXSWHG
UHVXOWLQJ LQ D SRWHQWLDO GLIIHUHQFH WKDW XOWLPDWHO\ FDXVHV WK
VORWY WR UDGLDWH



7TDEOH 7KH SDUDPHWHUYV RI VLPXODWMHGLRQWHQQD PRGHO

3DUDPHWHU 9DOXH '"HVFULSWLAQD PLOOLQJ SURFHVV WKH PDWHULL
pp 6WDQGDUG ZDYHIXISSIWHHFH XQWLO D GHVLUHG JHRPHWU\ L
5 ZLC URWDWLQJ WRRO ZLWK JHRPHWULFDOC

§5WD§§LDUG FDYHIXLEVHG WR UHPRYH P D WAHULVDW HER KRODL AT RKLHC
: . KLJK GLPHQVLRQDO DFFXUDF\ ZLWK WFR
“oA PP DYHJXLGH 4LGWK P DQG SURGXFHV SDUWV ZLV
SpA PP :DYHJXLGH KHLJKW SURSHUWLHY +RZHYHU PLOOLQJ PDFK
NH\ GHVLJQ OLPLWDWLRQV LQFOXGLQ.

“a0x00 PP 2LGJH zLGWHK KROGLQJ RU PRXQWLQJ SRLQWY DV ZH
ls0xuo PP 5LGJH KHLJKW VIXDUH FRUQHUV GXH WR WRRO JHRP
oae PP 6ORW OHQIWK HYHQ LPSRVVLEOH WR PDQXIDFWXUH ZlI
DV WKH WRROV DUH QRW DEOH WR DFF

Sepac PP 60RW ZLGWHK RWKHU KDQG PLOOLQJ PDFKLQHV FI
oo pp ‘D00 WKLFNQHVVY VPRRWKHU VXUIDFHV WKDQ ' SULQWHG
o . GORW RITVAW WR wkn!PFRWBY IRU KLJK IUHTXHQF\ DSSOLFDW
ol )LJ GHSLFWV D VDPSOH RI WKH $87 V

PP ' QSXW OHQJIWK 06 EUDVV XVLQJ DQ LQ KRXVH ZRUNYV

E 'LVWDQFH EHWZHHQ WERVV LV DQ DOOR\RI FRSSHU DQG ]L

,VLCVWDQFH 4 widRRG FRUURVLRQ UHVLVWDQFH GXFWL

; 2DYHIXLC WH YDOX®R RI WKH HOHFWULF FRQGXFW

cioam PP 7UDQVPLVVL

RO OHQR% LQF LQ WKH DOOR\ DQG GHFUHDVHYV
)J WKH KHUH SUHVHQWHG DQWHQQD
&,00a7-eb7SWHsF 5 1 :LWK WKLV WHFKQR

7KH GHPDQGV RQ WKH PDQXIDFW XU LMIRYMYRHEG \APYW DO H B RW ZPWR FDQQF
IUHTXHQF\ 7KLV LV EHFDXVH WKH G Ri\@DQR@QV\WQ\Q@ Fr pYRDYHWR Y H PLO
WR EH SURGXFHG DUH LQ WKH PLOOMPAGHWH G DR DHEW R Wdk L\&RH By DSR'
IURP WKH OLVWHG GDWD $ UHGXFWER®YWHH @'Rg\ﬁ BBe § ﬂluﬂ?)@mi FyH
DOUHDG\ FDXVHG E\ VPDOO GHYLDWKRBN LY Pp FH/WWDVQHELYINY IXQZDQV
JHRPHWU\ RU VXUIDFH LPSHUIHFWL VoRUVEHMRK@HEZD vy Qo RIUSHIU WR H
7KHUHIRUH ORZ IDEULFDWLRQ WROY9WRD XN/H DRIEM BHOW RN Q W3k IQ)/oDUH L
UHTXLUHPHQW IRU WKH PDQXlDwauZLQgYJHé GHvV $QRWKHU SRLQW LV

WR PDNH WKH DQWHQQD IURP DV IHZ § S e T [U\
FRQQHFWLRQ LV D SRWHQWLDO VRXL

LQDFFXUDWH MRLQLQJ )XUWKHUPRU EH
FRQVLGHUHG GXULQJ WKH SURGXFWL

$V PHQWLRQHG LQ SUHYLRXV VHFWLR Q
DLUERUQH DSSOLFDWLRQ > @ ,Q W )]
SURFHVV KDV WR PHHW DGGLWLRQDO v WKH
WRWDO ZHLJKW Rl WKH DQWHQQD ,W ZHLJIKW
RI DOO VI\VWHPV XVHG LV HYHQO\ GLV HUIHUF
ZLWK DHURG\QDPLFV +RZHYHU DV W

UDQJH DUH UDWKHU VPDOO WKLV UH N IRU
WKH GHVLJQ SURFHVV $ YHU\ LPSRU\ LOLW\

DQG VWUHQJWK RI WKH PDWHULDO ' xi— N WSTITITTTTITT® H G WR
GLIIHUHQW IRUFHV DQG YLEUDWLRQV}LDJQ@I-PXV'/W(IQRNVEEUP:'@\NI—PGJENJ"DQ/N/ DWWt
HQYLURQPHQWDO FRQGLWLRQV RI WKH DLUERUQH FDPSDLJQV DUH

YDU\LQJ GXULQJ WKH IOLJKW DQG DUH GBI SHKRZMQWRR WEEDWYSHHE RMLHZ W
PLVVLRQ ,Q WKLV zZD\ WKH DQWHQQO PXRW REHDRORQWURVGROL RH W MWHK B D Q
VDPH SHUIRUPDQFH XQGHU GLIIHUHQWRRKNWGRRUOFRQBH YV RRYV WAKHIOH )L.
PXVW EH QR FRUURVLRQ RU GHIRUBDWWR®Q FGX i HWRZ HVHIOP SWZIRD WERW Y  $V

GLIIHUHQFHV RU DLU KXPLGLW\ SLFWXUHV ERWK WHKKHALSRRH WK HFDORW
WKH GLVWDQFH EHWEZBBIQHWZARIV @R /Y
7THFKQRORJ\ SDUDPHWHUV OLVWHG LQ WKH 7DEOH

,Q WKLV VHFWLRQ WKUHH GLIITHUHYARYH MR MWL RDQWHF R RHX R WU+ 2D
SUHVHQWHG IRU SURGXFLQJ WKH DQWH@H W KIQGRUDVEYRPHQW PHWKRG



W 7KH ' PHWDO SULQWHG DQWHQQD ZKL
pi ol LV PDGH IURP ,QFRQHO D SUHFLSLW
| — FKURPLXP DOOR\

lllot/brau =3.876 mm
Wlot/brass = 0599 mm

JLIXUH 7KH PLFURVFRSH YLHZV |
DOWHQQD ZLWK WKHLU JHRPHWULFD

+RZHYHU XQGHU WKH DVVXPSWLRQ
VIPPHWULFDOO\ WR WKH FHQWHUOLC
EHWZHHQ WKH HGJHV RI RSSRVLWH 8
FRXQWV XQGHU WKH SUHUHTXLVLW H i
WZLFH WKH RIIVHW UHVXOWLQJ GL
VLPXODWH G KBBUWDNPHWY HAH O O

YLIXUH 7KH IDEULFDWHG ' PHWDO S
'6/6 OHWDO 3ULQW HQODUJHG YLHZV

7KH ' SULQWLQJ WHFKQRORJ\ LV D HOG L @38 PHFK
SURFHVV ZKHUH FRPSRQHQWV DUH % \F HEHE S
QXPHURXV ZD\V WR SURGXFH SDUWYV \%/

GLIIHU IURP WKH W\SH RI VXEVWDOQ Q Q’v#TVL\r’
DQG PRUHRYHU WKH PDQXIDFWXUL %5 VD v(\g/m
PDWHULDOV IRU ' SULQWLQJ DUH Qv.2,
FHUDPLFV DQG VSHFLDOO\ SURFHVYV

7KH SUHVHQWHG DQWHQQDY DUH PD %v FQ/Vdgf H 9 VvD %QJ\}LS/C?
6/6 SURFHVV ZKHUH D SRZGHU\ PD A \/)QL X
GHVLUHG VKDSH E\ ODVHU VLQWHUL Q I—I:\ggl_
' SULQWLQJ OD\HU KHLJKW GHWHU Vl‘-? Q
SULQWHG VXUIDFH DQG WKH PLQLPX r%

FDQ SURGXFH 7KH PLQLPXP ZDOO Wk’LHF , |—?¢D IngGXF\J
SDUWV LV OLPLWHG E\ WKH VL]H Rlv\F Q/?g( .

WROHUDQFHY DUH W\SLFDOO\ * g%%g

LVVXH IRU FRPSRQHQWYV RI YHU\ VP g\é e/KELXQV:/“‘

6LQFH WKLV SURFHVV DOORZV PDQX] o
RQH SLHFH LW LV LGHDOO\ VXLWHG E_ A LEH\S VRXS
RSWLPL]JHG JHRPHWULHV +RZHYH | WORWY W 2
UHTXLUHPHQWY RI WKH $87 GHVL \@\9 I}/\)’V

IQQQJH 'ék 'ﬁh

LPSRVVLEOH WR DFKLHYH D WKLFN @ W |:/XUIDFI
FROODSVH DORQJ LWV OHQJWK 7KHU H &® A d‘(ﬁ)

LV PRGLILHG EHIRUH SULQWLQJ 7 W LV |
WKHUHIRUH WKLEFNHQHG WR %FH q\f}/

FKDQJH LQ WKH LPSHGDQFH RI WKH

GLPHQVLRQV RI WKH VORWY DQG WK L‘g& Wﬁ(g
WR DFKLHYH WKH GHVLUHG SHUIRUP x %V @ b YDOXI-
RI WKH ' SULQWHG DQWHQQDV DUH ¥XP HQJWK e %

F{g3E\/H %Egé R YHIXLGH DIIH
7DEOH  7KH PRGLILHG SDUDPHWHY Uy Wk 'UV%RQ/WKH GH DIIH
SDUDPHWHU 9DOXH HVFULSWURRHQVLRQDO LPSHUIHFWLRQV UHVXOW
loore PP :D0O WKLFNQHvVY GHJUDGDWLRQ
®eBag PP 60RW OHQJWK
Saegéc PP 60RW ZLGWHK
KBB bp BORW RIIVHW WR WKH
ol L & =3,949 mm L2/ 30 metar = 5.236 mm
'LVWDQFH EHWZHHQ w;:’/’:i:::::=°.sssmm of fset = 1.101 mm
¢ Ve / :

JLIXUH 7KH PLFURVFRSH YLHZV RI W
SULQWHG DQWHQQD ZLWK WKHLU JHRP



'6/6 6\QWKHWLF ODWHULDO 3ULQW OHDVXUHPHQW YV VLPXOD\

7KH " VIQWKHWLF PDWHULDO SULQWKI DIQWHOX®D UD\G LADAELHR QURRPD UD FW H L
3$ ZKLFK LV D YHUVDWLOH VWURQRHDPWA BXHOWYHLY KHERRSOBW V$IQRV H Q
DOVR FDOOHG 1\ORQ  7KH DQWHQQWKH 'FRODWHER XV¥QY D Q8 BOmBPUW ,QVWwlI
SURFHVV ZLWK D FRSSHU VKHHW RI UR&IPDWKRBK SIDWMRQMAG HUHBO0O0 PDQX
VXIILFLHQW ZLWK UHJDUG WR VNLQ WIEPKFOMD WHGH /WO GO $W KS RFROWD WK BW LR
FRSSHU FRDWHG DQWHQQD IRU WKH L‘/!\)h\l\ll—lﬁnh EHOWHII THITHTYHNE\ LV

HTXDO WR —P  $PRQJ WKH PH\ i
PDQXIDFWXULQJ WKH DQWHQQDV LQ
VKRZV WKH KLJKHVW YDOXH IRU
RI§e.L wzHr 51 ,Q RUGHU WR SURSt
FRSSHU UHVLGXHV IURP WKH DQWHQ
WR WKH DQWHQQDYTV VLGH ZKLFK K
WKHLU IXQFWLRQDOLW\ ,Q WKH

A ¥
" WKHUPRSODVWLF DOWHQQD LV GH. ’\%
g /| )
St X = N4 /]
T>f@

JLIXUH 7KH PHDVXUHG FR SRODU UDCGC
PDQXIDFWXUHG DQWHQQDV DQG WKH V

T T
%UDVV
—— ' VAQWKHWLF /“ U
H—— 'PHWD

—— 6LPXODWLRQ

sHG
RQ

IDU ILHOG SDWWHUQ

- &RPSDUHG WR WKH EUDVV DQWHQQD .
X3 VLPXODWLRQ UHVXOWY ERWK ' SULQ!'
SRLQWLQJ VKLIW DV ZHOO DV D KL

YLIXUH 7KH IDELFDWHG : 6/ SUKOWH&E VeHIW kK WHWR W AHbiH QRO ILOOHG

DQWHQQD DQG LWV HQODUJHG YLHzVHQHUDOO\ FDXVHG E\ WKH zZDOO F>
FRQGXFWLYH ZDYHJXLGH PDWHULDO 7

$V FDQ EH VHHQ IURP WKH SLFWXUHW IFRRRVE HPU Q@ HYKGKXKH WO BD A Vs WHRv B QWA\RQ F L
LQ VRPH SODFHV LQ WKH DQWHQQD DAARKGHQH GV R LKW WRWHURRDYOH L\
DIWHU WKH JDOYDQLF SURFHVV ZLWKERRWXAWNYRWEDWBHL D OWKH RPHWEEB Ul
OD\HU ,Q FRQWUDVW WR PDWHULDOWKRKRZEG KOIVWH UHROEMWFVRLIULDVE K \Y BO$K H \
SURFHVV WKDW EHFRPH EULWWOH RMHWHPDL P#+R ZW K H Us /8 HOH) WRISIHU IR[LGH
PHFKDQLFDOO\ VWDEOH )LJ D LOOMKHHYWOWHD GYKWRHOWN UIHEGX¥FWHRR| ZK
D VLQJOH VORW IURP D ' WKHUPRSORUWWWKK UL S®REWILEGWHG- @IV A GWKQIWHNQ (
JHRPHWULFDO GLPHQVLRQV ZKLOH ARQGXRWHYOW\W WAHHVRHFQFIR{E1O WK
GLPHQVLRQV EHWZHHQ WZR VORWYV WRKWHKMHWVH MOIG K EHGBEW URIEQ XRURHP S50 b &
WKH VORWY RI WKLV W\SH KDYH QR \PxODWI$ QD) HAK HRKIHH W LFEDVQ Q H RW Kby B\L 11 F
FDQQWRQ HDVLO\ EH GHWHUPLQHG 7K%Y R¥YWDQRQHGVHBQXNWRPDUWH WKL
WKHUHIRUH VXEMHFW WR D FHUWR®Q\ GHGUHHJIDRIQ XIFHVWBEZYWVKH OD
1HYHUWKHOHVV WKH SDUDPHWHUV YH?XOWWHGEREGDWKH VLPXODWHG GDWD

$00 VORWV RI WKH DQWHQQD DUH PH'RMX\P%L%DEHVLN%WJ%(%%VQ B RW Y
ODUJH YDULDWLRQV RYHU WKHLU ORIIWEKE LAWKy D QEHSFYE G RuRd MhH
VORWV FRXOG EH GHWHUPLQHG LQ WKILVUBRBWHEEE wkxv HOHYDWHV UHVL

— LQFUHDVH RI ORVVHV &RPSDUHG WR W
L2 30 plasic = 5,048 o 6/6 SULQWHG DQWHQQDYV WKDW DUH Gt
L oI 162 ismin UHODWLYHO\ URXJK VXUIDFH ZKLFK |

- SLFWXUHV DERYH 7KLV LPSOLHV Wi
FRQVHTXHQFH KLJKHU 7KH VLGHOREH
DQWHQQDV DUH XQEDODQFHG 7KLV
LPSHUIHFWLRQ LQ WKH SKDVH ZKLFK D
J)LIXUH 7KH PLFURVFRSH YLHZV RRWWHKH VEORMDY WHCWKH/BDYHIXLGH WR

SULQWHG V\QWKHWLF PDWHULDO DQWHQQD ZLWK WKHLU JHRPHWULFDO
GLPHQVLRQV QLY WKH UHIOHFWLRQ FRHITLFLH(

DQWHQQDV DUH GHSLFWHG DQG FRPSD

G
Lytot /30 ptastic=3.974 mm
Wslot /3D plastic 0636 mm

a)



p— &RQFOXVLRQV

™~ T ; :
/w/ 7R SURYH WKH DSSOLFDELOLW\ RI WK
\\N fM/ PHWKRG IRU DQWHQQDV WKDW DUH RS
® \ YA EDQGV WZR ' 6/6 SULQWHG DQWHQQD
< \ / PDWHULDOV KDYH EHHQ IDEULFDWHG D
Q T~ EUDVV DQWHQQD LQ ERWK PHFKDQLFD

o RI YLHZ

A &RPSDUHG WR FRQYHQWLRQDO IDEUL
1 1___ PLOOLQJ RU HURGLQJ FRPSOH[ FF
| _,V\QWKLNWLF PDQXIDFWXUHG LQ RQH SLHFH XVLQJ
CPHWDC +RZHYHU WKH LPSOHPHQWDWLRQ RI T
|— sLpxopjiro GXH WR WKH OLPLWHG DFFHVV IRU YLV,

FRPSRQHQWY GHVLJQ QHHGV DQ LQG
VHOHFWHG ' SULQWLQJ SURFHVV DQC
YLIXUH 7KH PHDVXUHG DQG VLPXODYWWRQOJAINFHFWUR QW PR EHMYQWHWWLC
DW WKH DQWHQQD LQSXW HOHPHQWY DUH OLJKWHU ZKLFK LV D
DLUERUQH DSSOLFDWLRQV EXW QRW W
7KH VLPXODWHG G% EDQGZLGWK URQJW K H OVQIWPH QVHDED \L VWIKEIR XWH R1 WK
*+] ZLWK WKH UHVRQBQFH *#JHTMRPFNWKMRGY PXVW EH YHULILHG GXULQJ W
WKLV GLDJUDP LW FDQ EH VHHQ WKDW RQO\ WKH ' PHWDO SULQWHG
DQWHQQD FRPSOHWHO\ PDWEFKHV WKH VLPXOPMNMHER LGN GIW P H QM

' SODVWLF DQWHQQD KDV D VOLIJKW®O\ Q DUWRIVWERRE NGW% HWKH G WY
EUDVV DQWHQQD 7KH UHDVRQ IRU WKV EXR WKE\LQERYIPHEHF
WKH VORW ZKLFK FDXVHV WKH VKLIWH%'KW%HRQM\S%%\Wbﬂ)U%%g@H

WKH ORZ IUHTXHQF\ UDQJH

JUHTXHQF\ >*+]@

,Q )LJ WKH UDGLDWLRQ HIILFLHQF\ LV GHSLPWhURBRFEKY | v
PHDVXUHG E\ PHDQV RI WKH UDGLRPI;IV@ULFH@@MHFR@G5FU—|3Q.Q\;(/XU71P§@LWXP DO
PHWKRG > @ $QWHQQD 'HVLJQ 8VLQJ ORGHUQ $GG
m , 7HFKQRORJ\ S$LOHYLHZDFFHURO Ss
g %UDV V
T | I S $ .DVKDQL * ,PEDO]DQR
n " PHWD( > @ ' 1JR . , .
= /\// DQOG ' +XL $GGLWLYH PDOXIDFWXU
i /\ UHYLHZ RI PDWHULDOV PHWKRGYV
FKDOO&RBERY %Y R®J ss -
s / R 6Y R@
° |
z \/ > @ -RVVHIVRQ DQG 6 5 5HQJDUDMDC
o $UUD\ $QWHBQIWWLWXWLRQ RI (Q.
7HFKQRORJ\
> @ (QMLX 0 3 3HURWRQL B6ORWWH:
"HVLJQ 8VLQJ ' 60LPRLORDIYRIQ--ROOU Q D

IUHTXHQF\ >*+]@ > @ +RUQ $ 1RWWHQVWHLQHU $ 5HL

6FKHLEHU 6$5 '/5TV HZ PXO
YLIXUH 7KH VLPXODWHG DQG PHDVXUWHe IO QG 'ESL*EJ 85
IRU PDQXIDFWXUHG DQWH DV '
U PDQ UHG DQWHQQ > @) *LDFROHWWR )UHTXHQF\ DQG 7L

7KH EUDVV DQWHQQD KDV D WROHUDE®&! FRNGIRw bdE WRQHRAMN RDQK Y Ry 0
WKH GHVLUHG IUHTXHQF\ EDQG ZzZKLOHR¥H 1RuULQW®EPHHWHQQDYV
SURYH WR EH PRUH VWDEOH LQ XSS®U $WKINKGRR\ UDM@M. QAKBEQG ' 7UH
UDGLDWLRQ HIILFLHQF\ IRU WKH ' PHWDUXSUPG\WWG R Q VO \WERHDFDY RIQ! L AH
UHODWLYHO\ ORZ HVSHFLDOO\ LQ WKHIBRZHUQRHTXHQF\ UDQJH 6LQFH
WKH VORW RIIVHW IRU WKLV DQWHQQD GRHV QRW FRUUHVSRQG WR WKH
VLPXODWHG YDOXH WKH VORW LPSHGDQFH LV QRW RSWLPDOO\ PDWFKHG
WR WKH ZDYHJXLGH LPSHGDQFH DQG WKHUHIRUH WKH PD[LPXP

SRZHU LV QRW FRXSOHG LQWR WKH VORW
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OLOOLPHWHU :DYHV HRU'BbWHBWWR&D @ W Q & KB HRU WSKAIHF W

6 'L OHR ODWURP@Hs 0 3DVLDQ

'"HSDUWPHQW RI (OHFWULFDO &RPSXWQHYHIUQY/GEW\LRPBGYED O, \MPIQ\Q |
FRUUHVSRQGLQJ DXWKRU VLPRQD GLPHR#XQLSY LW

$EVWUDRFWKLY FRQWULEXWLRQ ZH SUHVHKAVEQLKH ZRIUN GRR GB YOLOGRR
D PLOOLPHWHU ZDYH LPDJLQJ V\VWHP IRU EUHDVW FDQFHU GHWHFW

%UHDVW FDQFHU LV RQH RI WKH PRVW GIZIRIQRVE G LGE\WHHDVHWR
PDPPRJUDSK\ LV FRQVLGHUHG WKH JRIOG FWLDR)G DKIREZ HRY W LE UIHWD V VO [ERD
LQWHUHVW LQ QHZ GLDJQRVWLF PRGDWHWKBY TXMHRQ J WWKHH R RWWRS U
SURSRVHG IRU LPDJLQJ Rl WKH EUW DB WW> E@ WEZDBIWDGKR Q GBA K\OBI G & QL+
,Q RUGHU WR LPSURYH WKH UHVROXWRRDYRI IMWPHH LEXIU U HQWHPWY S DR\S
3DYLD ZH KDYH EHHQ ZRUNLQJ IRU \HDWKWHR®PDZQMNH LPHDIL®H V,\¥ VSHDR
PHDVXUHG WKH GLHOHFW U L F#SA$B/S IHVUWKLIHAW XR8 WRP D G +HUHBVVVEDUULHG
VLPXODWLYH IHDVLELOLW\ VWXG\ RIHORESK 6 @ QBDEIKQUDAWMHE]H& EG
PHFKDQLFDOO\ VHYHUDO WLVVXH PLPWHANMMGEW KB VP [5K.O)J WSRFRA P\
SKDQWRPV DOVR FRPELQLQJ PP ZDY HWO DX\DWMRJIIDMRXQ G VQ D\Y 6 H X IRVD D
WKH PDLQ DFKLHYHPHQWY DERXW WHKKN HR @ WHSM DEMBLYQWLHYH SUH

'(1)%!*1+,-%+.+/0-0+,1-%10,%8&2.&3./4502.6-107,."#$%$&., % 77417,

,Q FROODERUDWLRQ ZLWK WKH (XURTHDQZHQSWUWURPHGRWZRFR[
FDPSDLJQV RQ PRSMSEWHDQWK\ DQG FDQFHURXYV EUHDVW WHDRISO H V
OHDVXUHPHQWY ZHUH GRQH ZLWK DQIBSHARHOEGEHOG FRDPLDO @®URE R G
URRP WHPSHUDWXUH 7KH UHVXOWV @Y WKRYHGWZ R/ HIS HIWEDHIW 6 DH
WKH ZKROH LQYHVWLJDWHG EDQG ZL GWLK \BXHNWZ HHYQH & HIKMI\WY KK HDOQOBN R D
ILEUR JODQGXODU GRQMG QUR DH 16 MMBRIQ\» FD@ EH IRX

8(1 945!-%+0*.3107%6%*%,:.7,4::.&3.,/.55#<0%$!.%50=%2=.7:7,15.

%DVHG RQ WKH VLJQLILFDQW GLHOHGWIUHFESOREYW UB W \BVHXMZ/H HZ
QXPHULFDO IHDVLELOLW\ VWXG\ Rl WKH PP ZONBIULP Q&L 6 R Q/I\R/WPHDFO |
SDUWLFXODU WKURXJK OLQN EXGJMW HWYDOBDWHEBQMYQ EGLH DHANH QWA
DVSHFWV VXFK DV WKH RSWLPDO QXMPEHLU R IWKHWHQIQDYD MOR VDKRH. \DHU
SHQHWUDWLRQ GHSWK DV ZHOO DWW WSKHRD P I MNYHIPE O HWUICH\OR/O IXQV b R@

>(1 8%6#58:0*.,%774H5%5%+?%2=.6-107,.@/02,&57.

7R WHVW WKH PP ZDYH LPDJLQJ SURVDRW\SAHK DZUHD ¥ W M G L HH3G DVQHOY 16U |
ORZ FRVW HDVLO\ KDQGOHG DQG VDIHXPRIPSRQIHQAWIN L R € L EB\GH G2
GLVKZDVKLQJ OLTXLG DQG VROLGLI\WQJKBHJ IEQWOWX MK DRV SIBRDHNMDL
SKDQWRPV ZHUH PHDVXUHG LQ WKH IUHHUHH FREDMUHG>ZLWI@ WK
FRUUHVSRQGLQU#SKRUDVEMHBVWKRZLQJ WKH JRRG FDSQELDIDOWEBHRB
WLVVXHV W\SHV E\ FKDQJLQJ RQJWW K H\S HWRAUHD & B WHD RO \R ED Q E M KR

,Q DGGLWLRQ KHDOWK\ DQG GLVHDVBG SURYNHW KHDW B @LDIG G HDRV



UHDOLVWLF SKDQWRPV WR EH XVHG AKD ERFRLUIG H® DN K €@ J P K KIHPL
SKDQWRPV XQGHU GLIIHUHQW H[SHUVRMDQUWRQ JF RQRFPL WIKRIQVHFQSSD U
LQFUHDVHG WKH SKDQWRP VWLIIQHVY BHURHQWDVYHQALWKHQJWEBW
PRQLWRULQJ LWV GDROH FOMWIFL S ¥V BHRUBH HRX QG LQ

)(! Ad* %#5&;0*.%50=%2=.+&56%2%2=.55#<0$!7B.4*,-07&42;7.02;.4*,-07&42;7 .1*07,&=-0@/.

‘H WHVWHG WKH PP ZDYH LPDJLQJ SURWRWINBKORQ WHKIHXM H®SK DMZ\N
ZDYHJIJXLGHV ZLWK PRQR PRGDO IUHTXHIQWREDQWXKIHIWKHIDRPDUWDR F
UDGLDWRUYV $00 PHDVXUHPHQWY ZHXP POGHHEALMWERXWPWE&EW FAX'S G
SRVVLELOLW\ RI UHDFKLQJ WPUZHWYX XRWRHW PORWUHEH &4@QWLOV FD
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Abstract: This papemrimsto study how to improve occupationia¢alth and safetgonditionsin the healticare
environment in particularwe will focus ona systemic evaluation of the exposute thevariablemagnéic field
producel during a transcranial magnetic stimulatihMS) treatment Four exposure conditions are provided
based a two virtual humanbody modek, in the case foa circular cdiapplicator. Results of the induced electric
field inside thehuman body modskhow th&in some cases exposure limits are exceaseldead us to possible
safety suggestions.

Intr oduction

The study began by carefully reviewing real expesscenarie of clinicians,as thereference material used is
company usemanuals websites papers, and mesarement ampaigns We collected approximately 70 images
of these scenmrs to idenify all the possible positions assumed byclinicians during TMS treatments.
Furthermore, sice thecoil must be held in pladn proximity of the patient's head, the operabftenuses hands
to holdit during treatment. This can potentially introduce critical issues eyithrator§ limb exposurahat were
confirmed by some results aited ina previousstudy-?. To reduce theskcal risks, a dosimetric approach to
provide ugful suggestionss carried outas no technical standard devices are currently available for TMS
Models and methods

As a source mode] it is considered a circat coil model978400 of Magstimpowered with Magstim26tand
BiStm system at the maximum stimulator output (1009%MSQhe two systems delivecurrent pulses
assimilateda pure sinusoidat equivalent frequencied 3 kHz (5.6 kA) and1 kHz (9.7 kA), respetively. The
Human modelaused b reproducethe ogerator, are two posableversionsof the male modek, caled Duke
(34-yearold, 177 m, 70.2 kgand Jeduk(33-yearold, 162 m, 64.5 kg), bothmembes of the Virtual Population
(ViP., v.3.0%. Conerning theexposure scenarioin order to conduct éocal analysis of the exposure of the
clinicianfV K Dn@oGiferent way ofgripping the coil are considered for eabhhmanmodel For Duke, the
clinician is assumed to hold the coil with one hand (right and teftassessed separately) with two different
ways of gripping (definedasClosedandOpen. For Jeduk model more realistic conditiorare evaluated, whit
both hand involved in the expage as well a two differentholding modegrelated to tk orieration of the
right hand and namedkfinedas 3Alfa “and Beta"). Finally, the 99" percentileof theinducedelectric(E-) field

in the human modetas assessed by comipag it with the limit of ICNIRP 2010 guidelines(i.e., 1.13 V/mfor
thesefrequendes).

Results

First, we haveevaluated the locamaps of the induced Hield due to the TMSexpcure of the hand,
consicering thefour condiionsdescribed beforé~igure J).



Figure 1. E-field maps (a) Dukeright Closed hand, lf) Dukeleft Open hand(c) JedukAlfa with coil handleperpendicular
to the bodysurface and ¢) JedukBetawith thehandleparallel to thebody suface
Thesedistributiors of the E-field show how, in all the casesa large portionof the han exceed the limit
confirming the criticality of the proximity in useof the device. Taextent of the exposulgemmescleare by
analyzingthe 99" perceniles of the Efield evaluatedn the hand and forearnasreported in Table I.
Table 1. 9%th percentiles of inducel E-field (V/m)
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.%6 10.84 5.23 11.34 4.98 15.48
30% MSO 9.15 6.50 3.14 6.81 2.99 9.29

Discussions

For all the exposure conditions here consideteé circular oil causs an induced Hield tha exceed the
suggested limits, also considagithe lowestevel of MSOused in practie in clirics (30% MSQ. Excludingthe
implausible 100%MS0°, the percentage variatiorespectthe limits rangesbetween+164.6% up to +1790%.
Theseresultsindicake the need toexplorenew method for shielding the hand by usfog examplea dedicated
glove. In conclusion we demonstrate hawrisk assessent in healthcare workplace can teffectively
approachedusing computationalmethodswith ultimate goalto identify possible flaw of knowledye and
suggestingnew protocol for assessing exposure to devices such as TMS, which currentlyrdekdizations.
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Microwave SensingTechnique

Zheng Gond and Yifan Chen%#

tUniversity of Waikatp New Zealand
2University of Electronic Science and Technology of Chibhina
*corresponding authoyifan.chen@iestcedu.cn
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 fidaspace 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 classificBtierclassification
accuracy and localization eff@cy are shown to be greatly improved pamed to the traditional method

In microwave medical sensing (MMS), signals scattémaoh a region under examination (RUE) such as the
huPDQ KHDG DUH UH GywdiHeic\WWHRpaNikiernd 8tfdicture, and electromagnetic pespérti
wearableMMS system isshown in Fig. 1(a)The RUE structure is often highly complex, and it is difficult to
characterize the spatial property of an anomaly without reconstructinghdige. To solve this problem, we
propose anovel spacelivision-based stroke classification armtélizationmethod.As shown in Fig. (b), the
RUE is an enclosed eaA, whereas the reogng antennas are outside Assume that there is an anomaly in the
RUE; this feature will influence the electromagnetiqpmsses at the receiving antenndscording to medical
knowledge andanatomicalstructure, RUE is divided into multiple sulreasby spatial partitioning.The
generalized scattering matriGSM) theory is utilized to conduct an electromagnetic analysis on gphace
division, merging some of theubareasThe merging aims to ensurthat the electromagnetic responses of
different subareas are independent of each oftiers,any anomaly present @mcertainsubarea will introduce
highly locationselective signaturesSubsequently, if th®UE A is divided into several subargas= {A1, «
A« A}. Eachsubaresseparately satisfies the electromagnéetitependence requiremendsed on GSN1].
When a anomalyoccurs in a certaif, this feature will produce a specitlectromagneticesponse. Based on
this responsgwe can obtain the location information of the disease
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Fig. 1.(a) Architecture of the proposed system. ftigtorial illustration of the spaegivision-basedmnethod.

For eachA, a stroke incidence probabilityis assigne@ccording to expert knowledge, where the risk et o
Ais .={ .14, ..., ., ..., .1}. Without loss of generality, let us assume that the subareas are sorted in riskAso that
has the highest risk iAand .1 » .» » « « .;. We now proceed to construct a decistmrebased classifier. The
criterion for decsion-making is the incidencerobability, where the highesisk subarea should be selected.



Thus we first checl; for stroke classification. In thsase the root node has two branches, which{## and

{A, ..., A, ..., A}. If the strke area is not i\, we wouldcontinue to the subarea with the second highest
incidence probabilityd.. As such the detection sequenisobtained based on the incidence ridlsxt, asthere

are two types of strokéntracranial haemorrhagd¢CH) andischemic strokIS). Linear discriminant analysis is
utilizedto distinguish ICH from IQlue to its efficiency

/. AZ’FD e Discase

area
Antennas

(a) (b)
Fig. 2. (a)Brain structure and space divisidb) Headmimicking phantom(c) Wearable antenrarray
The brain area is divided into five subareas based on GSNyramdanatomybasal ganglia region (BGR)
A, left forebrainAy, right forebrainAs, left hindbrainAs, right hindbrainAs, as shown in Fig. (a). Then we
define the incidence probdities of these subareas as= 46% ..=20% .3=20%, .4= 79, .5= 7%[2]. The
disease area is randomly introduced to these subareas according to their corresponding incidence probabilities.
Half of the manufattired human brain ishown in Fig. 2(b), andhe experimetal system setup with the

weamble antenna arrag shown in Fig. 2(c)
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Fig. 3. (a) Simulation andb) experimental resultfor proposed and traditional methods
There are 100@nd 200groups ofsimulationand experimentakesults in the databagespectivelyand half
of those are IS anithe other half are ICH. The training set accounts @80 ofthe database, whereas the test set
accounts for 30%For the classification performance, the reeeigperating characteristic (ROC) cus\a the
proposed and traditional methods are shownign B For simulationresults the areas under the curve (AUCSs)
for the proposed and traditional methods are 0.97 and 0.8%®ctesy, which exhibits a 14% performance
improvementThe localization accuraayf the proposed method is 9%2For experimental resultthe 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 9 %8ddition, due to the decision tree
learning method, the diagnosisie issignificantlyreducedwith a 21.246 efficiency improvement
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*LDQW ODIQHWRLPSHGDQFH (IITHFW LQ DPRUSKRXV PL
WR QRQ GHVWUXFWLYH FRPSRVLWHV PRQ

$ =KXNRY3 &RUWH /BIRGDWRY %ODRGR 9 =KXNRYD
'SWR GH 3ROtPHURV \ ODWHULDOHYV $YDQ]DGRV 8QLYHUVLW\ RI %DVTX
'SWR GH )LVLFD $SOLFDGD (,* 8QLYHUVLW\ RI %DVTXH &RXQWU\ !
,.(5%$648( 6DQ BHEDVWLDQ DQG %LOEDR 6SDLQ
(+8 4XDQWXP &HQWHU 8QLYHUVLW\ RI WKH %DVTXH &RXQWU\

FRUUHVSRQGLQJ DXWKRU DUNDGL MRXNRY#HKX HV

$EVWUBFSWRYLGH HWHQVLYH VWXGLHV RI WKH IDFWRUV DIIHFWLQJ
DQG PDIQHWLF ILHOG GHSHQGHQFH LQ DPRUSKRXV PDIJQHWLF PLFUR
VRIWQHVY KDYH EHHQ REVHUYHG LQ &R ULFK PLFURZLUHYVY +RZHYHL
LPSURYH VXEVWDQWLDOO\ WKH *0, HITHFW DQG PDJQHWLF VRIWQHV\
GHSHQGHQFH RI WKH *0, HIIHFW LV DOVR VXEVWDQWLDOO\ DIIHFWH
UHSRUWHG LQ WKLQ PLFURZLUHV LQ WKH *+] IUHTXHQF\ UDQJH $ QH
VSDFH PLFURZDYH VSHFWURVFRS\ XVLQJ IHUURPDJQHWLF PLFURZLL
I[UHTXHQFLHV IRU VWUHVYVY WHPSHUDWXUH DQG PDJQHWLF ILHOG F
FDUERQ ILEHUV FDQ EH DYRLGHG E\ DSSO\LQJ D ORZ IUHTXHQF\ PR
PLFURZDYH VLIJQDO IURP WKH FRPSRVLWHYV FRQWDLQLQJ FDUERQ ILE

6WXGLHV RI WKH *0, HIITHFW KDYH DWWUDFWHG FRQVLGHUDEOH C
VXLWDELOLW\ IRU YDULRXV WHFKQRORJLFDO DSSOLFDWLRQV > @
RI WKH FODVVLFDO VNLQ HIIHFW RI D PDJQHWLF FRQGXFWRU DV Wk
FXUUHQW IORZLQJ WKURXJK WKH PDJQHWLFDOO\ VRIW FRQGXFWRU F
*0, HIITHFW LV GHVFULEHG DV WKH PDIJQHWRLPSHGDQFH UDWLR 0= =

7

== >= + ppi@+ PD}

EHLQd(+ WKH D[LDO PDIJQHWLF '& ILHOG

&\OLQGULFDO VKDSH DQG KLJK FLUFXPIHUHQWLDO SHUPHDELOLW
IDYRUDEOH IRU DFKLHYHPHQW RI KLJK *0, HITHFW > @ :LWK LQFUH
VKLIWHG WR ODUJHU ILHOGY ZKHUH VDPSOH LV PDIJQHWLFDOO\ VDW)
Rl WKH VDPSOH V LPSHGDQFH KDYH EHHQ GLVFXVVHG LQ WHUPV RI
5HFHQWO\ PDMRU DWWHQWLRQ LV IRFXVHG RQ KLJK IUHTXHQFLHYV
GHYHORSPHQW RI WKLQQHU PDJQHWLFDOO\ VRIW PDWHULDOV DQG L
ILHOG VHQVRUV > @ 7KXV WKLQ PLFURZLUH LQFOXVLRQV ZLWK WHK
IRU WKH GHYHORSPHQW RI WXQDEOH FRPSRVLWHYV WKDW DOORZ ZLU
PDIJQHWLF ILHOG > @

7KH SXUSRVH RI WKLV SDSHU LV SUHVHQW ODVW UHVXOWYV RQ Wtk



I[UHTXHQFLHVY DQG H[SORUH WKH DSSOLFDWLRQ RI VXFK PLFURZLUH
ZLWK WKLQ PLFURZLUHY LQFOXVLRQV

‘H PHDVXUHG PDJQHWLF ILHOG + GHSHQGHQFHV RI LPSHGDQFH
PDIJQHWLF PLFURZLUHV SUHSDUHG E\ WKH 7D\ORUI 8JDLQURIY X 8\ WPR{ WK
I[UHTXHQFLHV ,Q DPRUSKRXV PDWHULDOV FKDUDFWHUL]JHG E\ WKH I
WKH PDLQ VRXUFHV RI PDIJQHWLF DQLVRWURS\ DUH W¥HGHWISBPRLQGE d
E\ WKH PDIJQHWRVWU LF WIQREQ WFKRHH I Q MLHHQQED OVKW UHVO/DHIW LR Q > @

. PH van

9DQLVKLDOXHYV DQG EHWWHU PDJQHWLF YRIWQHYYV RWHEREVHUY

(. 0[O0 V\WWHPV DW dE > @ )URP (= = + GHSHQGHQFLHV PHDV
ZLWKS ZLWK EXW ZLWK GLIIHUHQW GLDPHWHUV G G —P DQG G
PLFURZLUHV SUHVHQW KLJKHU 0= = UDWLR DW | 0+] +RZHYHU DW

IRU WKLQQHU PLFURZLUH $FFRUGLQJO\ WKHUH LV DUHODWLRQVKL
SHUIRUPDQFH DQG WKH ZLUH GLDPHWHU D WUDGH RIl EHWZHHQ ZLUI
7KH GLDPHWHU UHGXFWLRQ PXVW EH DVVRFLDWHG ZLWK WKH LQFUH
ODJQHWLF VRIWQHVV DQG *0, RI )H ULFK PLFURZL WYHD\O XZHW K DKL JKF
VXEVWDQWLDOO\ LPSURYHG E\ VWUHVY DQQHDOLQJ DOORZLQJ LQGX

7KH LQWHJUDWLRQ RI VXFK IHUURPDJQHWLF PLFURZLUHV LQWR FI
HITHFWLYH PLFURZDYH UHVSRQVH DOORZLQJ WR REWDLQ WXQDEOF
FRPSRVLWHY FRQWDLQLQJ FDUERQ ILEHUV WKH VXUURXQGLQJ FF
PLFURZDYH VLJQDO JHQHUDWHG E\ IHUURPDJQHWLF PLFURZLUHV
PRGXODWLRQ DOORZV WR GHWHFW WKH PLFURZDYH VLIJQDO IURP |
UHVXOWY GHPRQVWUDWH WKH FDSDELOLW\ IRU WKH LQWHJUDWLRQ R
FDUERQ FRPSRVLWH SDUWYV IRU ZLUHOHVYVY PRQLWRULQJ RI HIWHUQD
RU PDJQHWLF ILHOG

SHIHUHQFHV

> @ =KXNRY $ &RUWH /HRQ 3 *RQ]JDOH] /HIDUUHWD / , SDWRY 0 %
3$GYDQFHG IXQFWLRQDO PDIJQHWLF PLFURZLUHY IRU WHFKQRORJLFDO DSSO

>@ 3KDQ 0 + 3HQJ + ; 3*LDQW PDJQHWRLPSHGDQFH PDWHULDOV
3URJ ODWHU 6FLHQFH YRO +

> @ 3DQLQD /9 DQG ORKUL . ®0DJQHWR LPSHGDQFH HIIHFW LQ DPRUS

> @ O0pQDUG ' %ULWHO 0 &LXUHDQX 3 DQG <HORQ $ 3*LDQW PDJQH
- $SSO 3K\V YRO +

> @ ODNKQRYVNL\ ' =KXNRY $ =KXNRYD 9 DQG *RQ]JDOH] - 37XQI

FRPSRVLWH PDWHULDOV LQFRUSRUDWLQJ IHUURPDJQHWLF PLFURZLUHV =~ $G
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6HQVLQJ FDUERQ ILEHU FRPSRVLWHYV ZLWK FRQWLQ
HOHFWURPDJQHWLF DQG PHFKDQLFDO FKDU

5 % *DUFLD (W[BDIEHH® DOXQLR]JXWHD®E& -RKDQVVRAQ
9 =KXNRUYD,SDWRYG $ =KXNRY
*$,.(5 THFKQRORJ\ &HQWUH %DVTXH 5HVHDUFK DQG 7THFKQRORJ\ ¢
5,6( 5HVHDUFK ,QVWLWXWHV Rl 6ZHGHQ 'LJLWDO 6\WWHPV *|
'HSW $GYDQFHG 3RO\PHUV DQG ODWHULDOV DQG 'HSW $SSO 3K\V
6DQ 6HEDVWLDQ
. (5%$648( %DVTXH )RXQGDWLRQ IRU 6FLHQFH %LOED

FRUUHVSRQGLQJ DXWKRU HWI[DEH#JDLNHU HYV

$EVWWBLKRWW JODVV FRDWHG IHUURPDJQHWLF PLFURZLUHYV KDYH GHF
IRU VWUXFWXUDO FRPSRVLWH SDUWV 2Q WKH RWKHU KDQG FRQWL
QRQ FULPS IDEULFV DQG WKH DXWRPDWLRQ RI WKH HPEHGGLQJ SUR
ERWK FDUERQ ILEHUVY DQG PLFURZLUHYVY LQFOXVLRQV KDYH EHHQ VW)
H[SHULPHQWDO UHVXOWY RQ VWXGLHV RI WKH FRPSRVLWHV ZLWK JC
FDUERQ FRPSRVLWHY 7KLV ZRUN IRFXVHV RQ WKH IUHH VSDFH PLFL
WKH FDUERQ ILEHUV DQG IHUURPDJQHWLF PLFURZLUHYV LQFOXVLRQ |
SURSHUWLHYVY RI FRQWLQXRXYV JODVV FRDWHG &R ULFK IHUURPDJQHW
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ODIJQHWLF SURSHUWLHY DQG DSSOLFDWLRQV RI JOD"

9 =KXNRYB &RUWH /BIRGDWRY %ODRGB $ =KXNRY
'SWR GH 3ROtPHURV \ ODWHULDOHY $YDQ]DGRV 8QLYHUVLW\ RI %DVTX
'SWR GH )LVLFD $SOLFDGD (,* 8QLYHUVLW\ Rl %DVTXH &RXQWU\
(+8 4XDQWXP &HQWHU 8QLYHUVLW\ RI WKH %DVTXH &RXQW U\
. (5%$648( 6DQ 6HEDVWLDQ DQG %LOEDR 6SDLQ

FRUUHVSRQGLQJ DXWKRU YDOHQWLQD JKXNRYD#HKX H

$EVWUMDKFHWLPSDFW RI SRVW SURFHVVLQJ RQ VRIW PDJQHWLF SURSH
HIITHFW Rl )H DQG &R EDVHG JODVV FRDWHG PLFURZLUHV LV HYDOXD
DQG *0, HIIHFW LV REVHUYHG LQ )H ULFK JODVV FRDWHG PLFURZL
GHSHQGHQFH RI *0, UDWLR Rl VWUHVV DQQHDOHG )H ULFK PLFURZ
GHSHQGHQFH RI WKH VNLQ SHQHWUDWLRQ GHSWK / DV ZHOO DV PDJ
$QQHDOHG DQG VWUHVV DQQHDOHG &R ULFK PLFURZLUHV SUHVHQW
ZDOO SURSDJDWLRQ +RZHYHU &R EDVHG VWUHVV DQQHDOHG PLFUR
VWUHVV LQGXFHG DQLVRWURS\ DQG UHODWHG FKDQJHV RI PDJQHWL
UHOD[DWLRQ DQG *EDFN VWUHVVHV’

'"HYHORSPHQW RI PDIQHWLF VHQVRUV LV IRFXVHG RQ WKH PLQLDWX!
IHDWXUHV DQG RQ ILQGLQJ RI QHZ PDWHULDOV $PRQJ QHZ PDJQH\
UHGXFHG GLPHQVLRQV UHFHQWO\ JDLQHG FRQVLGHUDEOH DWWHQV
SUHSDUHG XVLQJ WKH 7D\ORU 80OLWRYVN\ WHFKQLTXH ZLWK WKLQ Pt

P FRYHUHG E\ IOH[LEOH LQVXODWLQJ DQG ELRFRPSDWLEOH JOD\
DSSOLFDWLRQV > @ 7KLV WHFKQLTXH DOORZV SUHSDUDWLRQ RI
DPRUSKRXV RU FU\VWDOOLQH VWUXFWXUH RI PHWDOOLF QXFOHXV *}
LQ FU\WWWDOOLQH RU LQ DPRUSKRXV PDJQHWLF ZLUHV EXW DPRL
DGYDQWDJHYVY VXFK DV VXSHULRU PHFKDQLFDO SURSHUWLHY WKH C
ERXQGDULHY FU\WWDOOLQH WH[WXUH GLVORFDWLRQV SRLQW GHIF
QRW UHTXLUHG SDUWLFXODUO\ DPRUSKRXV PLFURZLUHV FDQ SU]I
PDIJQHWLF EVWDELOLW\ ,Q WKH FDVH RI JODVV FRDWHG PLFURZLUH
EHFRPHY UHOHYDQW VLQFH WKH SUHSDUDWLRQ SURFHVV LQYROYHYV
VLPXOWDQHRXYV VROLGLILFDWLRQ RI WKH PHWDOOLF QXFOHXV VXUUF
GLITHUHQW WKHUPDO H[SDQVLRQ FRHIILFLHQWYV > @

7KH SXUSRVH RI WKLV SDSHU LV SUHVHQW ODVW UHVXOWY RQ WI
HITHFW LQ JODVV FRDWHG PLFURZLUHYV SD\LQJ VSHFLDO DWWHQWLR
RSWLPL]IDWLRQ RI GRPDLQ ZDOO G\QDPLFV

6WXGLHG &R ULFK DQG )H ULFK DV SUHSDUHG PLFURZLUHV SUHVHC
KHQFH *0, HIIHFW )H ULFK PLFURZLUHVY SUHVHQW SHUIHFWO\ UHFWD



ELVWDELOLW\ DQGRARMKFLRUWMU+RI $ P ,0 FRQWUDVW &R ULFK
K\WWHUHVLV ORRSV ZLWK DQ RYUGHU RI PDJQLWXGH ORZHU +

BWUHVV DQQHDOLQJ Rl )H EDVHG PLFURZLUHV DO€RMHFBRDVHGBQG
LQGXFLQJ Rl WUDQVYHUVH PDJQHWLF DQLVRWURS\ ODJQHWLF SURSFH
7 DSSOLHG GXULQJ WKH VWUHVV DQQHDOLQJ LQGXFHG WUDQVYI
QRWLFHDEOH ZLWIK LYDFROMHDW LSFFRUGLQJO\ UHPDUNDEOH LPSURYHPF
LQ VWUHVV DQQHDOWEL&H +RILFAKRZIHIHYV LP SUERANPKWYXWVRE\ DQ RUGH
PDJQLWXGH LV DFKLHYHG

$V UHFHQWO\ UHSRUWHG HOVHZKHUH > @ XSRQ DQQHDOLQJ WK
EHFRPHV UHFWDQJXODU SUHVHQWLQJ FRQVLGHUDEOH PDJQHWLF KD
PLFURZLUHW ®%R6L & PLFURZLUHV SUHVHQW ORZHU FRHUFLYLW\ L
ZLWKRXW VWUHVV &R ULFK PLFURZLUHYV

+\WWWHUHVLV ORRSV Rl &R ULFK PLFURZLUHV REVHUYHG DIWHU VWU
RUp +tYDOXHV SUHVHQW IHDWXUHV VLPLODU WR WKDW RI )H ULFK PL
LH UHFWDQJXODU VKDSH WKDW PXVW EH UHODWHG WR SUHVHQFF
LQGXFHG PDJQHWLF ELVWDELOLW\ 7KHUHIRUH VLPLODUO\ WR DQQH
DQQHDOHG &R ULFK PLFURZLUHV SUHVHQW VLQJOH GRPDLQ ZDOO

&RQVHTXHQWO\ VWUHVV DQQHDOLQJ Rl IHUURPDJQHWLF PLFUR?Z
FRPELQDWLRQ RI PDJQHWLF SURSHUWLHV ,Q WKH )H ULFK PLFURZ
LPSURYHPHQW RI PDJQHWLF VRIWQHVV DQG *0, HIIHFW 6WUHVV
VLPXOWDQHRXVO\ SUHVHQW VLQJOH DQG IDVW GRPDLQ ZDOO ': SUF
SHIHUHQFHYV

> @ =KXNRY $ &RUWH /HRQ 3 *RQ]JDOH] /HIDUUHWD / ,SDWRY 0 %
S3$GYDQFHG IXQFWLRQDO PDIJQHWLF PLFURZLUHYV IRU WHFKQRORJLFDO DSSO

> @ +HU]JHU * $PRUSKRXV DQG QDQRFU\WWDOOLQH VRIW PDJQHWV LQ
,QVLWLWXWH RQ ODJQHWLF +\WWHUHVLV LQ 1RYHO ODWHULDOV O\NRQRV *U
1$72 $6, 6HULHV 6HULHV ( $SSOLHG 6FLHQFHV 9RO Ss .0
'RUGUHFKW %RVWRQ /RQGRQ
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1RQ SODQH 6XUIDFH ODIJQHWLF 6WUXFWXUHYV LQ &\C

$ &KL]KWLN &RUWH PHRAXNRYD*RQ]DBZURQNQG $ =KXNRY

'"HSDUWPHQW RI 3RO\PHUV DQG $GYDQFHG ODWHULDOV 3K\VLFV &KHPLVWL
GHO 3DtV 9DVFR 839 (+8 6DQ 6HEDVWLDQ 6SDLQ
'"HSDUWPHQW $SSOLHG 3K\VLFV , (83'6 839 (+8 6DQ 6HEDVW

$*+ 8QLYHUVLW\ RI 6FLHQFH DQG 7THFKQRORJ\ )DFXOW\ RI 3K\VLFV DQG $S.

, . (5%%$648( %DVTXH )RXQGDWLRQ IRU 6FLHQFH %LOEDR 6
FRUUHVSRQGLQJ DXWKRU ROHNVDQGU FK\]K\N#HKX HV

$EVWUBDFWWXGLHG WKH PDJQHWR RSWLFDO DQG PDJQHWLF EHKDYL
VWUHVV DQQHDOHG DW WHPSHUDWXUHYVY GLVWULEXWHG DORQJ WK
PDIQHWLF VWUXFWXUH DFURVV ]JRQHV VXEMHFWBGRW R VIHQ Q HIRXWDH
JUDGHG PDIJQHWLF DQLVRWURS\ LQ D PDIJQHWLF PLFURZLUH

‘H UHSRUW WKH PDJQHWR RSWLFDO DQG PDJQHWLF VWX
VWUHVV DQQHDOHG RLIOK W IGRL \DWULEWWRISE DORQJ WKKHJIJPLREHGR:
PDJQHWLF DQLVRWURS\ KDV EHHQ REWDLQHG E\ VWUHVV DQQHDOLQ
7KH WUDQVIRUPDWLRQ RI WKH PDJQHWLF VWUXFWXUH ZDV IL]
DQQHDOLQJ DW GLIITHUHQW WHPSHUDWXUHV )LJ &KDQJHV |
WZR W\SHV RI WKH LQYHVWLJDWHG PLFURZLUHV 7KH IRUPDWL
ZDV REVHUYHG GHSHQGLQJ RQ WKH W\SH RI PLFURZLUH )RU
PDJQHWLF V\VWHP ZDV UHFRUGHG DW D VXIILFLHQWO\ ORZ DQC
7KH PDJQHWRVWULFWLRQ FRHIILFLHQW WKDW GHWHUPLQHV WKH IHC
DQG &R ULFK PLFURZLUHV 7KHVH WZR FODVVHV Rl FRPSOHPHQWD!I
PDJQHWLF VHQVRUV $ FRPSDUDWLYH DQDO\VLV RI VXUIDFH DQG
VXSSOHPHQWDU\ REMHFWLYH RI WKLV VWXG\
$ VSDWLDO GLVWULEXWLRQ RI FLUFXODU HOOLSWLF VSLUDO DQG
&R ULFK PLFURZLUHV WKH H[LVWHQFH Rl WZR GLIIHUHQW W\SHV RI |
KHOLFLW)\ ZDV IL[HG E\ WKH 02.( PLFURVFRS\

JLJ ODIJQHWLF VWUXFWXUHY GLVWULEXWLRQ DORQJ WKH PLFURZLI!
$ WKHRUHWLFDO DQDO\VLYV ZDV SHUIRUPHG RQ WKH EDVLV RI WKH [
F\OLQGULFDO V\PPHWU\ RI WKH ZLUH OLPLWYVY WKH VWUHVV WR UDGL



VWUHVY DORQJ HDFK D[LVY 7KH UHVXOWY RI FDOFXODWLRQ DUH SU
EOXH FRUUHVSRQG WR WZR RSSRVLWH D[LDO PDJQHWL]DWLRQ RULH
7KLY DQDO\VLV KDV GHPRQVWUDWHG WKDW WKH GRPDLQ VWUXFWXU
GRPDLQV RI WKH W\SH , UHG FRORXU FRQVLVW RI LQQHU SDUWYV |
VXSHUILFLDOO\ ORFDWHG GRPDLQV RI WKH W\SH ,, KDYH D KLJKHU
PDIJQHWL]DWLRQ UHYHUVDO SURFHVV LQ PLFURZLUHYV

)LJ &DOFXODWHG LPDJHV RI GRPDLQ VWUXFWXUH LQVLGH WKH PLI

7KH REVHUYHU YDULHW\ RI PDJQHWLF VWUXFWXUHV FRXOG EH XVHCG
V\VWHP LQ WKH VHDUFK IRU RSWLPDO PDJQHWLF VWUXFWXUHV LQ PI

S5SHIHUHQFHYV
3 &RUWH /HyQ 3 9 =KXNRYD -0 %ODQFR $ &KL]JKLN O ,SDWRY - *RQ
3(QJLQHHULQJ RI GRPDLQ ZDOO SURSDJDWLRQ LQ PDJQHWLF PLFURZLUHYV
7TRGD\ 9RO



Smart Electromagnetic Skins and their
Applications
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Abstract: Reconfigurable Reflecting Intelligent Surfacesepresenta valid solution for future 6G
communicationsut face practicalimplementatiorchallengesuch adimited tuning range ofliodes 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 imgidyigatedsolution

for wireless communication systerfid. The concept behth RISs is tomanipulate the phase and
amplitude of incident signals by adjusting the impedance of the su2cg3]. This can be
achieved by using reconfigurable RISs, which allow for dynamic changes to the impedance and
reflectivity in reattime [4], [5].

The reconfigurable naturef RISs brings numerous benefits to wireless communication systems,
such as improved spectral efficiencycrigased coverage, and reduced interferé@lceThereare
various methods to achieve reconfigurability in RISs, includinggusiaractor Diode§/] £9], PIN
Diodes[10], [11], and MEMS[12].

By applying a varying bias voltage to varactor diodes, the impedancesafrthee can be adjusted,
resulting in a range of reflection coefficients for incident signals. However, there are also
challenges assocad with reconfigurable RES One of these challenges is the limited tuning range

of varactor diodes, which restrictise range of impedances that can be realized by thd1R]S
Additionally, the high series resistance of thedéi® can result in substantiaflection 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 Surfacd®ISs). For example, the use wfaterials such as
glassreinforced epoxy laminate (FR4), which are esiftctive but also have high loss properties,

can result in losses. Furthermore, the flow of current on imperfect conductors and losses in the
active canponents can lead to ohmic lessMinimizing the effect of these losses is critical, and it

has been faud that a small periodicity of the lattice is an effective way to achiev§l#isin fact,
designng the pattern with a small period not only reduces losses but also leadsvitber
bandwidth for the RIS, thus improving its overall performgié&g, [16]

Studies in the litetare have investigated the behavior of varactor diodes, the key components of
RISs, at microwave frequencies. However, it has been discovered thatuherasistor value of

the diodes is significantly different from the one specified in the data stmekthe series resistance

is often much higher than expectdd]. Given these findings, it is critical to assess the reflection
losses of RISs when the siresistor exceeds 2 ohms

This paper aims to provide a comipeasive evaluation of the reflection losses of RISs, focusing on
the impact of theliode series resistor on the performance of the RIS.
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Abstract: In this communicationthe results of areliminaryanalysison the possibility to usa curved passive
smart electromagnetic skin workireg millimeter wavesto be mounted on street light or stop light paes
presentedin particular, the radiation properties of the cursedfaceare studied and compared with those of a
planar solutiontaking alsointo account thesisual impactand the possibilityto 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 ultrdoroadland connectivity, seamless coverage, and reduced power consumptiontheshed
research interest to find new solutions to satisfy these requirements. If, on one side, the use efvthe mm
frequencies presents several advantages, on the other, theti@meaitéon and stronger interactiwith obstacles
along the propagation path can cause a degradation of the services in those regionsahiat e lineof-sight
of the base station antennas. To limit their spread, Sateetromagnetic Skins (SESsn be introduced in the
environment in which the propagation occldr&]. They arevery thin surfaces, consisting of many elements with
resonant or subwavelenggize,able to provide anomalous reflectiof¥epending on the scenario in which they
are inroduced, they could be passive structyBdsbut, if necessary, they could also include active elements to
provide coverage reconfigurabilifgt]. Usually, SESsareassumed planao be integrated on walls of buildings.
However this solution is noalwaysfeasible asfor example, in historical city centesson buildingswith plenty
of windows Thus, other supporting structures must be used, subk aeet light or the stop light polese the
scheme in Fig. 1aJor the latter cases, the e curved instead of a planar reflectiwgface seems convenient
to reduce its visual impact and allow the SES to be illuminated by the field afiemglifferent base stations.

metallic pole

X \@m‘e radome™-. o

(a) (b)
Figure 1:(a) Example of the considerehvironment, where the SES is used to
cover blind zones for the base station ante(w)al.op and side view of the SES.

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



designed to be mounted aright pole with a diameter of 240 mand protected by a radome concentric to the
pole, witha diameter of 300 minis consideredNote that in the present analysis the effect of the radome on the
performance of the SES @&ssumed negligibjebut it is usedo have an indication of the size of the reflecting
surface that can be introduced between it and the pole.

Even ifSESs can be realized either with resonastibwavelength unitcells, here the first choice is adopted.
Moreover, sincéherequired bandwidth is less than 10&ocsimple readiatingelement isselected, i.e., a square
patch printecon a singldayer of Dicald527, with thickness h 8.8 mm, relative dielectric constang, L t & w
and losses characterizég — f AL r&sy The unitcdl has a size equal tb=t at the upper bound of the
considered frequency ranfje 275 GHz. The surface, that has size of 300 nu340 mm, is therefore discretized
with 55162 elements.

The performance of the curved SES is compared with that of two diffelenar reflecting surfaces with the
same height of the curved one. The first one has a width of 18@ stay between the pole and the radohine
width of the second configuration is instead fixed in such a way that the reflected main beam has HeBaMm
of the curved SESnd it is equal to 268m. In Fig. 2athe topand sideviews of the two planaBES areshown
The three configurations are designed to provide a reflection in the direégidn ¢ s P4 s L urg with respect
to the coordinate system indicated in FAg.whenan incident plane wave is imgjimg on the surface with angles
(ayad {rUéi oad- Ft r(ﬂ and then theiradarcross section (RC3% evaluated. The obtained pattgin the
plane 3 L s Yare plotted in Fig2b. It is worth noting that the curved SES has a maximum RCS comparable
to that of the larger planar SE8hich however is too large to stay behind the radome.

266mm

[Ta00mm |
. X |
Y 120mm \ 180mm . =
Sq,"b Z | . vg e :—i
20° % . 20 .
=
metallic pole ) radome
radome : metallic pole
(@) (b) _,
Figure 2 (a) Top and side view of thglanarSES. (b) Evaluated RCS in theys L s s M plane.
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Abstract Car+, "

Antennas and Electromagnetic beld Processing Devices || . . ESRIENEED
(EPD) are discussed, considering their role in the OSI stack wn P ) (e (B ) ~
of the next generations of personal communication systems. N = e N

R . .. . A S T L ( 9(99:)$%&'5() ) N
The physical layer is divided into two layers, the OSurface e () o)) o
Physical LayerO, which will be called simply the Physical |~ — — &)
Layer (PL), and the ODeep Physical LayerO (DPL). Accord- | (.. ) o) ™ ) 3
ing to this Oextended OsIO model, antennas are Ocross-laye| . . % C -:&zé)oj( ow ) e ) §g
devices, while EPDs are Osignal processingO devices operal| _ = ¢ ,—S:iw ' :—:Aﬁ:;i’:;‘::m
ing at the DPL, wherein the OsignalO is the electromagnetic ' o DT -
Peld conbguration.

1. Introduction cws & T =32

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, byptaysicalquan-
tity, dePned as the number of distinguishable conbgurations
of the observable (in the specibc case the electromagnetic
peld) 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.

Figure 1: In the extended OSI layer, antennas are Ocross
layerO devices, while RISs (ReRecting Intelligent Surfaces)
are special EPDs (Electromagnetic beld 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 brst 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, Oobserving® the actual state of the
channel. This indicatedn that inside the physical layer, there
is a Oconceptuald discontinuity.

Loosely speaking, in the physical layers two Oworlds®
> h hvsical coexist. In a world, information is an abstract concept re-

. The Deep Physical Layer lated to the Shannon mutual information. This is the world
The OSI model (Fig. 1) gives a complete view of the com-  of themathematicatheory of information. However, there
munication process. In the OSI model the data stream is is a further world where information is encoded in a phys-
divided into seven layers starting from the highest level, the ical observable, that obeys the rule of physics. Loosely
OapplicationO layer, down to the lowest level, the Ophysi- speaking, this is the world of thehysicaltheory of infor-
cal layerO (PL), which describes the implementation of the mation. Here, limitations are Pxed by the laws governing
transmission of bits through the communication channel. our universe and hence are unbreakable.
Each intermediate layer represents a conceptual Odisconti-  All this suggests dividing the physical layer into two
nuity® in the complex procedures required for communica- parts, an upper part, the Osurface physical layer,0 which in
tion. the following will be called simply the Physical Layer (PL)



Physical Layer Bits

: -
@ Antenna

Deep Physical Layer Flelds

Figure 2: A prictorial view of the roel of the antennas in ~ Figure 3: A pictorial view of an EPD; it consists of
the extended OSI layer; antenna is the OgateO between th@n array of electromagnetic controllable scattering ele-
Physical Layer (PL) and the Deep Physical Layer (DPL). Ments optimized to maximize the capacity of the wire-

In this sense, antennas can be seen as Ocross-layer® devicéss system. The DPL contains all the resources regarding
space/time/polarization degrees of freedom of the electro-

magnetic Peld that the communication system can use to

for the sake of simplicity, and a lower part, the ODeep Phys- encode information while EPDs allow the maximization of
ical LayerO (DPL) [1]. While in the upper part, information  these resources by increasing the number of possible dis-
is represented by abstract quantities, at the DPL, informa- tinguishable beld conbgurations by the receiver, acting as
tion is associated with physical observables. In particular, OlensesO for physical information.
the amount of information is debned as the number of dis-
tinguishable electromagnetic bPeld conbgurations on the re-
ceiver. antenna synthesis, in which the radiating system is designed

In this Oextended® OSI model the DPL is treated the considering a double goal: controlling the distribution of
same way as the other layers of the stack. In particular, as the radiated power density in the space and maximizing the
in the other layers, also in the DPL it is possible to do some channel capacity [4].
Osignal processingO to optimize the communication process
[4]. The only difference is that at the DPL the Osignal® is 4. The role of EPDs in the DPL
the electromagnetic Peld conbguration, and the devices at

the DPL directly modify the electromagnetic beld conpg- AS noted above, the role of the EPD is to maximize the
uration. We will call these devices Electromagnetic beld esources the DPL makes available to the upper layers [3].

Processing Devices (EPDs) [3].. An EPD consists of several electronically controllable
scattering elements. The general architecture is similar to
the one used in the Ref3ecting Intelligent Surfaces (RIS) [5].

3. The role of Antennas in the DPL X
However, there are some differences.

As _discussed above !EPDS directly modify th_e electromag- The goal of EPDs is the maximization of the channel
netic beld conbguration in the DPL. In this view, antennas  capacity, and their synthesis is driven by information-based
can be seen as quite special EPDs. goals [6]. The solution maximizes the number of MIMO

Indeed, the role of the antennas is to Ogonnectf) tNhe PLspatial subchannels [7], giving quite complex beld conbg-
with the DPL (Fig. 2). In this sense, they OtranslateO bits urations on the EPD. Instead, the main goal of the RIS is
in different electromagnetic Peld conbgurations and vice- extending the wireless connection to overcome the limita-

versa [4]. tions of the high-frequency communication systems, as in
All this also suggests a bottom-up vision of the commu- 5G FR2 or in the THz band that will be used in the next-
nication systems. generation 6G communication systems. RIS is based on

The DPL contains all the resources regarding reflection, allowing more classic synthesis methods to be
space/time/polarization degrees of freedom of the elec- used.
tromagnetic peld that the communication system can use Also, the beld of application of EPDs and RISs is dif-
to encode information [1]. EPDs allow the maximization ferent. RISs are highly effective in mmWw and THz frequen-
of these resources by increasing the number of possible cies, where their use at lower frequencies, where scattering
distinguishable beld conbgurations by the receiver. mitigates the coverage problems, is more attractive at the
The different distinguishable conbgurations of the beld lower frequencies, where increasing the MIMO spatial sub-
must be converted into ObitsO to be processed by the layershannels allow increasing the capacity balancing the nar-
above the DPL. The antenna does this conversion. rower bandwidth available, while is less appealing. at very
As a consequence, while before the use of EPD the high frequencies, where extremely large bandwidth allows
propagation channel was the bottleneck, the use of EPD very high bit rates.
shifts such a bottleneck toward the antennas. It is worth not- EPDs and RISs share the use of controllable devices.
ing that this view also suggests a Ocross-layerO approach fondeed, EPDs can also be obtained as an array of RISs, i.e.,



of reRecting controllable surfaces [7] organized to maxi- [5]
mize the capacity of the wireless system [3] (Fig. 3).

Loosely speaking, RIS devices give optimal beld pro-
cessing when Peld conbgurations have only one spatial de-
gree of freedom, [4]. More complex beld elaboration must [6]
be carried out to maximize the channel capacity if more
than one degree of freedom is available.

5. Conclusions [7]

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
beld conbgurations. Put simply, in the DRformation is
physical

In this model, the role of the antennas is to OconnectO the
upper layer of the physical layer with the DPL, Omapping®
bits in different conpgurations of the electromagnetic beld
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 reRecting devices organized to
maximize the capacity of the wireless system [3]. They act
as OlensesO instead of Omirrors,0 as in RIS devices, for infor-
mation.

A simple Oproof of conceptO 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
conbrmed 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 peld
[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, nedield 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 transient§ his allows us to quantiti@ely determine thénstantaneaisfield strength in units

of V/m with subcycle preision.

Tailored nanostructures like antennas, nanoparticles and tipgordime and enhance electromagnetic
wavdorms in si-wavelength volumes. Such nanoscale optical fields have revolutionized (bio)chemical and
medical detectiohh augmented photoenergy hesting!, and allowed for femtosecond scanning tunneling
microscopy (STM§3, with reatspace resolution down the submolecular level However, when light interacts
with nanostructures, a complex interplay of plasmonic propagationsfialhiscreening,geometrical phase
retardation and antenna enhancenamtérmines the timdependent near fields making apréori prediction of
local wavdorms extremely challenging. Moreover, roassical femteecond dynamics such as tunneling has
been predicted to she local field$ Farfield transients aa be directly sampled in the time domain by
electrooptic detectionIn contrastquantitative measuremestf ultrafast atorrscale near fields lva remained
a major challenge. Since lightatter interaction crudily depends othe absolutestrength of local fieldas well
as their temp@l ewolution, a parametefree method talirectly measure and calibrate at@cale waveforms has
been highly desirable.
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Fig. 1.a, A THz wavebrm is couped into an STM junctiowherethe ultrafast voltagapplied by he nearfield
waveformis detetedusinga singlemoleale switch (ins@ as an atorscale voltaggauge b, A testtransient,
Vne(t), is superimposk with agate waveformyVyadt), (pink curve) for different delay timesWThereby,the
field crestat the maximum of the interference sum samphestest waveform plue curve). ¢, Calibration
schemeThe switch § reaction ratelepends otthe local THzinduced peak voltage (data points). Connpgithe
derivative of this erro function (grg curve) with steadytate tunnel spectroscofgreencurve) gauges the
THz-induced voltage quantitatively.



We demonstrate a direct quantitative detection of atade neasfield waveforms with femtosecond precision
in a novel pmpprobe sampling schemeA singlecycle pulse in the terahertz (THz) range of the
electromagnetic spectruim focused onto the engstrSpscale junction of an STM, where the light fields indu
an ultrafast voltag€®>® Theidea is to use the figlcrest of a second THz pulse as a-syble gate. When &
vary the delay time between the two pulses, thé& peliage of the interference transient directly traces the test
waveform. Hence, we oastroboscopically resolve the time evolution of our teateform, if we manage to
measure the local instantaneqeak voltage. To this end, we employ a bistable nuideas a higtprecision,
atomscale and quantitative voltage sensor and build on-stdeetive lightwavelriven STM. Using the
voltagedepenént switching rate of the moleculaotor, we directly samle the temporal shape and strength of
atomically conined lightfield transients quantified in units of k€. The far-field waveform (Fig. 2a, red
focusedon the STM junctiondiffers markedly fom the atomic neaffield transientdatapoints). The 1Ascaling

of the field enhancemengdshifts the central frequency and a clear phagecsin be observedhese and more
subtle features ofhe transfer from the far field to the nefield are repoduced by a classical numerical
calculaton (Fig. 2b) First principles TDDFT simulatiofiscorroborateassumptions made in our analysis and
confirm thattheinstantaneoupeak voltage can be exttad very accurately by our atorrscalesensor.

Our ultrafast, local sampling technique opens the doors to dmpglahe validity limits of classical
nanooptics directly on suld and femtosecond cales. Moreover, thislays the foundatio for calibrated
simulations, whichconnect mamscopic light and sscale waeforms. Moreover, atomically defined and
calibratedwaveformscan now be utilized to shed light on thgnémics of single molecules, atomic defeas
novel quantum materialsy means ofiltrafastnansmpy and spectrospy.

a b «10°
= - Farfield + 0.2 e Ampl. (exp.)
§1.0- o g £8{® — Ampl.(sim.)
3 Nearfield: g B —— Phase (exp.
D05 < e Experiment - 0.1 _5 & g Phase (sim.
o — Simulation 5% =
— 5} =
g 0 D 0 52— s 4
B g 32
£-05 01 © I
T T T 0 : v
-2 0 2 4 0 1 2
Delay time, t (ps) Frequency, f(THz)

Fig. 2. a, Farfield waveform coupledhito the junctior(red). Resultingtip-confined voltage transient (dataipts)
and a sdad classicasimulation of the nedfield waveform (black curvep, Transfer function for amplitude an
phasedeterminecexperimentallyand using a classicalmulation c, First principles TDDFT simiations 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 shawavelength higkorder harmonics froma MgO crystal, with a
nanostructure@&lementetched onto the surface of the crystal itsalfowing us to control the emitted extreme
ultravioletlight. Using this technique, wachievefocusing of theadiationdown to 150 nm waist radiuButure
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 nresiAgdhés length

scale with light requires operating in the extreme ultraviolet (XUV) as dictated by the diffraction limit. Using the
traditional,ex situapproach, where the XUV generation and control are separated, is complicated by the need of
bulky ard expensive equipment.

=~
=2
~

® Measured
— it

« =« « Calculated

150 nm
0.0 1 =

1.0 0.0 1.0
Ty MM

Figure 1.(@) High-NA in situ focusing of XUV from a structured dielectric. (b) Knddge measurement of a waist siz

Focused mode transmittance

Here we report on a different situapproach, with both generation and control of the XUV taking place in
a single, chigscale 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 foogsof 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 spotachieved with our technique, down to the 4@® nm scale. The unique combination of short



wavelength, small focus and high intensity, inhererthéomethodwill enable many applications, such as direct
laser nanostructuring and nonlinear imaging witheraical specificity, elemerdpecific imaging, and
photoelectron spectnoanoscopy.
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the Joint Center for Extreme Photonit®e U.S. Defense Thre&eduction(Grant No. 119-1-0026) U.S. Air
Force Office of Scientific Research (Grant No. FA98%91-0109) andthe NaturalSciences and Engineering
Research Council of Canada.
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Abstract: The efficiency ofanyheat engine is bounded by the wallown Carnot efficiency. While achieving
high efficiency is of interest for energy productiengines that operatdose tothe Carnot efficiencyusually
have vaishingpower outputOperating at maximum powghoweverJeads to significantly degraded
efficiencies, thus imposing a tradé between power and efficiencin this talk, we evaluate this tradé for
heat engines that exchange heat radiatively with a hot sounazh includes thermophotovoltaic systems.

Thermodynamic limitset 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 givendoljative heat enginesvhichreceive 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 electiigtyndphotovoltaigis a

very acive and promising research field, with many impressive results reported recently, both in terms of
efficiency [2], [3] and power density [4pside from solar radiation, thermophotovoltaics can convert heat from

any other source, which results in a largeleability of this technology in wasteeat recoveryTherefore, tiis

becoming increasingly important to determine figures of nrewirderto compare experimental results between

each other, as well as to evaluate their performance relative to optinfjurations.

We consider &otemitter at temperatures; and acold bath at temperatures,, exchanging power throughheat
enginein steadystate condition. The emitter and the conveetarthange energwadiatively, while the converter

is in thernal contact with theold bath. We call 25 and 2, the power densities emitted by thet sourceand

by the engingrespectively. Théneat engineggenerates an output power densty with anaccompanying heat
flux Q. The general system is schematica#ipresented in Fid. (a).

|

We define a first figure of merité L 9 ©é68 as the output power density normalized to the power density emitted
by a blackbody emitter at temperatua, where éis the StefarBoltzmann constant. Meanwhile, the second
figure of merit is the efficiencyR L 9 a:25 F 2,; where the denominator accounts for the net heat drawn from
the emitterWe aim at maximizing theé for any given value off3 once 65 and 6, are fixed, to estimate the
maximum power output attainable when operating at a given conversion efficiency.

In doing so, ve derive three general thermodynamic bounds for radiative energy conversidn(fjgThe first

is the absolute limit, correspomdj to an isentropic conversion process and requiring an infinite number of engines
connected nomeciprocally (analogous to the Landsberg limit for sunligimiversion[6]). This is indicated, in

)LJ E DV 31R QibeHdetoBdJiR Bldeidéd byrabining an infinite number of engines without
breaking reciprocityifl analogy to what in solar energy conversion is cathetticolor limit [7]), in Fig. 1(b) this



LYV UHSRUWHG DRihally HhE ltHird) EoFre3abhds to the performance bounds usismgle engine

(endoreversible or blackbody limfior solar conversiofid]) GHQRWHG DV 3% ODFEMESE&YWelLQ )LJ

that the introduction of nonreciprocity leads to significantly higher upper bounds, tivbitdifference between
one engine andn infinite number of reciprocal engines is marginal
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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 Béh@35Hz), LTE Band 7 (2.6 GHand covers 5G

Band n77 (3.7 GHz). A $haped 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.B.07 GHz) at 1.8 GHz,.83% (2.532.65 GHz) at 2.6 GHand 7.57%
(3.56:3.84GHz) at 3.7 GHz and good radiation pattern performance were obtained.

I. Introduction
A compactmultiband antenna is favorédtodD\V ZLUHOHVYV FRRPAXQUtbanwrséhéncd U D
can be obtained by the multiple slots [2] using Substrate Integrated Waveguide (SIW). In this paper, a
rectangular Dielectric Resonator Antenna (DRA) excited by -ah&ped slot using Substrate Integrated
Waveguide is proposed in this paper4@ and 5G applications to have higher bandwidth and higher gain.

Il. 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, aloss tangent of 0.018nd with a thickness of 1.6 mm is used$ '53$71V SHUPLWW laYds§/\ R
tangentof 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 tshaped cut configuration, located in the top wall of SIW operating in TE10 mod&IWhand
microstrip transition design parameters are calculated from a conventional waveguide WR 430 in [3], [4], [5].
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Fig. 1  Single port SIW with a DRA geometra) Overall 3D view (b) Top view (c) Back view

Table 1 Optimised design parameters
Parameter sa sb sc sd x1 vyi1 z1 x2 y2 If It wf wt  sw
Value (mm) 64 56 85 1.6 40 40 21 0 -2 10 19 295 20 7

Parameter sl2  sw2  sx sl sy d p al a2 a3 a4 Weq Wsiw
Value (mm) 20 6 0 23 -2 4 8 6 10 12 2 52 56




lll. Result and Discussion
The simulated results of the proposed antenna are discussed. The simulated impedance bandwidths are
21.51% (1.672.07 GHz) at 1.8 GHz,.83% (2.532.65 GHz) at 2.6 GHand 7.57% (3.6-3.84 GHz) at 3.7 GHz,
as shown in Fig. 2(a). Less thé® dB of return loss is found within the barafdnterest. Simulated normadid
radiation patterns of {plane and Fplane for each frequencyg depicted in Figs. 2(b), 2(end 2(d).
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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 radiationmmate3.7 GHz

IV. Conclusion

A multiband SIWsingly fed with a DRA anda U-shaped cut is presented in this paper. The antenna exhibits
good characteristics where impedance bandwidths are%1a51.8 GHz, 4.63% at 2.6 GHmnd 7.57% at 3.7
GHz. More than 4.51Bi 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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0O 'LUL[DQG 6 ) *UHJVRQ

$QWHQQD 6\WWHPV 6ROXWLRQV 6SDLQ
1H[W 3KDVH OF 86$4XHHQ ODU\ 8QLYHUVLW\ /RQGRQ 8.
FRUUHVSRQ(PGLUL[#DV\VRO FRP

$EVW UTKFHVR SW L P D O FRHP\BIDIRQVRD W HQQD LV FRQVWDQL QIHFGVEU HOHFWULFDC
SHUIRUPDQFH DYDLDALEAH7KSYFMBED@BE RSOLFDWLRQV IRU WKH ORFD
ZKLFK LQFOXGOHMKRU DQWHQQ DQG IHHG IRVVWARSHHU SUHVHCUHFHQW
VWXG\ WKDW H[DPLQHG WKH HIIHFXWLOLVLQJ WKUHH FRPPRQO\ XVF
IHHG SRVLWLRQ QDPBQ@G |ORR U+HHDERULFKODU DWWHQWLRQ LV SDLG
PHDVXUHG WHVW DQS\WHIXDQD:FR DQG FURVYV

:KLOH RYHU WKH DLW 2RI IRUPHELROILQ W
GLUHFW IDU ILHOG L@D\XGVVXKH *&$7)% IGH IDF & —
VWDQGDUG WHVW PEDWKR B RORUY HRRIXPRVLSO | La m
ODVVLYH 0,02 DQWHQQDV IRU WKDWLRQ V\VW !
7KLV LV HVSHFLDOO\ )WUXH$ IWHVRY EBSELFDW k
JUHDWO\ LQWHQVLILHG V\D(Q-IGGS-[PLD\@IG:XFDLDL&@VWK)R K
TXLHW JRQH H43UDQJHQJ WURPP LQ GLDPHWHU 7KLV FRXS
ZLWK WKH IUHTXHQWXQKH.G O\HR VPRIGIGRIFED VRH S UR & B FW K RFOU WBIWMG. QUKH G H VL
KLJKO\ VSDFH HIILFHHBWWXHVBRYLWLRQ Rl WKH IHHG ZLWKLQ D &$7
IDFWRU LQ WKHVH FRQVLGRUQHU IHGSBRYEWBH DQ HDV\ ZRYHUDOO OHQJWK
VHWXS ZKLOVWIOL GRRPSDLRPUQR@®OV LPSDFW RQ WKGIOXKNMGMIDWHG LQ )L
IORRU FRUQHHWG &$I¥G WR@HLIXUDWLRQV SODFH GLIIHUHQW FRQVWU
WKH UHVSHFWLYH V\VWHPV ZKLOVW DOVFUHVXOWLQJSVWREGLREDWHG @

,Q WKLV SFRWPSDUH DQG FRQWUDVW WKH HOHFWULFDO SHUIRUTI
FRQILJXUDWLRQV E\ PHDQV RI DQ DFFXUDWH QXPHULFDO VLPXODWI
&$75 DQG $87 SDLU VHMOLWNFRIQWKHH WRIHWKHU @HWK WWRVWKHHU L ILFDWLR ¢
@ BORRU IHG EOHQGHG VLQJOH RIIVHW SDZDER ®LF RMHROZHDPWBHVLIQHG DC
RSWLPLVHG XVLQDB MWYXHOWHFKQLTXaH V7KH & ¥V GMKHQQIHIORRU FRUQHU DQ
ZLWMKKH HGJH WUHDWPHQWY EHWKUHH FDVHV ZLWK WKH I&$/706G T L ¥ W U] IREXHN L4
SUHGLFWHG DW +HWHIRUIHBFXHQF\ WRZDUGYV WKH ERWWRP RI WKH R
WKLV LV WKH UHJLRQ LQ ZKLFK WKH 4 KHWHKH UHIOHFWRU LV 7KHVH FDQ EH
VHHQ SUHVHQWHG @B WKMNUWPPHWWU\ RI WKH FRSRODU ILHOG GLV
RQGBLPHQVLRQDO OLQH WKH RYHUDOO FURVWSRODWUSDWWRUE BQG LWV
WZKLPHQVLRQDO IDOVH FROF G DQG | ,QVLGMZWRKGLYEPXBO®HG WHVW D
DUH FRQVLGHUHG 7KH I|LBWD PLBDHQIMUIQV ZIKLFK ZDV S/OKH G QWWR Q& V DS
FHQWUH RI URWDWISRY LR| WKKN & HRYBHHUVHQWY D YHU\ IRFEON HOMHH DQG BU
HYDOXDWLRQ RI WK HKBIRIRW\L IV K/FP DIOROZ B QIEUW \ S IRA DWDION R S W I/ PRRF SKIUW LR Q
GXULQJ DQ DFTXLVLWIQRWQF RFKHULWHIFR Y& H VDPH S\UDW IDGED (OZ KR WGQ VB QD F HK® |

PLQ WKH SRVLWEDHN IJUGSRWEWLRQHU ZRWHKVPRRQQRUWKXH DFURVYV D ODUJL



SRUWLRQ RI WKH 4= GXULQJ LWV PHD\ WDWHG
IURPQq WRQLQ DJLPXWK 7KLV LV WKH I g
DFTXLVLWLRQ PRGH ZLWK HYHQ DI FF ‘U’
RYHUW\SH SRVLWLRQLQJ V\WWHP XWL | | S |l vbo
PRWLRQ > @ 7KHQ IRU HDFK RI WKh wnouiif cwiv FRUILUAGLWLRQV

WKH 506 G% GLIIHUHQFH OHYHO zDVv Fna®xdRhild 'BRW/HPo wkn"LEHDS ®
SUHIHUHQFH" IDU ILHOG SDWWHUQ RI |7 - “WHG
SPHDVXUHG" SDWWHUQ WR SURYLGH D |/| | “DVXUH F
VLPLODULW\ > @ $ IXUWKHU WHVW L ‘.8 WHVW
RQ HDFK Rl WKH SDWWHUQV WR REWD "LWKLQ

WKH PHDVXUHPHQW ZKLFK UHSOLFDW.iv v witvw wnDW Lv Riwny SHUIRUP

N\
F &RSRODU FR

LQ DQWHQQOD WHVW V\VWHP YDOLGDWI RO lrnp_qnlJr)?/QgU(dl)HG vionoofUWKS
ORZHU ERXQG VHQVLWLYLW\ IRU WKH | 7k QG WR
EH DW FLUFD G% IRU WKH FRSRODU: |/ 10\ ORZH
IRU WKH FURVV SRODU SDWWHUQ ZDV : JHIFWLQI W
$87 ZLWK D SHUIHFW SODQH ZDYH DC e[| LWK

WKH UHIHUHQFH IDU ILHOG SDWWHUGQG -
VLPXODWLRQ WHFKQLTXH ZDV HVWDEOLVKH
WKH SDWWHUQ OHYHO IRU DOO FDVHYV FRB}L

,Q 7TDEOH WKH 506 G% GLIIHUHQFH OHYHOV DUH VKRZQ IRU FRPSDULVR(
WKDW WKH SDWWHUQ DFFXUDF\ RI WKHRIU¥FB&%S\UR P LMEIOK FKHRQMW UKV KRRIIY |
E\ WKH ODUJHU SDUW RI WKH 4= WKDW WKH RIITVHW KRUQ WUDYHUVHV WKUR
WKH GLIIHUHQFHYVY EHWZHHQ WKH &$75 VHWXSV UHPDLQV ZLWKLQ G% IRU L
RI WKH KRUQ )XUWKHU LQYHVWLJIJDWLRQ RI 7DEOH VKRZV WKDW IRU WK
SDWWHUQV LV YHU\ VLPLODU HYHQ WKRXJK WKH IOLS WHVW FOHDUO\ VKRZ
HVVHQFH WKLV MXVW PHDQV WKDW WKH OHIW DQG ULJKW KDQG VLGHV RI V
DW WKH IXUWKHVW ULJIKWVKRZXPWQKRW/ DEFOHHSHFWHG IURP WKH ILHOG GLVW
IHG FDVH SHUIRUPV WKH ZRUVWLtQO—WHUPV

rwerrrwi RI WK
I &URVV_S

G% EHORZ

HW =RQH )LHOG 'LVW

!
R

Ell P \/\/ S DMLY

DFFXUDF\ DQG WKH VLGH IHG F®WH |VKRZYV WKH EHVAW 3\UDPLGDO|+RUQ
+
SHUIRUPDQFH IRU DQWHQQD FH QWM GHERmRKH—F=DQ6—3 RYHY
SRVLWLRQHU ,W VKRXOG EH DRWGHE KH Utk BRODW WKR ¥RDL OO RIBAD
EH WUXH IRU DQ D]LPXWK VFDQOLOJ ZKLFK DV-DRWHG DERYH
ORRU )JHG
LV WKH PRVW FRPPRQO\ XVHG vAWks " oroxelos xvios b
&RU{QHU JHG
FRQYHQWLRQDOI*RREW S M B RN WL RS H U
'Q VXPPDU\ WKLV SDSHU kv )$M¥ %o Hoclwr HOG

PHDVXUHPHQW VLPXODWLRQ WR FRBS®UHWKHPEBI BB WS HYHQWHE DV

DFFXUDFLHV Rl VHYHUDO FRPPRQ &%$75 IHHG FRQILIJXUDWLRQV W ZDV VKEF
WKUHH FRQILIJXUDWLRQV LV FRPSDUDEOH ZKHUH UDQJH V\PPHWU\ LV RQO!
HUURUV 7KXV ZH KDYH HVWDEOLVKHG WKDW FRQYHQWLRQDO IOLS WHVW
LQWHUSUHWHG FRUUHFWO\ 7KLV SDSHU KDV EHHQ DEOH WR FRQILUP WKDW
VLGH IHG &%$75 DUUDQJHPHQW ZKHQ WKH $87 LV QRW ORFDWHG DW WKH RUL
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Abstract: Recent stug reveals a application ofdual bangass(BP) type negative group delayNGD) circuit
for beam seering antennarray BSAA) design The innovative BSAA is based onfrequency independent
microwavephase shifterThe operation principlen function of the BENGD cerier frequency antbandwidthis
described An illustrative recentresult showing simultaneous tering in two differendirectionsby means of
NGD value induatband frequencys reviewed.The proposediual BRNGD microwavefunctionis particularly
usdul in the future for5G and 6Gcommunicatiorsystem

1. Introduction of BP-NGD description for microwave signal synchonization

An unfamiliar electronic circuit susceptible to operate MBD effect was investigated]. Thanks to the
behavioralanalogy with filter thery, a BP type NGDmicrowave function was identified], The NGDcan ke
analytically understood by means of GD definitifsom f-frequencydependentransmission coefficit $;
associated t@S expressior¥f)= arg[Su(jf)]:

2sep(r)” W )
W

The outstanding BIRIGD circuit can be used to synchroniggécrowvave $gnals for 5G communication
system P]. The proposediual BRNGD can bepoteriially employed ér WSN Tx-Rx systemperformance
improvementowing to the principle illustated byFig. 1 In this scenarioa tri-bandNGD circuit having center
frequencyand bandwidth f, Ofi)x=(1,2,3 iS expected tosynchronize signalstransmittel by WS by reduing
propagation frondistancedk.

Tx WSN
ws, !
A M

il ¥ i S

Fig. 1: lllustrativeTx-Rx multi-WSN scenario ofsynchronization by uisg BP-NGD circuit[2].

By assuming thatGD(f [fe f./3]) O, the following equatin explains how theynchronization can be

performed:

%G
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2. BSAA design princple with dual BP-NGD frequency indegpendentPS

The unfamiliar BP-NGD circuit was also used fdrequencyindependent PS desigr8{]. We remind that the
classicalBSAA opemtingthroughbandwidths B and B at two frequencies, fand $ which are associatieto PS

values ¥=¥f1) and %= ¥f,), respectively,can be represented by Fig. 2(@he BP-NGD PSwas recently
exploited to desigBSAA with outstanding control afdiation center frequenes and bandwidtbas illustrated

by Fig. Zb) [5].

'y &
&, il b,
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Fig. 2: lllustration of(a) classical andb) dual bandNGD BSAA [5].
The BSAA BP-NGD design principle of the multbeamphased array is described. The dadieasibility is

illustrated with dualBP-NGD circuit. A proofof-concept PoQ of BP-NGD circuitis simulated an@nalyzed

Based on te PoC simulations with separte beam steering positions at different frequenareslsoanalyzed

TheinnovativeSBAA behavioris dscussed

3. Condusion
An innovative application oflual BRNGD circuit for BSAA design isreviewed. After description of

BP-NGD unfamiliarmicrowavefunction the desigmprinciple isillustrated. Simulatioawith dual BRNGD PoC

explain thefeasibility of the SBAA desgn. The developedconceptis useful in the future for designing

SAA-NGD system of innovative mutheam antenna for the improvement of RF and omiewve system
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Abstract

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

a Long horn g

1. Introduction b- Lens compensated ;’

short horn b

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 /iy
radiation pattern requirements as indicated below:

c-  Prism deflecte@®eam {-.;\,

u

Table 1:Radiation pattern requirements
Frequency Beamwidth Beamwidth Gain Near Far

band horizontal vertical (dB) SLL SLL Figure 2 : Principles for mitigating the size limited angular
(GH2) (dB)  (dB) scan (radome not shown)
8596 <10i >30i >20 <15 <25 This article presents the different steps to achieve an

antenna that meets the different constraints imposed by the

The horizontal beam width requires the width of the antennaspecifications.
to be close to the pod diameter. A further requirement is the > prelimi lecti
capability of the main beam to be mechanically scanned : reliminary antennaselection

from the axis of the pod up to at least 40; laterally, which Wwithout taking into account the size of the antenna, a
adds a constrain to the length of the antenna, see figure lpreselection of sever&inds of antennas has been made.
Due to power handling capability, the antenna has to be fedror the realization of this project, higheak power was
_by a waveguide, chosen to be flexible to avoid rotary joint consideredto be generated by magnetron. This lead®
Issues. feed the antenna through a waveguide. In the literature [1],
several types of antennas can be found which meet this
First, in terms of antenna selection, pyramidal horn of criterion. From radiation pattern and footprint
thickness smaller than widthelose to a sectoral horn  considerationssectoal horn antennas wefest selected
appears to approach the radiation pattern requirements [1].
Nevertheless, the criteria of quasane wave front at the  Because of its simplicity of construction and dimensioning,
DSHUWXUH GRHVQYW DSSHDU DFKLHpheDHA Hintehnd KsRiteWmést Q,kje@\]ygéﬁeaqh YK H
horn prohibiting wide enough angular scan, fegire 13 microwaves [1], fed by a waveguide. At the end of this
[1]. Therefore, compensating the spherical wave front of awaveguide, the edges are flared to obtain a larger opening.
reduced length horthrough a planeonvex dielectric lens  The angle, crossection and length of the flare play an
was selectef?]. Secondly, mice mechanical scan remained important role in the radiation pattern. This gradually

still insufficient (figure 1b), the next improvement was to increasing aperte also prevents mismatdtom guided to
add a dielectric prism to deflect the main beam out of the free space propagation.

plane of symmetry of the horn (figuréc). Numerical
simulations with a 3D electromagnetic commercially
available code implementing Finite Integration Method with
the Perfect Boundary Approximation were performed



2.1. Sectoral E plane We carry out a simulation with the dimensions determined
The sectoral horn ie planecorrespondson the one hand previously, the result is prgsented n f|gGrqhe simulatia .
results show parameters in agreement with those obtained

to the flaring of the guide sections perpendicular to the E : .
field. On the other hand, the edges of the guide parallel toanalyt|cally. Nevertheless, the side lobes are too highlit

: ; : peak valug and do not meet the specificatiohs.addition,
the E field keep the same dimension, as shoelaw. the length of the horrmdoes not allowfor the expected

angular deflection.

2.2. SectoralH plane

A
[ ——

The Hplane sectal horn is defined by flaring the guide
sections parallel to the-glane, withconstantdimension in
the perpendicular planeesulting in a widebeamin the E
planeanda thin beam in the H plane

>

Figure 3 : Geometryof a sectoral E horn antenna [1]

Thanks to thisaperture the radiation in the E planis 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, weconsideredhat the horn will be installed in a 250
mm diametercylinder. this leads us to choosea aperture
width of 240 mm. In a second phase, following the main
laws of illumination for a rectangulapertureandassunng
that the plane E follows a uniform aeduiphase law [2], we

Figure 4 : Geometryof a sectoral H horn antenr{a]

obtain :
*2%9 Lwi-a (1)

With
*2 $ 9is thehalf-power beanwidth in degreesTaking an
average frequency of 9 GHz, we obtdlRBW =7j, with a

the wavelength?the aperture widttof the horn and

We start from a WR112 guide t&hape thehorn and we
keepan aperturenidth of 240 mm.Since the illumination
now follows a cosine law2], we obtain in a first ste@ -3

dB beamwidth of 9.6j, as well as peak sidwbe equal to
-23dB for a frequency of GHz. In a second step, reference

is made to the universal-plane radiation pattern for an-H
plane sectoral antenna: a parameter s of one quarter is

peak sidobe at-13.2 dB. We are now interested in the deermined forsame conditions &s E-plane, this parameter
distance Refrom the center of phase of the horn to the S iS @lso obtained from the literature [1]. A length Bh86
center of itsaperture We seek the smallest possible length, M isnowrequired to reduce the side lobE=ow-15dB.

while having secondary lobes lower thdb dB. From the

universal Eplane radiation pattern [1], for an-gane

sectoral antenna, we derive a parameter s of one eighth and

side lobes less thatl5 dB for angles greater than {15
This parameter corresponds to a coefficient given in the
literature[1].

OL—%, @

Thus, depending on this parameter, and ustegionship
(2) we obtain a length Re of 1&2n.

i

Figure 3 : Radiation diagramin E-plane (in blue théalf-
power beamwidth, in green thepeak side loblevel)

The simulation of the horn is shown in figuse The cross

Figure5 : Radiation diagranin H plane (In blue théalf
power beanwidth, in green thepeak siddobeleve)

sectional plane is this time quite conclusive at the level of
the dde lobes. It also matches the data obtained
theoretically. Neveheless, the vertical apertubeas to be
adjusted which is performedh the next section.

It is now clear thaH-plane sectoral horn is gegred to E
planenot only forsidelobes levelbut also forhorn length
consideration.



2.3. Transition from a sectoral horn to a pyramidalhorn

In parts 2.1 and 2.2 we studied tfaliation pattern in the
horizontalplane parallel to the flared side$ the torn. But
the above defined {dlane sectoral horn hasgain ofonly
13.7 dBidue to its very widdut unnecessatyeamwidth of
111; in the vertical planeWe thereforehave to consider
increasing the vertical apertur® increase the gajni.e.
turning the sectoral into a pyramidal hoFellowing [1], the

constraints. With these different datageometrical
considerationsshow that aplanosphericallens of radius
Rh =332.3 mmand as center, the center of phase of the
horn is able to achieve the required phadront
compensation at the aperturef the horn. To avoid
reflections generated by theefractive index of the lens
matchinglayersa quarter wavelengtthick and refractive
index 1.26 are also included in the overall simulation
presented in the figure below.

The results arguite 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
With G the gain of thantenna, S thaperturesurface B the for the shortening of the horn. Wituchhorn dimensions,
gain factor depending on the illumination law of the apertUrEangL”ar Scanningbecomes feasible. However,practica]

(in our case, this coefficient is 081) ThUS, for a galn(bVZ imp|ementation of thematching |ayers is now to be

dBi at 9 GHzand an horizontal aperture of 240 man considered

vertical aperture of55 mm is obtaind. The simulation
figure 6 shows the resuitig vertical radiation pattermwith
32j of halfpower beanwidth.

gain equatiorfor a norequiamplitude apertuiis given by:

) L= 0508 (3)

Farfikd Roakzed Gan Abs (Phi=0)

10 S 0 5
0B T

30— \ I B
AT N AT

6 /

. . L . Figure 7 : Electric fieldinside and outsidé¢he device(left)
Figure 6 : Section of the radiation patteimE-plane and radiation diagram at 9 GHz for pl (right)

3. Reduction of the length of the horn 4. Corrugated matching layers

The matchinglayers realized in the previous simulations are

As seen in the previous section, the length of the horn.d | but norealizablein h lite. A soluti
becomes our main problem to meet the specifications. Td9€al, but norealizablen NOMogeneouseExaiite. A solution
s to create @martificial dielectric materiali.e. makeperiodic

reach the angular deflection, a shortening of the horn lengt | thin the dielectric struct
is necessaryWe first performed a simulation by reducing oles or gooves within the dielectric structure.
In order to be equivalent to an homogeneous medibm,

the length of the hordown to200 mm, while keeping the X . .
same aperture The degradation on the beam in the period of the corrugationsnust notexceed the spacing p
defined by the following equation

horizontal plane is such that the main lobe widen46.9 )
degrees: this lead® ta loss of 4 dB on the gain of the ’
antenna. In order to compensate for these degradations, we
now adda lens. The objective of this lens isdompensate

the spherical phaskont at the aperturethereforethin the  \yjth J_ the refractive index of the rexolite]y=1 the
beam andncreasethe gain. By puregeometric rule, if we  afractive index in free space arg the maximum angle of
place ourselves in the H plane and look in the direction ofincigent radiation, we find a spacing that must be less than

propagation, we determine that the wave at the center of th@g mm. There are two choices since corrugation can be
aperturetravels 17.6 mm further than on the edges of the gchieved by periodic material substitution in1 or 2

horn. This distance difference generates a phase shift ofimensions.” For practical reasons ev chae to dig
190 at a fequency of 9 GHz. Weonsiderusingrexolitt  cyjindrical holesin the lensaccording taspacing p.

(refractive index 1.59 for the lens for its low loss at Following this, an optimizaton was madéhrough
microwavefrequenciesandhigh resistance to environmental computation of the effecof varying the diameter and

 uypao
L 2 idol 5 11H#3%
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Again the sizing of the prism is done by simulatistarting
with a thin prism allowing to observe jointly beam
deflection and potential radiation patterrdegradation, and
further increasing the thickness of the prisnThe figures
below showsthe final result: we obtain d5; beam
deflection without changing the main characteristics of the

. N

-50

-60

8.5 9 9.5
Frequency / GHz

Figure 8 : Reflection coefficienwithout matching layer

(green), withperiodic holes(blue), with periodic grooves
(orange)

spacingof the holesin orderto obtain the structureith 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 @) confirms the advantages of thmatchinglayers.
Moreover, we observe that we obtalightly better results
with corrugated grooves

5. Beam deflection

Having achieved thalesignof a compact, high peak power
antennameetingthe requiredradiation patternwe further
want to extend the potentidbeam deflectionSucha 15j
beam deflectiorshould allow a mechanical scaof +/- 25j

of the antenna to create a beam scan -@D/+40; with
respect tothe axis of the cylinder meeting a further
requirement for the systemSuch beam deflection could
result from the insertion of a dielectric prism into the horn
Like the lens, the prisnis expected tibe made of rexolite

A representation of the antenna is givegure 9 with lens,
prism andmatchinglayers assembledObviously, prism and
lens may be implemented from a single piecaexolite,
with matching layers at the input of the prism and the output
of the lens.

Figure 9 :Final design of pyramidal horn

\/ radiation pattern.

Figure 10 : Radiation diagram at 9 GHz for phi Oj
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Figure 11 :Radiation diagram at 9 GHz for pBD;

Figure 12 :Electric fieldinside and outsidéhe device
combininghorn,lens and prism



6. Conclusion
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Abstract: We proposea deeplearningbased method for the control of a reconfigurable metasurface
antenna. We modeled the metasurface as a collection of dipitfestates of varying polarizability andused a
deepautoencodemneural network combined with scattering equatiomnd Born approximation tayenerate
ondemand faffield maps. Our proposedautoencoderexhibits higher accuracyand amuch faster speed
compared with the convention&A approachand allows for the reakttime operation ofa reconfigurable
metasurface antenna for beam steering.

We propose a metasurfacantenna capable of retine holographic beam steeringin array of
reconfigurable dipokecan generate edemand faffield patterns of radiation throughe specific encoding of
metaatomic state i.e.,the configuration oéach dipoleSuitable statefor the generatn ofthe desired pattem
can beidentified using iterationput thisis very slow andeeds to be done for each-fagld pattern Here, we
present aleeplearningbasedmethodfor the control of a metasurface antenna with point dipelementsthat
vary in their state using dipole polarizability. Instead of iteration, we adopt a deep learning algothhin
combiresanautoencodewith anelectromagnetic scattering equattordetermine thetatesequiredfor atarget
far-field patternin reattime. The scatteringequationfrom Born approximations used as the decexdn training
the neural networkand DQDO\WLF *UHHQ TV IisuQdd W threk tieDralidity Gf BakhlaRp@oximation
Our learningbased algorithm requires acomputing timeof only around 100 Vto determine the900
metaatorric statesthus enablinghereattime operation o holographic antenna
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Abstract: This paper presents origami foldable and deployable reflectarray antennabé®af To enable the
reflectarray antennashereis two key technology: creaseless reflection elements and deformation compensation
reflectarray. In this paper, these technologies are shown in detadesitin and measurentresults

Folding patternsre shown in Fig. 1 anafecomposed of mountain and valley folding lindsray lattice is
shown in the same figurend designed so that the boundaries @da with the folding lines. Most of them
match with the array lattice but some cross diray eément[2]. Figure 2 shows the shape of th@ eetion
element which does not cross the folding lines and it is composed of four triapgtdhes with notches.
Changing the dimension of the patch and the notch reflection phase can be twsatefldction 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 dizefgending o the deformation amount, @asoltage to the
varactor diode is controlled to compenstiethe deformation. Using a solid reflectarray prototyje, gain
increment is confirmegB].

//90& *&%%'1- 4'$5*-(#$'% 100&. *&%%'1 VaI’aCtOI‘ d|0d
/ ,,adj [V
\ |
AN 7
7 2"+ ¥$.3

1 1
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Fig. 1 Folding patterns  Fig. 2 Creaseless patch shap Fig. 3 Deformation compensation reftaoray
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A Simple mm-Wave ChiplessPressure Sensor
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Abstract SUHVVXUH LV RQUHRXMEWMORRPHDVXUHG SK\VLFDIOWT XY QW HWA® W R
SUHVVXUH VHQVRUV WKDW DGDSW WR WKH PRBVWVWXWIH GHIS/RIDEDBWH B (&
FKLSOHVV 5)," WDJ LV SURSRVHG UWKH L WD OL / PFSRHFGSIRQ/FHHE/ VR$ BIUD\F\M UMRADHG |
FRPELOQDWLRQ RI WKH SHULRGLF VXUIDFH ZLWK WKH VXSHUVWUDWH UH\
LV DSSOLHG WR WKH WDJ

Introduction Pressure sensors are required in elangmber of applications ranging from biomed[&4l robotics

[2], aerospace industri¢3]. Pressure sensors candbassified as capacitive, resistive and piezoelectric according

to the characteristics of the active laj#is]. Many of the pressure sensors released to date are wired, difficult to
install, and require active excitatio@ne way to make fully wireleshatteryfree 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 systeAnother possibility is to create chipless RFID sen§éfrdn chipless

RFID technology the tag has no electronic components and requires no power Isotlisecase the sensor is
based solely on the frequency response of a resotoe. achipless pressure sensor composed of a resonator
working at mmwave fequencies is proposetihe 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 coll
is added to the balanced coils. The location of the foreign object can be identified tariogntipe 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 detectidhe 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 pkbaeging. 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 metajegb 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 theittiagscoil, 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 thef locatio
the foreign object. The method can determine the presence or absence of a metal object and its location based or
the signal change af'o, andV .

To verify the proposed structure, analog circuits such as filters, amplifiers, and various gigeabipg
functions are required. By using Cypress's PSOC5 microprocessor, it can be configured relatively simply. This
processor has builb high-performance programmable analog blocks that can be configured to perform various
signal processing function¥he 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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Abstract: To design new materials fofr KHUPDOO\ $FWLYDWHG '"A® P WG L)\D XQRHAHHWRAHQ
DFKLHYH D GHWDLOHGOG/ M Q@EBBFWDQ QLB JV WIR\WHK ¥ KLDQHRIGDKHIG DY R
VHQVIWR HIQW L& @IPMIGRVKYVD V YROLNHIQMW D Q G/ 8 HEILGEHWHRW QYHHK D QLFD O
FDORXORWH SRZHWROUYRBBROGD U WHA U Mé @port a computationahalysisbased on

Time Dependent Density Functional The¢f{D-DFT) to investigatea SKH QR W KL D ] L QUWKIDFRAUA YYIDWVH.
7$') RQO\ PSRQHIDWLRQ

In classical fluorescent systenespeciallyatroomtemperaturgthe tiplet electronicstatescandecayonly through
nonradiativepathways by vibration or phonon interactionshile radiativedecayis forbidden. On thether hand,

in phosphorescencmetalorganic compleXeaturing heavy metalsthe strong spirorbit coupling enables a
radiativeemissionfrom triplet excited state$n order to overome the drawbacks of the latter (toxicity and high
costs) newfull organic systems thagcoveing triplet excitationthrough adelayed fluorescenageechanisnhave
beenlargely investigated Such process namely theTADF, [1] occurs because & fast reverse intersystem
crossing (rISC)which up convert triplet to singléty thermal energyThereforejn order toachieve good TADF
performancs, besides largetransition dipole moment betweercitedand the groundingletstates, itis of vital
importanceto ensurea small enoughsinglettriplet energygap (~ 0.1 eV) [2]In order to reducéhis gap the
exchange energ{d), which is inversely proportionalto the spatial separation between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular ofhit#¥10), has to be minimized (2J8 (E).

It has been demonstrated tiaanorAcceptor (BA) moleculespresenting strong charge transfer stét&E) are
among the most efficient systems to reduce the exchange coupling J.

In this work, we investigatedhe TADF performance ad phenothiazine derivative consisting ostaong @nor
(phenothiazine) and acceptdiuprerone) componentadoptirg aquastequatorialD-A conformation [3Jandwe
analysethe possibility for this molecule tactivate TADF by forming aggregated electronic statésg. 1a).

All simulations were performed by using the ORCA pakage. The geometry of the ground state was optimized
in the gas phase by employing the B3LYP functionals and a TZVP basisteehe def2) auxiliary basis set for

the RIJCOSX approximatiaio the Coulomb integrals [4]. Electronic and optical properties weressaldigr the
monomer in the quagquatorial conformation and in the npalar cyclohexane solverfter characteriation of



the monomer properties in termobrelative positios of the first singlet (9 and triplet (&) charge transfer states,
we consideedthree different dimer geometrieanalysingtheir structural and electronic properties as a function
of theinter-monomer separation distance (see H).

e
SAoewn

Erergy (e\')
&
5

(a) (b)

Fig. 1 (a) Sketch of a dimer gthenothiazineGHU L YD MWKBIWTXDWRULDO FRAQ IRQ B B@'D RHG
Enerdes of &, S and Ts statesvs separation distance betweerolecules(systemsketchedin panel a) for the
monomers relaxed to their grousthte geometry

An important reconstruction in both &dT; statesvas observedesembling the typical one dimer electronic
statewith one monomer in the grourstiate &) geometry and the other oitethe excited state geometry, iS.
and T3 geometriesrespectively Moreover fingerprints ofaggregatdormation were also tracked down in the
nature ofNatural Transition Orbitalsof S;. With respect to monomewe registered a promising change in the
relative position of the electronic states of interest for TADBreover, cohereny with experimental PL
spectrumwe observed red-shift of the emission peakn addition to what iswell known about the effect of
environment conditionge.g.polarity of solvent affeahg the TADF performanc@sthis study attesta new path

to activate TADRrough the formation of a neaggregat electronicstate This open new perspectiteward an
on-demand control of the TADFesponsén molecules of interest for optoelectronamenanomedicine

7KLV ZRUN ZDV SDUWLDOO\ ILQDOFHGCS$EDS WBKH 5 KHYHT & Bkgt&aadeM H F W
andintelligent fibers and fabrics for TEChnelothing (CUP% & ’
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ORGHOTHEEDLTXH IRU J)LOQLWH /HQLBW OXKFWRW\WVYLS
IRU 00: JLOWHUYV

$ 'LYVDODOULDYKGHNDU 6\DKNDO
5) OLFURZDYH 5HVHDUFK /DE 6FKRRO RI &RPSXWHU 6FLHQFH DQ
8QLYHUVLW\ RI (VVH[ 8QLWHG .LQJGRP
FRUUHYDPKQXKIRU DGLYVD#HVVH[ DFE XN

Abstract: A technigue 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
thencanonicalizethe periodicstructurewith N unit cells. Basedon thisconceptMATLAB scriptshavebeen
developedo determinethe dimensionof finite lengthMMW microstrip periodic structurefilter. The results

from ADS simulations uphold the validity of the technique.

With the global demands for highdata 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 repeaisdaetiscurate

In this paper an alternative approach for fast analysis of these structures is proposed.

Periodic structurgare modeled badentheir unit cels as shown in Fig. 1.1 this technique, the reciprocal

I
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transmission matrivf aunit cellis factorizedinto its constituent parts (i.eanonical an@igenvectors matrix)

g 1 $T%@Oééé0%ps$ 3/4'|'. $T%@Oééé09)gs

/o&CLA:&C /O&C.%)&C ' (@)
Therefore, the transmission matrix athe unit cell can beexpressed as a diagonal matrixisTQuaranteea
simpler and fastedetermination of the overall transmission matrix of a periodic structure with finite humber
of cells. The set okigenvalue(EV) solutions (i.H the Epectrum of the reciprocal transmission maigix
calculated from characteristic eigenvalue equation:

g e sl @)
Ya 841/4

Therefore, the EV and Canonical metscan be obtained
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Hence, br N unit cellsconnected in cascadihe overall transmission matriwherePSrepresentshe overall
transmission matripwill be obtainedas follows

s’ L ;75 ®)

I%eDOaaaUO $ . %f $T%é‘3c‘)aaé0003
%N & %0 & % %

Based on the method presenteffecent unit cellsmade ofmicrostrip structureor periodic filtersare ana-
lyzed.MATLAB scripts are writterto desigma filter based on optimization tfe periodic structuréransmis-

sion matrix The program receigdasic inpus such as desired frequency, bandwidth, input impedance, number

of unit cells andhemicrostriplinesparametersie. VXEVWUDWH SHUPLWWLYLW\ WKLFNQH\
then by running different loopst determineshe physicallimensionf the microstripunit cell. Several filters

are designed using the MATLAB script. Designed filtersadgesimulated by ADS whickerifies thevalidity

and accuracy of the design methpdsented here
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Abstract The remainder of this paper is organized as follows.

E|ectr0magnetic propagation above a rough po”uted sea Section 2 focuses on the modelization Strategy. Fil’St, the
surface differs from one above a clean sea. Indeed, a damp Parabolic wave equation is recalled. After that, both the
effect on the waves appears. This can be used to detect aclean and polluted sea spectra are introduced. Section 3 in-
po"utant |eakage_ In this artic|e, we model the propaga’[ion troduces the Computational method. This latter is based on
of electromagnetic waves above a polluted sea using a fast @ hybrid approach to introduce the effect of the maritime
wavelet-based method and a two-scale model. Numerical €nvironment on propagation. Section 4 shows numerical

simulations in S-band are provided. tests performed in the S-band. Besides, a PCA analysis is
provided. Finally, Section 5 concludes the paper and gives

1. Introduction some perspectives for future works.

In this paper, we are interested in the tropospheric long- 2. The model

range propagation in the maritime environment. In this con-

text, local phenomena such as sea waves, or the presence ofin the following work, aexp(j!'t ) time dependence is as-

a pollutant on the sea have an impact on the measured Peld.sumed, wherg is the imaginary unit and = 2"f is

Indeed, waves introduce diffraction for example, while the the angular frequency. We also denoterbthe refractive

presence of oil introduces a damping effect [1]. This latter index, and this latter is assumed to be slowly varying in

can be used to detect pollutant leakage on the sea[2, 3].  the propagation direction. Furthermore, from now on the
In this framework, a large part of the literature has fo- Cartesian(x,y) coordinate system is used.

cused on computing the radar cross section (RCS) of the

sea with and without pollutant [4, 5, 6, 7, 3]. Indeed, these 2.1. The parabolic wave equation

methods are appropriate here, since the sea spectrum (and )
its modibed version for an oily sea [1, 6]) can be con- AS @ reminder, we want to compute the long-range prop-

veniently introduced in the integral equation [4, 3]. Re- 2dation above a clean or polluted sea surface. A suitable
sults have been obtained showing the difference between Model in this context is the parabolic wave equation [14]
the RCS of a clean sea and a polluted sea, even leading to (PWE). Indeed, by only accounting for forward propaga-
the detection of oil leakage from SAR images [2, 3]. FIOI’], it allows wide steps in the pr.opagatlon dlrectlop, lead-
Less work [8, 9] has focused on modeling the long- N9 to more comput_atlonally ef_buentmethods._BeS|des,_the
range propagation above a polluted sea surface. In particu- effect of the refraction, the relief, .and the te.rreyn can be in-
lar, the sea geometry has been assumed to be Rat (with thecorporated. Note that the PWE is only_vahq in a paraxial
roughness accounted through Ament coefbcient [10]), and CON€. Thus for better accuracy, we use its wide-angle PWE
the oil to cover the whole domain. Nevertheless, the ob- Version here. This latter is given by
tained results have highlighted the effect of the oil on the P #
propagated waves and show that detection is feasible. #u 1 #? .
In this paper, we develop a fast hybrid approach for  #x ~ tiko k2 #z2 101 utl jko(nt Du, (1)
computing the propagation over a polluted sea surface. The
approach is based on the one developed in [11, 12] for prop- \yith y the reduced peld [14k the propagation direction,

agation above a clean sea, where the sea spectrum [13] is 5n gk, the wave number. If the backward propagation is of
used to generate random surfaces and a roughness coef-nierest one can use the two-way PWE [15, 12].

bcient. Besides, the use of the parabolic wave equation

model allows.taking into account thg refraction [14] (due 2.2. Modeling the waves: the sea spectrum

to tropospheric ducts for example), differing from the other

proposed works [8, 2, 3]. Furthermore, we show using a To model the sea surface along the propagation, a com-
Principal Component Analysis (PCA) that a polluted sea mon way is to use a sea spectrum, such as the Elfouhaily
can be detected from a clean one using measurements at aone [13], which is used from here on. This latter gives a
given vertical. statistical representation of the sea geometry with respect



to the wind speed. The spectriris then expressed as

S(K) = 5 (S+ S, @
whereS, andS;, correspond to the long and short wave cur-
vature spectrums, respectively. Note that those parameters
mostly depend on the wind speedltm (denoted byJ;)
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
speeddJ;p " { 5,8,10,15 m/sin a Log/Log scale.

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

From this spectrum, one can derive a stochastic process
to obtain sea surfaces. Indee®idescribes the statistical
properties of the sea surface. The idea is to create a ran-
dom surfacez; (x), normally distributed with a zero-mean,

i = 0, and centereds? = 1. To add the correlation with
the sea surfgce, them is convoluted to the inverse Fourier
transform of S, such that

Sy _ %
2(x)=F't  SF(z(x) , 3
with F the Fourier transform and 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 speedJ;p, whether the oil is soluble or not, meaning
that we have an emulsion or not. Here, we focus on the in-
soluble case, i.dJ;p $ 8! 10m/s [8], where the damping
model [1] can be used.

This latter is based on the following equation

& g

F
Spo = Sclean 1! F + y ) (4)
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Figure 2: Generated random sea surfaces for different wind
speeddJip " { 5,10, 15} m/s using (3).

where S¢ean COrresponds to the clean sea spectrum (see
Section 2.2)F to the fraction of oil covered surfacgto a
damping ratio and,, to the polluted sea spectrum. Here,
we consider only the case where the sea is fully covered, i.e.
F = 1. In this equationy introduces the attenuation due
to the oil PIm and depends on the pollutant parameters [4].
In Figure 3, an example of the clean sea spectrum and its
polluted counterpart are plotted.

—— Cleansea U =8mSs
Polluted sea Uyp = 8 mfs

10° 10!

K (wavenumber)

Figure 3: Computed clean and polluted sea spectrum for
Uip =8 m/sin 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 spectrugy,, we can use the
same stochastic method to generate oil-covered sea sur-
faces. For a wind speed 8fm/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
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Figure 4: Generated random clean and polluted sea surface
for Ujg = 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 at $ 0 and we
assume the peld at = 0 to be known. Thus, we have
1=[0 , Xmax] %[0, zmax ], Since the propagation above the
ground is studied. For numerical reasdnss discretized
alongz andx with N, andNy the number of discrete points
along each direction. The mesh size is thus given by

Z= Zmax/N -
" X = Xmax /N x

Finally, we denote bywy the reduced Peld discretized
alongz at positionx.

3.2. An overview of split-step wavelet

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

This latter allows computing the beld 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 beld 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 fronx tox +"x can thus be summed up
as follows

= RLW ' 'PCy W uy, %)

whereW is the wavelet transformCy_, a compression
with hard thresholdP corresponds to the sparse wavelet-
to-wavelet propagation [17], afRl 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 efbcient local image method [16].
To conclude on the computational method for the prop-
agation, SSW is efbcient both in terms of memory stor-

Ux+1x

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
Peld propagation.

The idea is that given a spatial discretization Nof
points (or a stef x), not all the levels of the sea spectrum,
Sciean OF Spo, €an be accounted for. Thus, we can com-
pute the cut-off parametét .« , due to the discretization,
between the large-scale and low-scale waves. This latter is
given by

on

Kmax = Nx : (6)
Xmax

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 tK 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 coefp-
cient [11, 12] to take into account the capillary waves ef-
fect. This latter is multiplied by the Fresnel coefbcient 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 owfc
cases. Therefore, the efbciency of SSW is very interesting
here [12], in particular for larghlyc .

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-bandf at 3 GHz,
in a domain of Ssize&Xmax = 5 km andzma = 128 m.
The discretization steps are set'tx = 50 m and" z =
0.05m. We also consider a surface duct, as it is frequent
above the sea. A complex source point (CSP) placed at
Xs = ! 50m 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 ot: = 70 (resp.% = 2.2)
and$ =5 S/m (resp$ = 0.0017S/m).

4.1. Field propagation results

In this Prst part, we consider two different pollutants, one
with an elasticityEy = 9 mN/m and a characteristic pul-
sation! p = 6 rad/s, while the other has an elasticity of
25mN/m and a characteristic pulsationXfrad/s.

First, a test with a wind speed 6fm/s, where with the
given parameters, the ground is considered Rat. This allows
a comparison with the results of [8]. In Figure 5, we plot the
Peld obtained with SSW, with a zoom betweékand56 m
in altitude, at the last iteration for a clean sea and when both
pollutants are considered.
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Figure 5: Field ak = 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 beld. Indeed, the extrema are

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
perU;q as follows. This latter is composed b®0features
per case, thus we have a total3ffOfeatures. These latter
shall represent the Peld propagation as precisely as possi-
ble. Therefore, each feature consists of the mean of the
computed pPeld at the last iteration o\@® Monte-Carlo
simulations, to take into account the stochastic aspect of the
surface. Example of these features are given in Section 4.1
for Ujg =5 m/s and7 m/s.

Then, a PCA with a given number 8fcomponents is
performed on each dataset. The goal is to bnd one (or mul-
tiple) directions that describe the effect of the pollutant on

changed when an oil PIm is considered, as expected since propagation.

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 Rat, and one can won-
der what happens with a high¥l increasing, and waves
appearing.

Therefore, we choose to do the same test, With =
7m/s. Inthis case, since the sea surface is not 3at, the mean
over the20 Monte-Carlo simulation of the beld computed
with SSW at the last iteration is plotted in Figure 6.

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

In this case, we can still see the effect of the oil PIm but
it is less clear than whedg = 5 m/s, even if all the area
is covered by the pollutant (i.ek = 1). This difference
is due to the surface geometry, which is not 3at anymore.
Note that in different cases (i.e. other surface generation),
the detection can be easier or on the contrary more difbcult.
This is why we decide using a PCA analysis.

In Figure 7, we plot the transformed features over the
prst two components of the PCA decomposition. Here, the
wind speed is5 m/s. Note that labe0 is for a clean sea
while labels1l and2 correspond to the two pollutants with
Eo =9 mN/m and! p =6 rad/s, andg = 25 mN/m and
I b =11 rad/s, respectively.

PCA projection

0.06

Figure 7: Features transformed onto the PCA components
plotted for the Prst two components whefy =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 Rat, all the
features for each case are the same. Nevertheless, we can
see that the brst axis here seems to relate to how close to a
clean sea we are.

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

In this case, since the surface is not Bat anymore, many
points are plotted for each label depicting the features in
the brst two componentsO 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 brst two components whdiy = 7 m/s.

detection here. Besides, as before, the brst axis seems to

refer to how close to a clean sea we are.

Other tests have been performed for wind speed upper
thanUyp = 8 m/s, upper than the limit for insoluble oil

(2]

(3]

(4]

(5]

PIm, and at these speeds, no separation was achieved. This

is due to the dominant inBuence of the sea geometry on the

electromagnetic beld at thebey.

5. Conclusion

In this article, we studied the tropospheric propagation of

the electromagnetic beld above a polluted sea.

The propagation model is based on a hybrid approach
where the sea spectrum or its damped version to take into

(6]

account the pollutant, is used to generate random surfaces [7]

and to compute a roughness factor.

A wavelet-based computational scheme is used since its
efbciency 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 brst 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.€. < 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 blm and an emulsion are considered.
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Higher-order Modesby Misalignment in Transition from Hollow Metallic
Waveguides b Dielectric Wavegyuides
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Abstract: In thiswork, we report the effects of misalignment between a dielegtnieguideand ahollow metallic
waveguide in the \R-10band.The results indicate the excitationwfwanted higar-order modes in the dielectric
waveguide that are expected to degrade the performance, especially at higher frequencies.

Dielectric waveguides are a promisiggiding structurdor THz and subTHz systens, owing to their low
losses and fabrication sinigity. Several platforms to eas#egration with standard measurement enougpt have
been developed, such as effective medium cladded waveaindkscladdielectric waveguide’s However, most
dielectric waveguides arexcited by a taperedatrsition structure inserted into a hollow metalliaveguidé&®.
The manualnsertionof the dielectric waveguide into the hollowaveguidecan be a source of lossascase of
misaligrments If the tapeof the dielectric waveguide is not centered in the hollow waveguitdissired higher
order modesvill be excitedan effectespecialy pronounced at higher frequenciegy. 1 showdifferent kinds of
misaligmments betweea taperediielectric rod waveguide (DRW) aradhollow metallic wavegide.
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Fig. shows the measured results, after TRL calibration at the metallic waveguide flanges and time gating.
,QVROQWARVV LQWHHGBGX¥HD/WXS *+0RKES WR G% DW UA/EWWReH LPSDFW

UHIOHFWLRQ ORVV LV REVHUY HWGU HREZE@WHN i DE/HHY O IOEWQ R  QQORWR/U W DR
ORRMSWVR G % LDWWP P

A g St - b) o S2u1 .
=1 -v/ Y /
@ 1 2
s -2 o (deg) = 2.4, 6,8, 10 g 5. B
3 | §., + P S Ax (mm)=0.1,02,0.3.04,05
2=-20-4 i 2 -20 J‘{k 1
E & | c [V
. = g ’ >
= —40 4 ~C S - = —404 () 2
1 S2gn! / ".‘ 7 \/ & H , «// \‘K\“’/
- \ K
-60 =60 s2. 001 ) \‘
i . X’ . 2 i y y : Ey21 i ;
70 80 90 100 110 70 80 90 100 110

Frequency (GHz) Frequency (GHz)

c) - S2et d) S2¢,11
7 R
-1 % 5 1
g ]
e =27 I ™
3 A &y (ym) = 20, 40, 50, 80, 100 £ 104 eSS
2 -20 7% g 3
§, il »,\\ ".\ S : . : .EE 20 4
= 40 82,1 1] \'\ 7N // 2 & = =
\I S, ¥ —-40 \/ N A~ -
-60 1 \¥
T v ! =60 |
70 80 90 100 110 — .
Frequency (GHz) 70 80 90 100 110

Frequency (GHz)

JLIXUBLPXO®I\HD PHWH UR WBDWILWRDDLIJQBHRWVYDQ GIEIBHQONW E@FWLYHO

a) 0+ - B,
_— -1 Su > i ) 1 ]
- ] } _
S -2 e/ Ax(mm)=0,0.1,0.2,0.3,0.4, 05 E‘.; 1> B
v -3 -~ 4 Ay (um) = 0, 20, 40, 60, 80, 100
E 8 =31
g —20 }-0 2 -
% S, e B g =20 N i
S —40 G, gt 8 _4015n
-60 - ;
; . ; ; -60 V
T T T T 1 : - ' r .
70 80 90 180 340 70 80 90 100 110

Frequency (GHz) Frequency (GHz)

c)
04 32 st
A — = —
. -5 =y _: A
S -10 o
~ = 3 "
LV
8 —15 - Az (mm)=0,1.2,3.4,5
e e S e ) ?
© 1 O ity - -
= —40 R
__60 .
T T T T T v 1
70 80 90 100 110

Frequency (GHz)

JLIXUKBHDVXUSDAJBPRWMHUSA'S: *:5 W U D QVE WINRIPHIQWA)AY UHVSHFWLYHO\

We acknowledge Myfab for provisioning of facilities and experimental support. Myfab is funded by the
Swedish Research Council as a national research infrastruhera:ork was supported by the European Union's
Horizon 2020 FET Open project TERAmeasumafg agreement No 862788).



