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Located on the Minatec Campus, the System Division gathers over 

300 high level researchers and engineers. This division is at the 

strategic core of CEA-Letiôs technological innovation and aims to 

provide a global and valuable ñsystem perspectiveò on technological 

trends.  

 

Ourôs expertise is based on four major pillars which are (i) wireless 

communications, (ii) innovative sensor-system design, (iii) power 

management and electronics for energy and (iv) security solutions for 

electronic systems and components. Its teams are using tools and 

know-hows inherited from the physics, electromagnetism and 

electronic areas as well as from the signal and data processing 

domains; additionally, they have access to state-of-the-art facilities for 

the simulation, characterization and prototyping of complex electronic 

systems.  

 

Thanks to its capability to work on specific application barriers, our 

Division is particularly attractive for industrial partners who are facing 

the challenges of the Internet of Things (IoT) ï also called Cyber 

Physical Systems (CPS) ï associated with artificial intelligence at the 

system edge (edge AI), 5G and beyond-5G communications, as well 

as cybersecurity. Its partners range from SMEs to major international 

companies, which are looking for a high level of technical expertise 

and strong project management experience in a business-compatible 

environment.  

 

Ourôs research and innovation activities span a wide panel of 

applications including ï but not limited to ï automotive, space and 

aeronautics, smart manufacturing and the factory of the future, smart 

energy and secure energy networks, smart transport, data centers, 

virtual reality, e-health. 

 

Finally, we serves the foundational purpose of training the young 

generation of researchers by hosting a significant number of 

doctorates in these fields of excellence, which contributes to 

nourishing our learned-from-the-field and open vision of forthcoming 

challenges for the digital world. 
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Sébastien Dauvé 
Head of the Systems Division 

In this very peculiar year, all the teams from the System Division are immensely 
pleased and proud to present you a selection of the best scientific achievements of 
2020. Despite the worldwide sanitary crisis, we have maintained its scientific 
production and collaborations to the highest level, while also actively contributing to 
projects and technological developments and bringing a stone to the fight against 
COVID-19. 

In this scientific report, you will find about 60 of our main scientific contributions split 
in 7 chapters covering our main innovation areas, namely sensors, power 
conversion, telecommunication and cybersecurity.  

In the field of telecommunications, our division has reaffirmed its leading position in 
designing, developing and evaluating innovative solutions for the forthcoming 
generation of 5G and beyond-5G wireless communication systems exploiting high 
mm waves until THz. This work includes dedicated front-end radio innovation using 
RF SOI as well as ground-breaking designs of antenna systems, among others 
(see chapters 1 and 2).  

2020 was also an important year in terms of acquiring new strengths and know-
hows from joining CEA teams in integrated circuit (IC) design for RF applications in 
particular, IC electronic testing, as well as characterization tools dedicated to the 
security of electronic systems. These transverse competences reinforce our 
positioning in all activity sectors, in particular RF communications (see chapter 1 for 
example), IoT (chapters 3 and 5), energy management (chapter 4) and 
cybersecurity (chapters 6 and 7). 

Among the significant results and trends, 2019 had already seen the growing use of 
learning algorithms applied to hardware developments with a link to edge-AI 
applications for both communications and sensors applications. This expertise has 
matured in 2020 and quite naturally percolated in all our activity sectors ï including 
cybersecurity ï as evidenced in all the different chapters of this report.  

In particular, in this time of major transitions towards the digital world, 2020 has 
offered an increasing number of opportunities for the System Division to converge 
with the medical sector, ranging from RADAR architectures for human vital sign 
measurement, to space-time-frequency multi-sensor analysis for motor cortex 
localization, and to optically-pumped magnetometers for medical imaging - the 
latter feeding a new CEA start-up company to be created in 2021. In chapter 3, you 
will discover some examples of how our division facets its multi-disciplinarity and 
versatility towards cyber physical systems which interface more and more 
seamlessly and ubiquitously with the medical and human-centred world. 

Finally, the System Division has reached several new milestones in the field of 
energy, including the first industrialisation of an energy harvesting solution for the 
consumer goods market, with millions of products already announced and to be 
launched onto the market in April 2021 (see article on autonomous switch in 
chapter 4). 

We would like to thank our industrial partners, institutional fellows and academic 
collaborators, who have worked closely with us in 2020 despite the uncertainty of 
the international context. Without these collaborations, the present report would not 
have been so relevant.  

To conclude this report, we proudly acknowledge the contributions of the young 
researchers and students that join us each year to carry out some of the worldôs 
most advanced research projects and to become the next generation of innovators.  

We hope you will find in this 2020 Scientific Report inspiration for your future. 
developments and research. 

Emmanuelle Pauliac-Vaujour 
Scientific Director of the Systems Division 

https://www.leti -cea.com/cea-tech/leti/english/Pages/Applied-Research/Results/scientific-
reports.aspx 
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220 permanent staff 

58 PhD students and postdocs 

38 temporary employees 

 

researchers 

2,760 patents in portfolio 

91,500 sq. ft. cleanroom 

64 startups created 

 

 

38 Mú budget 

84 % external funding 

66 direct industrial partners 

 

64 startups created 

 

 

 

59 patents granted in 2020 

480 patents in portfolio 

39 book chapters and journals 

121 conference communications 

 
 

 

 
3 anechoic chambers 

1 connectivity platform 

1 IT Security Evaluation Facility  

1 electronic test platform 
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Publications 
144 publications in 2020 including 38 top journals 
and over 100 international conference 
communications. These include: IEEE Internet of 
Things Journal, Applied Energy, IEEE Vehicular 
Technology Magazine, IEEE Transactions on 
Wireless Communications, IEEE Transactions on 
Communications, IEEE Transactions on 
Antennas and Propagation, Energy and 
Buildings, Smart Materials and Structures, 
Sensors, IEEE Transactions on Circuits and 
Systems, IEEE Transactions on Microwave 
Theory and Techniques, IEEE Access, IEEE 
Transactions on Network and Service 
Management, DATE, VTC Fall meeting, VLSI, 
RFIC, PIMRC, ISSCC, PCIM, GLOBECOM, 
EuMW, EuCNC, EuCAP, COSADE, CARDIS, 
BRAINS, IEEE APS URSI, POWERMEMS, IEDM 
etc.  
 
 

Prize and awards 
R. Berro, S. Boriès, C. Delaveaud, ñAnalysis of 
the Effects of Conductivity on Small Antenna 
Characteristicsò, IWAT Special Prize ñProf. Raj. 
Mittraò 2020. 

V. Cristiani, M. Lecomte, P. Maurine, ñLeakage 
assessment through neural estimation of the 
mutual informationò, ACNS workshops best 
paper award (AIHWS) 2020. 

G. Gougeon, Y. Corre, M.Z. Aslam, S. Bicaïs, 
J-B. Doré, Assessment of sub-THz Mesh 
Backhaul Capabilities from Realistic Modelling 
at the PHY Layer, EuCAP Best Paper Award 
Nominee 2020. 

F. Wolf, S. De Rivaz, F. Dehmas, V. Mannoni, 
V. Berg, ñAccurate Narrowband LPWA 
Ranging: Principles, Performance in AWGN 
and Multipath Channelsò, EuCNC Best Student 
Paper Award 2020. 

A. Serhan, D. Parat, P. Reynier, M. Pezzin, R. 
Mourot, F. Chaix, R. Berro, P. Indirayanti, K. 
Han, M. Borremans, E. Mercier, A. Giry ñA 
Reconfigurable SOI CMOS Doherty Power 
Amplifier Module for Broadband LTE High-
Power User Equipment Applicationsò, RFIC 
Top 3 Industrial Papers 2020. 

R. Gerzaguet, N. Bartzoudis, L. Gomes Baltar, 
V. Berg, J-B. Doré, D. Kténas, O. Font-Bach, X. 
Mestre, M. Payaro, M. Fªrber, K. Roth, ñThe 
5G candidate waveform race: a comparison of 
complexity and performanceò, EURASIP 
Journal on Wireless Communications and 
Networking, Best Paper Award 2020. 

Experts 
1 International Expert, 4 Research Directors, 20 
Senior Experts, 24 Experts, 11 of them holding 
an HDR. 
 
 

Scientific committees 
Reviewing & Technical Program Committees or 
Jury members of: National Research Agency 
(ANR), RISC-V Week, DSD ñAHSA Trackò, IEEE 
ISSCC, IEEE IEDM, IEEE RFIC, IEEE IMS, IEEE 
NEWCAS, IEEE PRIME, IEEE ESSCIRC, IEEE 
ICECS, EuCNC, 6G Summit, SSI, IEEE VTC 
Fall, IEEE PIMRC, IEEE ICC (ANLN workshop), 
IEEE VTC Spring (HMWC workshop), IEEE 
IWAT, MDPI journals (Sensors, Nanomaterials), 
CSAW, AsiaCrypt, JCEN, Nature Digital 
Medecine, Computer Methods & Programs in 
Biomedecine,  
Member of: RISC-V International, Swarm ESL 
(Expert Support Laboratories) and DISC (Data, 
Innovation and Science Cluster) at the European 
Spatial Agency (ESA), MIAI Grenoble Alpes. 
 
 

Conferences and 

Workshops organizations 
CrownCom Conference Organization in EuCAP 

2020 Special Session "Recent advances on 

electronically steerable antenna arrays at mm-

wave frequencies" 

CSS 2020 Special Session "M-Sec: cross-border 
privacy between Europe and Japan" 
National Day on Energy Harvesting and Storage 
JNRSE (organizing and technical committee) 
 
 

International 

Collaborations 
National Inter-university Consortium for 
Telecommunication CNIT (Italy), University La 
Sapienza (Rome, Italy), University of Padova 
(Italy), University of Bologna (Italy), Chalmers 
University of Technology (Sweden), IT Portugal, 
SuperLab (Stanford, USA), University of Ottawa 
(Canada), ETRI (South Korea), Tokyo Teck 
University (Japan), University of Florida (USA), 
Université Catholique de Louvain UCL (Belgium), 
University of Arizona (USA), MIT (USA), EPFL 
(Switzerland). 
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¶ Future telecommunication 

infrastructures 

¶ Sub-THz, millimeter wave 

communications 

¶ 5G and beyond 5G, 6G 

¶ Antenna and transmitarrays 

¶ Beam forming 
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Context and Challenges 
Next-generation wireless networks are imagined to be faster, 
more reactive, ultra-reliable and denser. Therefore, the 
exploitation of new and wider bandwidths at higher 
frequencies is a promising solution towards very high data-
rates (100+Gbps) and ultra-low latency (sub-ms). The 
frequency from 90 to 300 GHz, and above, are definitively 
foreseen as key enablers for 6G communication systems. 
Several applications can already be imagined: high capacity 
back-haul/front-haul; short-range high data rate hot-spots and 
device-to-device Gbps ultrashort-range communications. 
 

Main Results 
Defining technology processes to answer mmW to THz 
applicative requirements for critical building blocks as Power 
Amplifiers and Low Noise Amplifiers, cost will be the main 
factor to earn market share. BiCMOS and RF CMOS 
processes have already proven to be adequate up to 140 
GHz, providing better integration and overall cost than III-V 
InGaAS MHEMT or InP HBT. It is acknowledged that the 
beyond-5G and 6G applications will continue to benefit from 
CMOS improvements but new concepts should be proposed 
to efficiently address the THz band.  
Radio front-end architecture for extremely broadband 
applications has to be selected considering both the large 
amount of bandwidth that is required at the RF section and 
reasonable sampling frequencies in the radio-to-digital 
baseband (BB) interfaces. An example of a Tx-and-Rx radio 
front-end based on such techniques has been studied the 
selected architecture is able to provide a total raw throughput 
of 102 Gb/s if 16-QAM modulation, and 156 Gb/s for 64-QAM 
modulation. Having this trade-off in mind, channel-bonding 
techniques seem a natural solution. Main challenge for such 
architectures is that they require many different local oscillator 
(LO) signals. The frequency plan can be optimized to 
minimize the number of distinct LO frequencies required as 
well as to relax the bandwidth requirement of the radio up-
and-down conversion blocks. A Multi-frequency LO generator 

architecture is proposed aiming very low phase noise LO 
signals which are required for high-order modulation schemes 
such as 64-QAM and beyond. 
 

 

 
 
Perspectives 
The spectrum above 90 GHz is foreseen as a key enabler for 

the next generation of mobile networks. The large amount of 

spectrum paves the way to high-capacity wireless links. Many 

challenges must be overcome to make this technology a 

success. First, whereas the design of CMOS RF modules is 

still possible for the low part of the D-Band, designing cost-

efficient modules to address the THz band remains an open 

issue. Second, high-gain antennas are required to meet the 

link budget. While the design of fixed-beam antenna is 

mastered, the Holy Grail remains the co-integration of RF and 

antenna to provide an electronically beam-steerable system. 

This would be significant breakthrough toward the next 

generation wireless system. 

MmWave spectrum above 90GHz for wireless  
connectivity: opportunities and  
challenges for future 6G  

RESEARCH TOPIC:  
System architectures, integrated circuits and process 
technologies for Millimeter Wave 6G Connectivity and Network 

AUTHORS:  
José Luis González Jiménez, Eric Mercier, Jean-Baptiste Doré, 
Didier Belot 

 

The spectrum above 90 GHz is foreseen as a key enabler for the next generation of mobile networks. The large 

amount of spectrum paves the way of high capacity wireless links. Many challenges still need to be overcome to 

make this technology a success. This paper describes the scenarios and contemplated scenario for the spectrum 

above 90GHz, covered by cellular industry for 6G. A benchmark of semi-conductor technologies is discussed to 

highlight promising candidates. The final section demonstrates channel-bonding architectures as a suitable option 

for the implementation of extreme broadband RF radios with acceptable power consumption. Opportunities, 

challenges and some recent experimental results of D-band transceivers implemented in CMOS processes are 

discussed. 

 
SCIENTIFIC COLLABORATIONS: Université Grenoble Alpes, CNRS (Laboratoire Jean Kuntzmann), INRIA 

RELATED PUBLICATIONS: 
[1] D. Belot, JL. Gonzalez-Jimenez, E. Mercier, JB. Doré, "Spectrum Above 90 GHz for Wireless Connectivity: Opportunities and Challenges for 6G", Microwave 
Journal, vol. 63 Issue 9, p20-34 (2020).  
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RESEARCH TOPIC:  
Millimeter wave 5G and 5G+ connectivity everywhere and 
everytime 

AUTHORS:  
Gosan Noh, Stephan Jaeckel, Leszek Raschkowski, Jean-Michel 
Houssin, Laurent Combelles, Marjorie Thary, Junhyeong Kim, 
Jean-Baptiste Doré, Marc Laugeois, Nicolas Cassiau 

 

Context and Challenges 
The integration of Non-Terrestrial Networks (NTN) into 5G is 
now well underway. More and more researchers are taking an 
interest in this subject, as evidenced by the recent 
publications that deal with the impacts on the network 
architecture as well as with the adaptation of the physical 
layer. Standardization is also on track. In this perspective, 
enablers for spectrum sharing between satellite and terrestrial 
networks must be provided. Many and different avenues of 
study may be investigated: software and hardware 
developments, simulation based and analytical findings or 
link-level and system-level studies. The 5G-ALLSTAR project 
brings together researchers and industrialists from Europe 
and South Korea and explores these solutions for satellite 
and terrestrial spectrum sharing. 
 

Main Results 
The first result is the identification of the frequency bands for 
5G via satellite that could be simultaneously used by both 
terrestrial and non-terrestrial 5G systems. Potential frequency 
ranges were identified for the implementation of the NTN 
segment of 5G. In each case, incumbent uses were 
discussed as well as the existing regulatory conditions, which 
in certain cases may require changes to accommodate 5G 
NTN. 
In order to simulate joint terrestrial/satellite systems, 
researchers need channel models that are able to simulate 
both satellites and terrestrial networks at the same time. The 
5G-ALLSTAR project has done pioneering work in this area 
by developing two such models. One model utilizes Ray-
Tracing and thus allows simulating specific environments, 
while the other uses a geometry-based stochastic model 
approach that is typically used for system-level simulations of 
terrestrial networks. 
5G NR standard makes room for innovative waveform 
designs. We therefore proposed the use of Block Filtered-
Orthogonal Frequency Division Multiplexing (BF-OFDM) for 
5G transmitter. The advantages, in the context of spectrum 

 

This work presents the first results of the 5G-ALLSTAR project aiming at providing solutions and enablers for 
spectrum sharing in a 5G cellular and satellite multi-connectivity context. An exhaustive study of the frequency 
bands eligible for these systems in the short and medium term has been conducted. A ray-tracing based and a 
geometry-based stochastic channel models have also been developed. These models can be used to simulate 
systems involving terrestrial and non-terrestrial networks. Interference management has been investigated in three 
ways: signal processing (5G New Radio compatible physical layer), beamforming (steering and switching beams) 
and radio resource management (joint optimization of satellite and terrestrial resource sharing). 

 

Spectrum sharing for 5G satellite  
and terrestrial multi -connectivity  

sharing between satellite and cellular systems are (i) the high 
out-of-band rejections capability, i.e. the spectrum leakage in 
adjacent bands is very low; (ii) the ability to create spectrum 
holes (this paves the way for radio resource management 
(RRM) algorithms, dynamically allocating sub-bands to 
cellular and satellite systems in the same bandwidth); and (iii) 
the inherent support of multiple services with a unique filtering 
stage. 
If a UE has directional antennas with beam selection and 
switching capabilities, this can be used for avoiding 
interference between different systems such as terrestrial and 
non-terrestrial systems. Considering realistic antenna models, 
we developed beamforming techniques by properly steering 
and switching the beams in order to avoid interference without 
sacrificing the spectrum usage. 
5G-ALLSTAR also implemented a system-level simulator that 
allows the simulation of interference scenarios between 
multiple radio access technologies (cellular and satellite) 
sharing the same spectrum, in C-band and millimeter bands, 
at a RRM level. RRM algorithms are being designed for 
mitigating the interference while maximizing the overall 
throughput and the user Quality of Service. Optimal 
implementation approaches in the 5G system of the joint 
cellular/satellite RRM was studied. 

 
Perspectives 
During the 5G-ALLSTAR project, both Korean and EU 
partners are devoting substantial effort into developing their 
proof of concept testbeds and giving various demonstrations 
of their respective 5G services. The wide range of 
demonstrations will be showcased at a key event to reveal our 
technological achievements in the field of 5G, thus validating 
the potential and the feasibility of our new proposed 
technologies. This will lead to new disruptive business 
models, stakeholders and opportunities for entrepreneurial 
innovation. 
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Assessment of mesh backhaul capabilities  
using sub-THz wireless link 

RESEARCH TOPIC:  
Signal processing, sub-THz, 6G 

AUTHORS:  
S. Bicaïs, J-B. Doré, G. Gougeon1, Y. Corre1 

 

Spectrum above 90 GHz is a promising investigation domain to offer future wireless networks with enhanced 
performance with respect to 5G, such as 100+ Gbit/s data rate or sub-ms latency. The huge available bandwidth is 
envisaged to serve the backhaul transport network in the perspective of future ultra-dense deployments, and 
massive fronthaul data streams. This work investigates the feasibility and characteristics of sub-THz mesh 
backhauling systems, either installed in the streets or inside large venues. The study relies on highly realistic 
simulations of the physical layer based on a new robust polar modulation, RF impairments modelling, detailed 
geographical representation, and ray-based propagation modelling. 
 
SCIENTIFIC COLLABORATIONS: This work was made jointly with SIRADEL1 in the framework of ANR-BRAVE project 
 

Context and Challenges 
The ñsub-THzò spectrum from 90 to 300 GHz is identified as a 
key enabler for the next generation of wireless systems. An 
aggregated bandwidth of 58.6 GHz was identified as possibly 
available for terrestrial radio-communications between 90 and 
200 GHz. The aim of this study is to assess the performance of 
a broadband wireless mesh backhaul network working in the 
sub-THz spectrum. Based on a digital twin of a given 
environment in which the wave propagation is predicted as well 
as the physical layer capturing RF impairments is modelled, 
realistic throughput coverage maps are drawned. We 
demonstrate the potential of such a technology to address the 
requirements of the next generation of wireless technologies.  
 

Main Results 
We have characterized the sub-THz propagation channels 
using ray-based deterministic numerical simulations [1]. 
Second, the design of robust communications over a phase 
noise (PN) channel is addressed from both receiver and 
transmitter perspectives [2]. The optimum symbol detection 
criterion and the corresponding probabilistic demapper is 
derived for PN channel upon the maximum likelihood (ML) 
decision rule. We also proposed a PN robust modulation 
scheme defined upon an efficient and structured constellation, 
adaptable to any signal-to-noise ratio (SNR) and PN variance. 
Third, the results of system level simulations are presented, 
considering a high-capacity backhaul scenario in a North-
American city (downtown area). These simulations are based 
on ray-tracing channel predictions using accurate LiDAR point 
cloud and a realistic link budget. The system performance is 
characterized for an outdoor mesh backhaul situation, which 
could be exploited to feed an ultra-broadband mobile access 
network or fixed wireless access network. The sub-THz devices 
are supposed to be installed on lampposts, located along the 
streets at 8 meters above the ground, in order to transport the 
data streams from a fiber Point of Presence to dense local high-
speed access points that either provide mobile or fixed wireless 
access typically at a lower frequency. The antenna beam is 

supposed to be perfectly aligned on the dominant propagation 
path. As depicted in Fig 1 conventional modulation schemes, 
namely Quadrature Amplitude Modulation (QAM), cannot 
achieve high data rate communications over sub-THz channels 
while the proposed dedicated signal processing, based on 
Polar-QAM, enables to maintain high spectral efficiency These 
throughput heat maps demonstrate that optimizing the 
modulation and demodulation schemes for PN channels results 
in significant performance gains for future sub-THz systems. 
 

 

Fig 1: Throughput heat map for a city center 

 

Perspectives 
Performance were assessed using a modified QAM modulation 
on top of a single carrier modulation. The proposition of 5G-NR 
waveform modifications to support the deployment of beyond 
5G system in the sub-THz is currently investigated by our 
research team. 

RELATED PUBLICATIONS: 
[[1]  G. Gougeon, Y. Corre, M. Aslam, S. Bicaïs, J.-B. Doré. "Assessment of sub-THz Mesh Backhaul Capabilities from Realistic Modelling at the PHY Layer". 
EuCAP 2020, Mar 2020, Copenhaguen. 
[2]  S. Bicais, J.-B. Doré, G. Gougeon, Y. Corre. "Optimized Single Carrier Transceiver for Future Sub-TeraHertz Applications". 2020 45th International Conference 
on Acoustics, Speech, and Signal Processing (ICASSP), May 2020, Barcelona, Spain. 
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Design of MIMO systems using energy detectors  
for Sub-TeraHertz applications 

RESEARCH TOPIC:  
Signal processing, MIMO detector, Energy detector, THz 
communications 

AUTHORS:  
S. Bicaïs, V. Savin, J-B. Doré 

 

The significant amount of unused spectrum in sub-TeraHertz frequencies is contemplated to realize high rate 
wireless communications for beyond 5G networks. Yet, the performance of sub-TeraHertz systems is severely 
degraded by strong oscillator phase noise. Therefore, we have investigated the use of multiple-input multiple-
output (MIMO) systems to achieve high rate communications with a good immunity to phase noise. Our results 
demonstrate that high rate sub-TeraHertz systems can be implemented on low-complexity and low-power 
architectures using MIMO systems and energy detection (ED) receivers. 

Context and Challenges 
With regard to the spectrum shortage in cellular bands, the 
interest for communications in the TeraHertz (THz) spectrum 
from 0.1 THz to 1 THz is continuously growing. THz 
frequencies offer a significant amount of unused bands and 
represent an opportunity to achieve high data rate wireless 
communications. We investigate in this work one of the 
contemplated sub-THz use-cases: a fixed indoor high data rate 
wireless link. As the carrier frequency increases, the phase 
noise performance of oscillators largely deteriorates. These 
strong phase impairments limit the achievable data rate of sub-
THz systems, notably by causing detection errors. Therefore, 
state-of-the-art approaches investigate the use of coherent 
systems together with channel bonding. This type of 
architecture needs to be further combined with signal 
processing optimizations to mitigate the effects of phase 
impairments leading to complex practical implementations. 
Conversely, we consider in this study non-coherent detection, 
for its inherent robustness to phase noise and simple 
implementation combined with a multiple antenna scheme 
(MIMO) to increase the spectral efficiency. 
 

Main Results 
We have investigated the design of MIMO systems with ED 
receivers for future applications in sub-THz bands [1]. First, the 
system model has been described by characterizing the sub-
THz channel and the RF architectures of the transmitter and 
receiver. Fig 1 depicts the studied transmission scheme. Next, 
we have derived the Maximum Likelihood (ML) decision rule for 
the studied nonlinear MIMO channel using a Gaussian 
approximation. Later, a realistic scenario modeling an indoor 
wireless link has been considered to assess the 
communications performance. Simulation results have proved 
that low error rate communications can be achieved on strongly 
correlated Light of Sight (LoS) channels. In addition, we have 
shown that polar-coded MIMO systems can take advantage of 
the strong spatial interference to enhance performance: a gain 
of up to 4 dB in comparison to the interference-free case for an 

8 × 8 antennas system is obtained. In conclusion, our results 
demonstrate that spatial multiplexing with non-coherent sub-
THz transceivers can be achieved on strongly correlated LoS 
channels, opening the way to cost-effective high data rate THz 
systems.  
 

Perspectives 
This study is based on a simple antenna model and we are 
currently investigating the use of a real antenna model to 
confirm the potential of the proposed technique. Moreover, as 
the detection problem is nonlinear, the consideration of a neural 
network in the detector is also envisaged. 

 

Fig.1: System model for a non ï coherent  
MIMO transmission with spatial interference 

 

RELATED PUBLICATIONS: 
[1] S. Bicaïs, J.-B. Doré, V. Savin, "Design of MIMO Systems Using Energy Detectors for Sub-TeraHertz Applications", 2020 International Symposium on Personal, 

Indoor and Mobile Radio Communications (PIMRC) , August 2020, London, United-Kingdom 
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Multi -agent deep reinforcement learning  
in dynamic dense mmWave networks 

RESEARCH TOPIC:  
Machine Learning. Resource Allocation in Wireless Network. 
Network Resource Optimization. 

 

AUTHORS:  
E. Calvanese Strinati, Y. Lostanlen1, W. Yu1, A. De Domenico, 
M. Sana 

 

 

Network densification and millimeter-wave technologies are key enablers to fulfill the capacity and data rate 
requirements of 5G networks. In this context, designing low-complexity policies able to adapt the user association 
with respect to the network dynamics is a challenge. So far, solutions of the literature require continuous access to 
global network information and to re-compute the association when the radio environment changes, inducing a 
complexity unsuitable to dense 5G networks. This work addresses this issue with a scalable and flexible user 
association algorithm using multi-agent reinforcement learning to optimize the network sum-rate and to adapt to 
changes of the radio environment, thus providing large sum-rate gain compared to baseline solutions. 
 
SCIENTIFIC COLLABORATIONS: 1 Department of Electrical and Computer Engineering, University of Toronto, Toronto (CN) 

Context and Challenges 
To boost the network capacity, 5G relies on millimeter-wave 
(mmWave) technologies and network densification. Whereas 
mmWaves suffer from severe path-loss, densification of base 
stations (BSs) results in co-channel interference requiring 
efficient resource allocation. In this context, optimally 
associating user equipment (UEs) to BSs is a fundamental 
task, particularly challenging when considering environment 
dynamics viz. interference, fast fading, mobility, or network 
traffic dynamics (see Fig. 1). So far, current solutions of the 
literature typically require global information of the network, are 
computationally expensive, and do not consider the dynamic 
nature of wireless networks. As a result, the state-of-the-art 
algorithms are re-computed either periodically or whenever a 
notable change has occurred in the environment to correct 
possible drifts from the optimal association, thus, leading to 
significant computation and signaling overhead. Therefore, 
there is the need for flexible and adaptive solutions with respect 
to environment dynamics. 

 

 

Fig. 1. User association in a dense network 

 
 

Main Results 
To address the aforementioned problem, we propose a 
distributed and decentralized multi-agent reinforcement learning 
framework, where each UE acts as an independent agent that 
operates in a fully distributed manner [1], [2], [3]. UEs learn by 
experience, based only on their local and partial observations in 
order to maximize the network sum-rate, as we focus on 
mmWave technology for enhanced Mobile Broadband services. 
Specifically, UEs learn to map their observations of the 
environment to actions corresponding to connection requests to 
their surrounding BSs. Our proposed framework has the 
advantage of being able to incorporate the environment 
dynamics during the learning phase (i.e., the time varying 
nature of mmWaves channels and network traffic [1],[2] as well 
as user mobility [3]), so that the user association is self-
reorganized towards the optimal association when a relevant 
change occurs in the environment. Furthermore, we reduce the 
signaling overhead since agents do not exchange any direct 
information. Our analysis shows that, in cases of full buffer 
traffic, the proposed scheme achieves up to 98.7% of the 
optimal performance obtained through exhaustive search. Also, 
when we consider dynamic traffic, it provides nearly 40% of 
performance gain with respect to centralized baseline solutions 
from the literature [2]. Regarding mobility, we show that our 
solution can reduce the handover events up to 70% and 
increase the average network throughput by 18% compared to 
solution based on maximum received signal strength [3].  
 

Perspectives 
Results of this work open new perspectives for applications in 
scenarios such as multiple access edge computing, where 
multiple UEs compete for radio resources to offload tasks, as 
well as for computation resources to process these tasks in 
distant edge servers. 

 

RELATED PUBLICATIONS: 
[1] M. Sana, A. De Domenico, and E. Calvanese Strinati, ñMulti-Agent Deep Reinforcement Learning based User Association for Dense mmWave Networks,ò in 
Proc. IEEE Global Commun. Conf. (GLOBECOM), Dec. 2019, pp. 1-6. 
[2] M. Sana, A. De Domenico, W. Yu, Y. Lostanlen, and E. Calvanese Strinati, ñMulti-Agent Reinforcement Learning for Adaptive User Association in Dynamic 
mmWave Networks,ò in IEEE Transactions on Wireless Communications, June 2020, vol. 19, no. 10, pp. 6520-6534. 
[3] M. Sana, A. De Domenico, and E. Calvanese Strinati, ñMulti-agent deep reinforcement learning for distributed handover management in dense mmWave 
networks,ò in Proc IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), May 2020, pp. 8976-8980. 
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Super high speed optical communication  
on microleds 
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This work embraces recent activities on ultra-high speed Optical Wireless Communications using a single blue 10-
µm Gallium-Nitride microLED, implemented within an experimental setup with software for direct-current optical 
OFDM and hardware optical components. A modulation bandwidth of 1.8 GHz with bit and power loading 
algorithms enabled to reach a data rate of 7.7 Gb/s, to be compared with the previous record of 5.37 Gb/s reached 
in 2016. Future works will implement arrays of 10 000+ microLEDs, to allow for new digital-to-optical modulations, 
for integrated system-on-chips. Higher emitted optical power is expected to open such technology to indoor multiple 
access where light collection and alignment is no more possible. 

Context and Challenges 
MicroLEDs are one of the most promising OWC optical sources 
due to their high illumination efficiency and their large 
modulation bandwidths. CEA-Leti achieved recent activities on 
ultra-high speed Optical Wireless Communications (OWC) 
using custom Gallium-Nitride microLEDs. 
 

Main Results 
Preliminary work focused on the implementation of a 10-µm 
single blue micro-LED on sapphire wafer within an 
experimental OWC setup, mixing software generation of direct-
current optical orthogonal frequency division multiplexing 
(DCO-OFDM) patterns and hardware optical components for 
light collection, high speed photo-detection and digital 
acquisitions. Intensity modulation conveys DCO-OFDM 
waveform and direct detection is used at reception. A high 
current density of 25.5 kA/cm² provided a modulation 
bandwidth of 1.8 GHz. Associated to bit and power loading 
algorithms with up to a 256-QAM subcarrier modulation, it 
enabled a new data rate world record of 7.7 Gb/s, which broke 
the previous leading mark of 5.37 Gb/s of the literature. 
 

Perspectives 
Next investigations will study the electrical modelling of 
microLEDs in the high frequency regime. Future works will 
cover the use of large arrays of 10 000+ microLEDs. The first 
objective is to open the way to new digital-to-optical 
modulations by independently driving each pixel and to target 
highly integrated system-on-chips for ultra-high speed OWC. 
Secondly, higher emitted optical power is expected to open 
such technology to indoor applications. 

 

 

 

 
Fig. 1 :Experimental optical transmission setup 

 
Fig. 2 :Data rate function of Bit Error Rate 

 
RELATED PUBLICATIONS: 
[1] L. Maret, Lam Ngoc Dinh, Alexandre Lagrange, Patrick Demars, Ludovic Dupré et Olivier Lartigue, "Reaching 7.7 Gb/s in VLC with DCO-OFDM on a single GaN 

Blue Micro-LED", Optical Wireless Communication Conference, October 5th, 2020  

[2] L. Maret, Alexandre Lagrange, Ludovic Dupré ,"Ultra-High Speed Optical Wireless Communications with gallium-nitride microLED", Photonic West, SPIE OPTO,  
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Multi -user interference characterization  
in antenna arrays: an algebraic angle approach  
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Antenna arrays are widely used in mobile networks to mitigate interference as well as to enhance the reliability and 
the capacity of the system. The performance of beamforming algorithms depends on the channel realization and its 
associated parameters (angle of arrivals, multi-path components, fading) plus the array geometry. The multiplicity of 
these parameters makes it difficult to establish a tractable characterization of the overall performance. In this study 
a new parameter, an algebraic angle cosine between the signal subspace and the interference subspace, is 
introduced to characterize the interference impact. It allows the derivation of a lower bound on the signal-to-
interference-plus noise ratio (SINR) of the state-of-the-art beamforming algorithm. 
 

SCIENTIFIC COLLABORATIONS: 1 Univ. Grenoble Alpes, CNRS, GIPSA-lab, Grenoble (FR) 
 

Context and Challenges 
The data-rate provided by 5G networks is expected to follow 
the exponential trend observed since several decades. One 
possible way to drastically increase networks capacity is the 
densification of the deployed base stations, using 
heterogeneous topologies composed of small cells. As a 
result, network operators face interference issues associated 
with this densification, which may limit the user quality of 
experience. In 5G networks, antenna array systems are 
viewed as a key enabler to manage this interference and 
improve the system overall performance. In this context, 
various interference cancellation algorithms exist, and the 
Capon beamformer is a well-known and optimal solution from 
the signal-to-interference-plus-noise ratio (SINR) perspective. 
Generally speaking, in a multiuser situation, the performance 
of beamforming algorithms depends on the propagation 
channel parameters like array geometry, multi-path 
components, angle of arrival (AoA) statistics and fading. In 
this work, a new meta parameter of the channel has been 
introduced to characterize the interference between different 
users and to allow the determination of the expected 
performance of the system. 
 

Main Results 
The SINR resulting from a Capon beamformer is intractable 
when it comes to multi-users and multipath propagation. To 
this end, the algebraic angle cosine parameter (cos ) is 
introduced as a metric of the interference between signal and 
interference subspaces. This is not a physical angle but |cos 

| is, in a single user case, the correlation coefficient between 
the user and the interferer channel vectors. In a 
multiuser/multi-interferer situation, it corresponds to the 
algebraic angle between the desired user and the hyper-
plane generated by the other users and the interferers. Using 
this angle allows, for single interference case, the 
determination of the SINR attained by the Capon 
beamformer. In the multi-interferer case, a lower bound on 
the SINR can be derived. It asymptotically varies between a 

floor value (user and interferers quasi aligned) and maximum 
value (user and interferers quasi orthogonal) defined by the 
number of antennas and the user SNR value. Between these 
two zones, the SINR variation in dB is asymptotically linear 
with a slope of 10dB per decade. Scattered plots of SINR vs. 
(cos q) in different configurations of antenna array and 

interference situations shows that that lower bound is valid 
and confirm the existence of the three typical zones of 
operation (worst case, best case and standard case where the 
SINR asymptotically linearly varies). 
 

Perspectives 
According to the knowledge of author, this formalism is a new 
way to characterise performance of beamforming algorithms 
for antenna arrays and it open interesting ways for network 
planning tools. Perspectives embraces the determination of a 
close form of the lower bound and an analytical formula for 
SINR of beamformers. 
 
 

 
Fig.1: SINR lower bound and typical zones 

 

RELATED PUBLICATIONS: 
[1] M. R. Bekkar, L. Ros, C. Siclet, S. Bories et B. Miscopein. ñMulti-user interference characterisation in antenna arrays: an algebraic angle approachò. IET 

Electronics Letters 56.5. IET Digital Library, p. 257-260 ; jan 2020.  
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Indoor mmWave Channel Characterization  
with  large virtual antenna arrays 

Context and Challenges 
Massive MIMO (Multiple Input Multiple Output) systems are 
based on large number of antennas (from tens to hundreds) in 
order to simultaneously serve different users is what we call 
massive MIMO. In the last years these approaches have been 
first investigated for sub-6GHz systems. Nowadays the advent 
of millimeter wave (mmWave) technologies in 5G and beyond 
networks, foresee the use of large arrays combined with hybrid 
beamforming. In this context radio propagation modelling is a 
fundamental step order to efficiently develop and evaluate 
these systems.  Here we address the mmWave massive MIMO 
propagation in an indoor environment by investigating the 
impact of the array size on the channel characteristics. 
This work was partially funded by the 5GmmFlash project and 
the ANR project MOREOVER. 
 

Main Results 
A measurement campaign using virtual antenna arrays has 
been carried out in indoor scenario by considering an array of 
21×21 elements at transmitting side, while at the receiving side, 
a 3x3 spatial grid emulating a user equipment (UE) was 
considered (Fig.1). Measurements were performed in the 26-
31.5 GHz. High resolution algorithms were employed to 
estimate multipath components (MPCs), considering the full 
large array or sub-arrays (Fig.2).  Estimation of the Line-of-
Sight path is almost unchanged when considering a massive 
array or a subarray. On the contrary, the size of the array has 
an impact on the secondary MPCs, which yields to different 
overall delay and angular spread.  
 

Perspectives 
Future works include identification of common multipath 
components among different sub-arrays and Investigation on 
non-stationarity over large mmWave array. This would yield to 
novel propagation model enabling mmWave massive MIMO 
systems design. 

 

RELATED PUBLICATIONS: 
[1] A. Mudonhi, R. DôErrico and C. Oestges, "Indoor mmWave Channel Characterization with Large Virtual Antenna Arrays," 2020 14th European Conference on 

Antennas and Propagation (EuCAP), Copenhagen, Denmark, 2020, pp. 1-5, doi: 10.23919/EuCAP48036.2020.9135628.  
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In this work we present an investigation on indoor mmWave channel, using large antenna array. In the 
measurement campaign massive virtual array of 21×21 elements was considered. Multipath components were 
extracted by means of a high resolution algorithm. The results obtained with the full massive array are compared 

with those obtained with a small sub-array, in order to investigate the effect of array size in channel modeling. 

 
SCIENTIFIC COLLABORATIONS: 1ICTEAM-Université Catholique de Louvain, Belgium 

 

 
Fig. 1: Indoor mmwave channel measurement 

campaignemploying large array, and repartition in sub-arrays. 

Fig. 2: Example of measured power delay profile 
 and the detected multi-path considering 

 3×3 subarray vs 21×21 massive array 
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This work presents a lock detector integrated in a 60-GHz band frequency multiplier with high multiplication factor. 
The proposed circuit detects the locking state of an injection locked oscillator. It relies on power integration besides 
the ILO targeted frequency. The proposed lock detector and the associated frequency multiplier presents a 
consumption of 61 mW and 5.2 mW respectively. The area occupied by the lock detector is less than 3% of the 
overall chip area. The locking detector is the cornerstone of injected oscillator calibration, and enables high-N 
frequency multiplication-based frequency synthesis. 
 

Context and Challenges 
This work is part of new high-frequency synthesis technique 
that is based on injection locked oscillators (ILO) [1]. Such 
frequency synthesizers present state of the art performances in 
terms of phase noise and jitter, but need to be calibrated in 
order to ensure optimum performance. For that purpose, we 
present a low-area, low-power consumption lock detector 
integrated into a high-N frequency multiplication-based 
frequency synthesizer operating at 60GHz. The presented lock 
detector is based on sub-sampling of the ILO output spectrum 
and low frequency signal processing [2].  
 

Main Results 
The proposed circuit is fabricated in a 45nm CMOS SOI 
technology (Fig.1). The lock detector output response with 
respect to the ILO tuning voltage is shown in Fig. 2. For values 
smaller than 0.8V and higher than 1V, the comparator output is 
low indicating that the ILO is not locked on the input signal 
whereas it is locked in between. The figure also shows the 
internal output of the integrator and the threshold voltage of the 
comparator. Examples of ILO spectrums for both locked and 
unlocked states are shown in Fig. 2.b-d. It is clear that in the 2 
unlocked cases (Fig. 2.b and Fig. 2.d), there is a significant 
amount of power located in the integration band, which results 
in a low comparator output voltage. Thanks to these results, the 
lock-detector has been used, not only for ILO locking 
calibration, but also for output phase noise and jitter 
optimization into a state machine loop. 
 

Perspectives 
Next steps on this topic will consist on realizing high frequency 
synthesis systems with automatic frequency calibration and 
phase noise optimization.  
 
 
 
 
 

 

Fig. 1: Frequency synthesis with lock detector IC photograph. 

 
 

 

 
Fig. 2: (a) Lock detector (solid line) and integrator (dotted line) 
outputs versus ILO tuning voltage. ILO output spectrum in different 
locking conditions: (c) Locked (b), (d) unlocked. 

 

RELATED PUBLICATIONS: 
[1] A. Siligaris et al., "A Multichannel Programmable High Order Frequency Multiplier for Channel Bonding and Full Duplex Transceivers at 60 GHz Band," 2020 

IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Los Angeles, CA, USA, pp. 259-262, 2020. 
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This work presents an ultra-broadband D-band wireless front-end transmitter (TX) in 45-nm CMOS SOI. Based on 
channel bonding and 64-QAM modulation, it achieves 84.8-Gb/s data rate by combining 8 × 2.16 GHz baseband 
channels. The eight baseband channels are aggregated at intermediate frequency (IF) in two sets of four channels 
and then upconverted to two adjacent sub-bands at D-band. The required millimeter-wave local oscillators (LOs) 
are generated on-chip. The presented TX integrates two upconverter mixers, two power amplifiers, and an on-chip 
power combiner in addition to the two LO genertors with a total dc power consumption of 420 mW from a 1-V 
voltage supply, and occupies a compact active area of 2.98 mm 2. 

 

Context and Challenges 
Our research is motivated by the increasing demand of higher 
data-rates in mobile communications and other wireless links. 
New bands in the mmW frequencies are currently being 
proposed by the regulatory bodies and explored by the 
scientific and technical community, and the D-band around 145 
GHz is among them. Realizing low-cost and low-power 
transceiver able to operate at these frequencies providing 100 
Gb/s data rate or more is the main challenge addressed by this 
work. 
 

Main Results 
Starting by the design of the most constraining bulding blocks 
(the power amplifier [1] and the low-noise amplifier [2]) a first 
prototype of emitter (Tx) [3] and receiver (Rx) [4] circuits have 
been designed and fabricated on 45nm RFSOI CMOS 
technology. The Tx circuit (see Fig. 1) implements a two-
channel up-conversion and power combining (channel bonding) 
before delivering the D-band signal off-chip. The circuits has 
been teste in the full link environment. Each Tx channel input 
signal is composed in its turn by multiple base-band (BB) 
channels. The spectrum of the Tx output signal and the 
modulation constellation for each BB channel are shown In 
Fig.2. A total data rate of 84.48 Gb/s using 64-QAM on all eight 
channels is achieved with an energy efficiency as low as 4.97 
pJ/bit.  
 

Perspectives 
The next steps in this research are to design and fabricate a 
new version of the Tx and Rx circuits with larger number of 
channels and to integrate them on modules and assemble 
them to antennas to implement a full wireless point-to-point link. 

 

 

 

Fig. 1: Tx IC photograph. 

 

Fig. 2.: Tx output spectrum signal, constellations  
and main perofmrnaces. 
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A 125.5-157 GHz 8 dB NF and 16 dB of gain  
D-band low noise amplifier in CMOS SOI 45nm 

Context and Challenges 
To achieve high data rate wireless communications 
approaching 100 Gbps, a wide bandwidth, in the range of a 
few tens of GHz. For this reason, D-band frequency range 
from 110 to 170 GHz has been recently proposed for short-
range high speed communication since such large bandwidth 
is only available for spectral bands beyond 100 GHz. The low 
noise amplifier (LNA) is a crucial circuit in these systems, 
since itôs the first block in the receiver chain. LNA must 
achieve simultaneously a low noise figure and wideband 
operation to allow high data-rate communications at D-band. 
Most of the previous high performance D-band front-ends 
have been realized in III-V technologies. Nevertheless, for 
high volume and lower power applications, lower cost 
technologies such as CMOS could offer an alternative 
solution.  
 

Main Results 
The die photograph of the fabricated low noise amplifier in 
45nm SOI CMOS technology is shown in Fig. 1. Including the 
pads, the chip size is 0.37 mm2 (i.e., 704 ɛm x 521 ɛm). Its 
power consumption is 82 mW for a supply voltage of 1 V. The 
measured and simulated noise Figure versus frequency is 
shown in Fig. 2 (a). The fabricated amplifier displays a noise 
figure of 8 dB at 150.5 GHz. Moreover, the NF have a 
relatively constant behavior over a quite wide frequency 
range and itôs below 10 dB from 127 to 155 GHz. The 
experimental small-signal gain S21 curve of the LNA, in Fig. 2 
(b), shows a maximum value of 16.1 dB and exhibits a large -
3 dB bandwidth of 31.5 GHz between 125.5 GHz and 157 
GHz. A good agreement can be observed between the 
measurements and simulations, in the term of frequency 
band. 
 

Perspectives 
The next steps consist on the implementation of the designed 
circuit [1-4] with antennas in the PCB boards to archives high-
data rate communication system. 
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In this work, a D-band millimeter-wave low noise amplifier circuit in CMOS SOI 45 nm technology is presented. It 
achieves 8 dB of noise figure and 16 dB of gain with a 3-dB bandwidth of 31.5 GHz (125.5-157 GHz). It is 
composed of four stages of capacitively neutralized differential common-source cells cascaded using integrated 
mm-wave transformers to achieve high gain and large bandwidth. It consumes 75 mW from a 1-V voltage supply, 
and occupies a compact active area of 0.07 mm2. 

 

 
Fig. 1. LNA photograph. 

 

 
(a) 

 
(b) 

Fig. 2. Noise Figure (a) and gain (b) of the LNA. 
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Si and SOI CMOS technologies for millimeter  
wave wireless applications  
 

Context and Challenges 
The upcoming 5-6G and the densification of the backhauling 
network will reinforce the need for low cost high performance 
mm-wave technologies. Due to its cost advantage, and ease of 
integration of digital and high-speed Analog/RF circuits, the 
CMOS has emerged as the favorite solution satisfying the 
needs of the communications market. However, what is the 
comparative advantage of using CMOS, CMOS Partially 
depleted (PD) SOI or CMOS Fully Depleted (FD) SOI? This 
work discuss on devices and specificities of each technologies 
for mm-wave circuit design. 
 

Main Results 
CMOS transistor can be design atop of the surface of a 
monocrystalline silicon wafer (bulk CMOS) or isolated to the 
substrate thanks to a buried oxide (SOI CMOS). In SOI CMOS, 
it can be used as ñfloatingò device or, when a specific contact is 
designed, as body contacted. If the body thickness is too high 
to have a full control of the depletion layer then the transistor is 
called PD-SOI standing for Partially Depleted SOI. At the 
opposite CMOS FD-SOI, stand for Fully Depleted SOI. For mm-
wave designer concern, gain (fMAX), noise figure, phase noise, 
power-handling capabilities are transistor key performance 
indicators. Because the mobility of electrons and holes are very 
similar in deep sub-micron CMOS SOI, fMAX performance of 
PMOS transistors is very comparable to NMOS. This latter 
property offering a unique advantage since it open the door at 
millimeter wave frequency push-pull architecture that offers a 
better power handling capacity and improved phase noise [1]. A 
comparison of NFmin shows that whatever the node, SOI CMOS 
has a lower noise figure than the equivalent bulk one. PD-SOI 
technology takes advantage of a lower substrate parasitic noise 
source due to the high resistivity substrate used. Moreover, the 
FD-SOI technology, with no channel and pocket doping, 
causing lower noise coupling. Another benefit of using FD-SOI 
technology for noise improvement is the reduction of drain-to-
well capacitance and its non-linearity due to PN junction diode. 
This is important for oscillator phase noise since it reduces the 

RELATED PUBLICATIONS: 
[1] B. Martineau, E. Mercier and P. Vincent, "Opportunity of CMOS FD-SOI for RF power amplifier," IEEE S3S, 2017.  
[2] A. Larie et al., "A 60GHz 28nm UTBB FD-SOI CMOS reconfigurable power amplifier with 21% PAE, 18.2dBm P1dB and 74mW PDC," IEEE ISSCC, 2015. 
[3] A. Hamani et al., "A 84.48-Gb/s 64-QAM CMOS D-Band Channel-Bonding Tx Front-End With Integrated Multi-LO Frequency Generation," in IEEE Solid-State 
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This paper presents an overview of Si and SOI CMOS technologies for millimeter-wave applications. 
Implementations of CMOS-only, partially depleted and fully depleted SOI technologies are compared for the 
different blocks constituting an integrated RF system. 
 

phase non-linearity (AM-PM distortion) in large voltage swing 
conditions. This property is also important for phase linearity in 
power amplifiers when they are used for complex IQ modulation 
standards [2]. 
The main weakness of CMOS is the limited voltage levels 
capability. One approach to overcome the problem is based on 
stacked FETs. For bulk CMOS, the junction breakdown voltage 
together with the mm-wave frequency operation limit the 
maximum number of FETs that can be stacked to two devices. 
In CMOS-SOI, the isolated floating body for each device 
eliminates this limitation. Therefore, the number of devices that 
can be stacked is only limited by the breakdown of the buried 
oxide (BOX) below each device. Moreover, because CMOS 
SOI transistors have reduced parasitic to the substrate 
(especially PD-SOI), they introduce less phase variation and 
losses from one cell to another offering a better power efficiency 
for stacked power amplifier design.  
The last concern is passives devices performances which are 
mainly dominated by two criterion: the top metal layer 
resistance and the substrate resistivity. The first one can be 
enhanced by a dedicated RF Back End of Line (BEOL) where 
specific thick copper metal layers are used in order to improve 
metal conductivity. This improvement is done at a cost of a 
more expensive process in comparison to standard CMOS. The 
substrate resistivity is a more complicated equation. Because of 
the latch-up immunity requirement, the bulk CMOS and CMOS 
FD-SOI technologies have a low resistivity substrate 
(~10ɋ.cm). Conversely, thanks to a higher resistivity substrate 
(1-3 kÝ.cm), PD-SOI technologies have a better passive 
components performances together with an improve isolation to 
the current injected into the substrate.  
 

Perspectives 
SOI CMOS has already demonstrate its viability for 6G D-band 
[3], the next step will to study new devices and technologies for 
the sub-THz band. 
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A broadband SOI-CMOS linear doherty power 
amplifier module supporting 100MHz  
5G signal without predistortion  

Context and Challenges 

To meet the linearity specification, the average power of the 
power amplifier need to be backed-off from its peak power 
according to the PAPR of the amplified signal. For 5G standard, 
the PAPR is almost twice that of the LTE standard (Fig. 1). The 
increase in power back off (BO) drastically degrades the 
average efficiency of the PA, when using conventional PAs 
architectures (Class-BJ or F). Hence, PA architectures that use 
supply modulation (Envelope Tracking, ET) and load 
modulation (Doherty) are adopted to improve the BO efficiency. 
This work demonstrates a highly integrated reconfigurable PA 
Modules combining high-efficiency Doherty architecture, SOI-
CMOS technology, and advanced packaging in order to 
achieve state of the art efficiency, linearity and power levels 
over an extended range of operating frequency.  

 

Main Results 
The PA IC is fabricated in a 130nm SOI-CMOS process and 
assembled, using flip-chip, on a laminate package (Fig. 2). 
From 1.9GHz to 2.7GHz, the PA provides 28dBm of output 
power under 3.4V supply voltage, with a PAE higher than 35% 
and an E-UTRA ACLR lower than -35dBc when using a 10MHz 
LTE signal, without predistortion (Fig. 2). At 2.3GHz, the PA 
achieves 43.5% of PAE and -39.6dBc of ACLR at 28dBm.  

When operating at Vdd=5V (PC2 mode), the PA reaches a 
saturated power of 4W with a maximum PAE of 57% and 
delivers a linear Pout of 31dBm with 42.6% of PAE and -
36.8dBc of E-UTRA ACLR using a 10MHz LTE signal (Fig. 3). 

RELATED PUBLICATIONS: 
[1] A. Serhan et al., "A Reconfigurable SOI CMOS Doherty PAM for Broadband LTE High-Power User Equipment Applications," in IEEE RFIC, 2020.  

[2] A. Serhan et al., "A Broadband High-Efficiency SOI-CMOS PA Module for LTE/LTE-A Handset Applications," in IEEE RFIC, 2019. 

[3] P. Reynier et al., "A High-Power SOI-CMOS PA Module with Fan-Out Wafer-Level Packaging for 2.4 GHz Wi-Fi 6 Applications," in IEEE RFIC, 2021. 
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The design complexity of 5G power amplifier (PA) has significantly increased due to the ever-increasing modulated 
signal bandwidth (BW, up to 100MHz), PAPR (peak-to-average-power-ratio, >8dB), number of operating frequency 
bands, and output power levels (PC2, power class 2) that need to be supported. This research demonstrates a 
broadband SOI-CMOS Doherty PA module operating in the 1.9GHz to 2.7GHz frequency band and supporting PC2 
mode with a peak output power of 4W and a peak PAE of 57%. The PA delivers 29dBm of output power with -
34dBc of NR-ACLR and 33.8% of average PAE using a 100MHz 5G signal (7.5dB of PAPR), without using digital 
predistortion.  

 

Fig. 1. (top) PA Module photo, E-UTRA ACLR and PAE versus 
frequency at 28dBm output power. (bottom) PAE and E-UTRA 
ACLR vs. output power measured for different supply voltage 

levels at 2.3GHz: 10MHz-50RB and 20MHz-100RB. 

Moreover, the PA delivers 29dBm of linear output power with an 
EVM of 1.86%, a NR-ACLR of -34dBc and a PAE of 33.8% 
measured under Vdd=5V using a 5G signal with 100MHz of 
instantaneous bandwidth and a PAPR of 7.5dB, without 
applying predistortion. The output constellation and spectrum 
confirms the good linearity of the PA (Fig. 4). 

 

Fig. 2. Measured EVM, NR-ACLR, constellation and output 

spectrum for a 100-MHz 5G signal at 2.31 GHz under Vdd=5V. 

 

Perspectives 
Future LETI's 5G PA solutions associate Doherty architecture 
and envelope tracking technique using a new integration 
approach to address wider modulated signal bandwidth with 
improved efficiency and linearity.  
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A multichannel programmable high order  
frequency multiplier for channel bonding  
and full duplex t ransceivers at 60 GHz band 

RESEARCH TOPIC:  
High-data rate wireless links for 5G+ and 6G 

AUTHORS:  
A. Siligaris, J. L Gonzalez-Jimenez, C. Jany, B. Blampey, A. 
Boulmirat, A. Hamani, C. Dehos 

 

 

This work describes a high order programmable frequency multiplier in the 60 GHz band. The circuit implements 
four chains that can address simultaneously four different frequencies of the IEEE 802.11ay standard and aims to 
channel bonding, full duplex, or MIMO systems. It is fabricated in a 45nm CMOS PDSOI technology. Each chain 
consumes 32.6mW and achieves lower than 178fsec of integrated jitter (in the band 10KHz-1.08GHz) for all 
synthesized frequencies. 

Context and Challenges 
This research is motivated by the increasing demand on 
wireless high-throughput, high-frequency systems that require 
very low phase noise on the integrated local oscillator. Indeed, 
complex modulation schemes (16 QAM, 64QAM é) with high 
occupied bandwidth (~GHz) require low phase noise and jitter. 
For that, we propose a new approach in which the frequency 
synthesis is performed at low frequency and the high frequency 
signal is obtained by frequency multiplication based on injection 
locking. A pulsed oscillator and injection locked oscillators are 
used for this purpose. Injection locking allows to copy the low 
frequency reference Phase noise close to the carrier but also 
reject the far from carrier noise floor by filtering it out.  
 

Main Results 
The chip is designed and fabricated on a 45nm SOI CMOS 
technology. Each frequency multiplication chain occupies 
750x250 µm² (Fig. 1). High order multiplication is achieved 
(close to 30) and the resulting signals show state of the art 
phase noise that enable high order modulation schemes at high 
frequency. Thanks to these features, four channels of the IEEE 
802.11ay standard are synthesized at the 60 GHz frequency 
band. The total integrated jitter on a >1 GHz band is less than 
180 fs for all synthesized frequency channels, which represents 
the best performance among previous works operating in the 
same frequency range and opens the door for higher order 
modulation schemes at mmW than those previously used (Fig. 
2). Its potentialities for very high data rate wireless systems 
using channel bonding techniques have already been 
demonstrated in [2, 3]. 
 

Perspectives 
Next steps on this topic will consist on realizing a 60 GHz 
MIMO system exploiting the programmability and flexibility 
offered by this frequency synthesis architecture for 5G and 
beyond 5G infrastructure.  
 
 

 
Fig. 1. Frequency multiplication IC photograph. 

 

 
Fig. 2. Phase noise and jitter at the output of the frequency 

synthesis for the four synthesized channels (58.32GHz, 60.48GHz 

62.64GHz and 64.8GHz). 
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Frequency reconfigurable antenna loaded with  
magneto dielectric materials at VHF frequency band  
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This work describes a frequency agility technique of an electrically small Inverted-F Antenna (IFA) loaded with 
tunable magneto-dielectric materials (MDM). A specific material developed for VHF applications is used for antenna 
size reduction and frequency tuning of antennaôs frequency response using a low intensity magnetic field control. 
Using this material to load the antenna leads to a miniaturization factor of 20 % and a potential of frequency agility 
of 6 % in VHF band close to 50 MHz. 
 
SCIENTIFIC COLLABORATIONS: 1 CEA-Leti, 38000 Grenoble, France, 2 Grenoble Alpes University, 38000 Grenoble, France, 3 LABSTIIC 
3Lab-STICC, UMR CNRS 6285, 6 av. Le Gorgeu, 29238 Brest, FRANCE 
 

Context and Challenges 
The common use of connected objects these last few years 
has led to a special need of both electrically small, cost 
effective and performing antennas. Antenna miniaturization 
becomes a real challenge at UHF and VHF frequency bands, 
since the wavelength are large at those frequencies (e.g. 6 m 
at 50 MHz). Designers of electrically small antennas (ESA) 
are always facing a tradeoff involving the electrical size of the 
antenna, its frequency bandwidth and its radiation efficiency, 
following the fundamental laws of physics. For applications 
requiring long-range communications, antenna radiation 
properties are crucial to achieve a correct link budget. This 
critical issue particularly arises for airborne systems industry, 
where the need of small antennas at VHF frequencies is also 
justified by a limitation in weight and aerodynamic drag. In 
this kind of application, antennas frequency bandwidth is 
often sacrificed, in order to achieve small antennas with 
sufficient radiation properties [1]. A possible solution to 
overcome the limited bandwidth issue is to design a 
frequency reconfigurable antenna that covers the used 
communication channels. 
 

Main Results 
Classical techniques using active electronic circuits to tune 
antennaôs frequency response are often used to solve the 
narrow bandwidth issue of ESA. These techniques introduce 
additional losses in antenna structure leading to a decreasing 
radiation performances. We propose here an original method 
for frequency fine tuning using a tunable MDM specifically 
fabricated for antennas working at VHF frequency band [2]. A 
DC biasing current generating a magnetic static field in the 
MDM leads to a variation of its relative permeability, leading 
to antenna frequency response agility [3]. The fabricated IFA 
is illustrated in Figure 1. It is composed by a conductive strip 
of 40 x 420 mm² (‗Ⱦρπχ ὼ ‗Ⱦρπ) at a height of 120 mm 
(‗Ⱦσφ) above a circular ground plane with a diameter of 
1250 mm (~‗Ⱦτ). ‗ is the wavelength computed at the 
resonance frequency of 50 MHz. Ground planeôs dimensions 

are chosen to meet air craft conditions. One side of the 
conductor is shorted to the ground plane with three short-
circuits loaded by the tunable MDM. Three short-circuits are 
designed instead of one due to materialôs shape constraint [1]. 
An RF block inductor and a bias-tee working below 100 MHz 
and limited to 5A currents is used for biasing the MDM to 
ensure antennaôs frequency response tuning. A demonstration 
of the frequency agility of a miniaturized IFA thanks to this 
particular loading technique is performed using the dedicated 
tunable MDM (Figure 1). The fabricated IFA has been 
measured in VHF band achieving a frequency agility of 6 % 
around 50 MHz, in agreement with simulation results.  

 

Figure 1: Antenna geometry and frequency response 
versus current polarization 

 

Perspectives 
Improving the biasing circuit and the model of the material will 
offer a better potential for antenna frequency tunability in VHF 
band. 

 

200mm 

MDM  
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Experimental validation of a 2 -bit unit -cell  
for transmitarrays at Ka -band 

Context and Challenges 
Relatively low cost and low power consumption beam-forming 
architectures are required to develop innovative electronically 
steerable antennas for the future mass market high-data-rate 
satellite and terrestrial communications. In this context, spatial 
feeding techniques combined with Printed Circuit Boards (PCB) 
technologies represent cost-effective solutions to design 
innovative electronically reconfigurable antennas based on the 
reflectarray or transmitarray concepts. On one side, for large 
antenna apertures, the spatial feeding mechanism drastically 
reduces the loss and complexity of the power division network 
compared to classical phased array architectures. On the other 
side, PCB technologies are compatible with the integration on 
the array aperture of p-i-n diodes, RF-MEMS switches, 
varactors, etc., which can be used to easily control the antenna 
aperture phase distribution without using complex and lossy 
phase shifters. Furthermore, as they operate in transmission 
mode, transmitarrays are also compatible with solutions to 
reduce the overall antenna profile. 
 

Main Results 
The proposed unit-cell architecture is based on six-metal layer 
(M1 ï M6, thickness 18 µm) stack-up with three RT/Duroid 
6002 Rogers substrates and two bonding films (RO4405F, 
thickness 100 µm). The substrate between layers M5-M6 has a 
thickness of 508 µm. Instead, the substrates between layers 
M1-M2 and M3-M4 have a thickness of 254 µm. The six metal 
layers are the following: transmitting (Tx) patch antenna (M1), 
delay line (M2), bias line associated to the Tx patch (M3), 
ground plane (M4), bias line associated to the receiving (Rx) 
patch (M5), and the Rx patch (M6). Standard Printed Circuit 
Board (PCB) process, i.e. with minimum trace width of 80 µm 
and minimum via-diameter of 120 µm, has been selected to 
demonstrate the possibility to implement the proposed design 
by using mature and relatively low cost fabrication technologies. 
Two p-i-n diodes MACOM MA4AGP907, indicated as D1 ï D4, 
are flip-chipped on each radiating element (O-slotted 
rectangular patch antennas) to control electronically the 

RELATED PUBLICATIONS: 
[1] A. Clemente, F. Diaby, L. Di Palma, L. Dussopt, and R. Sauleau, ñExperimental validation of a 2-bit reconfigurable unit-cell for transmitarrays at Ka-band,ò IEEE 
Access, vol. 8, pp. 114991-114997, 2020. 
[2] A. Clemente, F. Foglia Manzillo, M. Smerzchalski, and R. Sauleau, ñElectronically-steerable transmitarray antennas for SATCOM terminals: a system 
perspective,ò IEEE International Workshop Antenna Technology, (IWAT 2020). 
[3] F. Diaby, A. Clemente, R. Sauleau, K. T. Pham, and L. Dussopt, ñ2-bit reconfigurable unit-cell and electronically steerable transmitarray at Ka-band,ò IEEE 
Trans. Antennas and Propag., vol. 68, no. 6, pp. 5003-5008, Jun. 2020. 

 

transmission phase of the unit-cell with the required 2-bit phase 
resolution. Four phase states (UC000, UC090, UC180, and 
UC270) are generated by opportunely controlling the diode 
states. The unit-cell has been characterized using a waveguide 
simulator composed by two coax-to-WR28 adaptors, two WR28 
straight waveguide sections, and two tapered transitions 
between the rectangular section of the waveguide and the 
square aperture of the unit-cell. 
 

Perspectives 
The possibility to generate more phase states and as a 
consequence Increase the phase resolution will be studied In 
the future.  

  

Fig.1: Stack-up of the proposed 2-bit unit-cells with four p-i-n 

diodes and proposed waveguide measurement system. 

 

Fig.2: Simulated and measured relative phase-shifts between the 
UC000 and the other phase states. 
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This paper presents the experimental results of a 2-bit electronically reconfigurable unit-cell for transmitarrays at 
Ka-band. The proposed unit-cell architecture is based on a six-metal layers design and three dielectric substrates. 
Two patch antennas are printed respectively on the top and bottom layers of the stack-up to achieve an antenna-
filter-antenna structure. To implement the desired 2-bit phase resolution, two p-i-n diodes are bonded on each 
patch. The unit-cell has been fabricated and characterized in a specific waveguide simulator. The measurement 
results are compared to the simulated ones and show minimum transmission loss in the range 1.5 ï 2.3 dB. The 3-
dB fractional bandwidth is in the range 10.1 ï 12.1%. 
 

SCIENTIFIC COLLABORATIONS: 1 Univ Rennes, CNRS, IETR (Institut dôElectronique et de T®l®communications de Rennes) ï UMR 
6164 Rennes, France 
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Three-element end -fire linear array (super)  
directivity and gain optimization  
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This contribution presents the results of the optimization of two three-element linear arrays based on straight- and 

bent-electrical dipoles, respectively. To achieve a compact architecture, the inter-element distance is fixed to 0.12l, 

with l the wavelength calculated at the operation frequency (850 MHz). The array excitation coefficients have been 

optimized to achieve either maximum directivity or gain. The synthesis procedure is based on the optimization of 
the directivity or gain formulas considering the array factor and the active element patterns. The numerical results 
have been validated by 3D full-wave simulations. The maximum directivity is equal to 10.0 (gain 2.91 dBi) and 9.83 
dBi (gain 3.67 dBi) in the case on the straight- and bent-electrical dipole based arrays, respectively. Instead, the 
maximum gain is equal to 6.81 (directivity 8.84 dBi) and 7.85 dBi (directivity 9.19 dBi). 
 

strategy. Indeed, the gain achieved for the array (1) is equal to 
6.81 dBi. 
 

Perspectives 
The main technical challenge for the future will be the 
experimental demonstration of the proposed antenna arrays 
 

 

Fig.1: Proposed antenna arrays (1) and (2). 

 

Fig. 2: Proposed results compared to the theory  
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Context and Challenges 
Electrically Small Antennas (ESAs), where small is meant in the 
sense of the antenna electrical size compared to the operation 
wavelength, have been the subject of several researches from 
the middle of the twentieth century. Nowadays, the 
development of innovative small or compact antennas with high 
performance and advanced functionalities such as spatial 
selectivity, frequency or pattern agility, high directivity and gain, 
etc. is a topic of increasing interest for the antenna international 
community. In fact, these antennas technologies are largely 
required in the development of the future Internet of Thing (IoT), 
wireless sensor networks, radiofrequency identification (RFID) 
systems, remote power control or wireless power transfer. 
Furthermore, the use of small antennas is a fundamental 
requirement to guarantee the integration of the future wireless 
systems operating in the frequency bands below 6 GHz in the 
new generation of connected objects 
 

Main Results 
Two compact end-fire linear arrays with three closely-spaced 
elements (0.12l), respectively indicated as (1) and (2) in the 

Figure 1, have been optimized in terms of maximum directivity 
or gain by using a synthesis procedure based on the array 
factor theory. The two arrays are based on (1) straight- and (2) 
bent-electrical dipoles, respectively. The proposed synthesis 
procedure allows to extract the optimal excitation coefficients 
associated to each array element required to maximize the 
directivity or the gain in the end-fire direction. We showed that a 
maximum superdirectivity around 10.0 dBi can be achieved at 
the cost of a poor efficiency (i.e. a limited gain of 2.91 dBi or 
3.67 dBi in the case of the array (1) or (2), respectively). This 
directivity value is very close to the theoretical bound (Figure 2). 
Furthermore, we demonstrated that the array efficiency can be 
enhanced by relaxing the optimization problem when the 
efficiency of the individual elements of the arrays is included in 
the synthesis procedure. Thus a maximum gain of 7.85 dBi was 
obtained with the bent-dipole array corresponding to a 4.18 dB 
efficiency improvement compared to the directivity optimization 

RELATED PUBLICATIONS: 
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Understanding loss phenomena in miniature antennas is an essential step in the search for more efficient compact 
radiating structure. In this work, the impact of metallic material conductivity used to build an Inverted F Antenna 
(IFA) is studied using both an improved antenna model using Transmission Line approach and Full Wave 3D 
electromagnetism simulation tool. The metal conductivity effect is studied on antenna radiation efficiency and input 
impedance to evaluate the compliance of the developed IFA antenna model with fundamental limits of Electrically 
Small Antennas. On the other hand, the antenna model makes it possible to provide an interpretation to the 
observations made on the properties of the miniature antenna. 
This work was rewarded with the special jury prize of the IWAT 2020 conference 

the antenna structure conductivity. The radiation efficiency 
decreases when conductivity is decreased, due to high resistive 
loss in the antenna having low conductivity which leads to 
higher dissipated power. 
 

Perspectives 
The electrical and EM model of the IFA and associated 
equations show how metal conductivity impacts the small 
antenna behavior. The model is equally valid with fundamental 
ESA equations and limits, and will help the analysis of small 
antennas characteristics in order to find ways to improve their 
performance. Moreover, this model will allow the rapid 
investigation and optimization of frequency agility technics using 
a co-designed tunable component that load the antenna 
structure. 
 

 

 

 

 

 

 

 

 
Fig. 1: Comparison of IFA radiation efficiency versus frequency 

for different values of metal conductivity ů. 

Context and Challenges 
The notions of physical limitations for Electrically Small 
Antennas (ESA) were first introduced in the mid of the last 
century by Wheeler and Chu. Since then, much attention has 
been drawn to the subject and many research works addressed 
the study of limitations on bandwidth, gain or efficiency of small 
antennas of arbitrary shapes. If many antenna miniaturization 
solutions exist, they lead to drastic limitations in performances 
and the search for performing miniature antennas is essential 
for Internet of Thing applications. The shape, topology, size and 
constitutive materials of these antennas drive their properties. 
For ESA, the conductivity of the metallic material plays a key 
role especially as it is actually lower than the classically 
announced (oxidation, metal tie layers).  
 

Main Results 
Firstly, we continued to develop a Transmission Line (TL) 
model [1]-[3] of a miniature IFA antenna (commonly used in 
many compact communicating objects) to analyze the impact of 
the metal conductivity change ranging from copper value to 
conductive inks on its radiofrequency characteristics (input 
impedance, radiation efficiency). The improved model takes 
into account both electric and electromagnetic aspects of the 
antenna. It is able to estimate the antenna input impedance and 
to provide the radiation efficiency of the IFA by calculating the 
radiated far field using analytical expressions. The originality of 
the developed model is to take into account all kinds of losses 
in the antenna structure (conductor loss, load and termination 
losses, radiation loss) and the end effects at the short circuit 
termination. Consequently, the model is tested to study the 
impact of conductivity of metal used for the manufacturing of an 
IFA. As illustration of results presented in [4], Fig. 1 compares 
the radiation efficiencies given by the model to the simulated 
ones using full wave 3D electromagnetic tool (CST MWS) for 
different values of material conductivity ů. The efficiency model 
shows to be in a good agreement with the simulated results, 
demonstrating how the model is accurate to retrieves the 
fundamental physical ESA limitations regarding the impact of 
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[2] R. Berro, S. Bories and C. Delaveaud, "Transmission Line Model For Lossy Inverted F Antenna Miniaturization," 2019 International Conference on 
Electromagnetics in Advanced Applications (ICEAA), Granada, Spain, 2019, pp. 0797-0802. 
[3] R. Berro, S. Bories and C. Delaveaud, "Radiative Loss In Small Inverted-F Antenna Transmission Line Model," 2020 14th European Conference on Antennas 
and Propagation (EuCAP), Copenhagen, Denmark, 2020, pp. 1-5. 
[4] R. Berro, S. Bories and C. Delaveaud, "Analysis of the Effects of Conductivity on Small Antenna Characteristics," 2020 International Workshop on Antenna 
Technology (iWAT), Bucharest, Romania, 2020, pp. 1-4 
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and impact on radio channel 
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In this work we investigate a joint antenna-channel model, considering stochastic variability on the radiating 
element. The perturbed antenna characteristics are described through spherical wave expansion modes coefficient 
distribution in order to produce a stochastic antenna model. This model is then considered in a classical single 
cluster and indoor industrial channel, in order to evaluate the impact on delay and angular spread. 
 

Context and Challenges 
Radio channel characterization is often performed by using 
canonical antennas (e.g. omnidirectional in the azimuth plane), 
arrays, or directive antennas opportunely steered. Channel 
models generally consider antenna function as an add-on to be 
considered. However, in most practical applications, the 
antennas are not ideal and their behaviour strongly depends on 
the surrounding environments, e.g. the user presence or 
nearby objects, which can affect their performance and has a 
consequence on the radio channel characteristics.  
 

Main Results 
In this work, we proposed a stochastic channel modeling of 
antenna perturbation based on spherical wave decomposition 
(Fig.1). We considered a wide band monopole antenna with a 
nearby close metallic plate, whose distance and orientation 
randomly change. We modelled the spherical wave coefficients, 
with an order up to 10, as correlated Gaussian complex random 
variables.  In order to assess the impact of the antenna model, 
hence the perturbation on the radio channel, we considered a 
single cluster scenario and an industrial indoor model, derived 
from measurements between 2 and 6 GHz. The nearby metallic 
plate can be considered representative of an antenna 
perturbation typical in indoor industrial environments. We have 
shown that the antenna stochastic model combined with the 
propagation one has an impact on the delay and angular 
spread. The impact is more important in the Non-Line-of-Sight 
scenarios when the richness of multipath is more important 
(Fig.2). 
 

Perspectives 
The proposed antenna-channel joint modelling framework will 
be further extended for different channels and antenna 
topologies to address diverse deployment conditions and 
applications. 

 

 

  

(a) (b) 

  

  
Fig. 1: Antenna directivity [dBi]: (a) isolated,  

(b) example of perturbed antenna model 
 

 

 

Fig. 2: Cumulative Distribution Function of Delay spread and 
Angular spread in Non Line of Sight scenarios. 
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Synthesis of transmitarrays  using  
iterative  convex optimization  

Context and Challenges 
Shaping the radiation pattern of an antenna array is essential 
for a wide range of communication and imaging systems. 
Transmitarray antennas (TAs) work as planar lenses and are 
ideal for manipulating an incident field and shaping the radiated 
beam. Once the feed is chosen, the pattern of a TA can be 
shaped only by tailoring its aperture phase distribution. The few 
works on TA synthesis mainly resort to time-consuming global 
optimizations, often poorly convergent, or derive analytical 
solutions for simple cases. Convex optimization offers a good 
trade-off between efficiency and generality but requires a 
proper formulation and relaxation of the synthesis problem.   
 

Main Results 
The field impinging on each unit cell (UC) of the TA is found 
using the radiation pattern of the feed and ray tracing [1]. The 
UCs are modeled as lossless aperture antennas able to 
introduce any phase shift on the incident wave. The 
determination of these phase shifts to fit a radiation mask is a 
non-convex problem. The semidefinite relaxation (SDR) 
technique in [Fuchs, IEEE TAP, Feb. 2014] has been applied, 
for the first time for TAs, to find an approximate solution by 
iterative convex optimizations [2]. At each iteration, the optimal 
solution of a convex problem is efficiently determined using an 
off-the-shelf routine. The procedure is fast convergent and has 
been successfully applied to synthesize focused and shaped 
beams. We present here the results of the synthesis of a 20×20 
TA with a half-a-wavelength (ɚ/2) period. The feed is a 10-dBi 
horn at a distance F = 7.5 ɚ from the TA. The synthesis aims at 
reducing the sidelobe levels (SLLs) in all azimuthal planes with 
a gain loss <2 dB with respect to the maximum achievable 
value. The figure presents the optimized phase distribution, the 
computed three-dimensional pattern and its cut for  z= 90°. The 
pattern complies with the mask (in red) in the 1053 points 
where it is defined. The gain is only 1.4 dB lower than that 
achieved by the same TA when optimized for gain 
maximization. The first SLLs are reduced by at least 10 dB.  
In practical designs, only a few different UCs, and thus phase 

RELATED PUBLICATIONS: 
1] H. Kaouach, L. Dussopt, J. Lanteri, T. Koleck, and R. Sauleau, ñWideband low-loss linear and circular polarization transmit-arrays in V-band,ò IEEE Trans. 
Antennas Propag., vol. 59, no. 7, pp. 2513ï2523, July 2011. 
[2] F. Foglia Manzillo, M. Merluzzi, M. Smierzchalski, N. di Pietro, A. Clemente, "Synthesis of transmitarrays via convex relaxation," in Proc. IEEE Int. Symp. 
Antennas Propag. (APS/URSI), pp. 2017-2018, Montreal, QC, Canada, 2020.  
[3] O. Koutsos, F. Foglia Manzillo, A. Clemente and R. Sauleau, "Design of a 3-bit transmitarray antenna at 300 GHz using asymmetric linear polarizers," in Proc. 
IEEE Int. Symp. Antennas Propag. (APS/URSI), pp. 1505-1506, Montreal, QC, Canada, 2020 
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A mathematical approach for the synthesis of transmitarray antennas using iterative convex optimization has 
been developed and numerically validated. The proposed procedure leverages on semidefinite relaxation to 
approximately solve the inherently non-convex phase-only synthesis problem and is suitable for a wide range of 
beam shaping applications. As an example, the synthesis of a pencil-beam pattern with reduced sidelobe levels 
and limited gain loss is illustrated. The pattern distortion due to the quantization of the optimal phase distribution 
is investigated to provide realistic design guidelines. 
 

values, are used. The impact of a uniform N-bit quantization of 
the optimal phase distribution has been investigated. The 
pattern obtained with a 3-bit phase quantization does not satisfy 
the mask in a narrow angular region. A 4-bit design closely fits 
the synthesized pattern.  
A 300-GHz TA has been designed using the synthesized 3-bit 
phase distribution and the 8 UCs in [3]. The pattern obtained 
from full-wave simulations is in-line with numerical results 
except for large angles, due to the spillover which is neglected 
by our model. 
 

Perspectives 
Several prototypes will be characterized at 300 GHz. The 
procedure will be enhanced to synthesize large non-symmetric 
TAs and model the spillover. It will be applied to the design of 
electronically reconfigurable TAs with a reduced number of 
controls. 

 

 
Fig.1: Synthesis results for a focused-beam TA 
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Linear-to-circular polarization conversion  from  
impedance loading of single-port patch antenna  
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Electromagnetic theory of antenna scattering has been previously applied to the minimization/maximization of radar 
signatures, and has been eventually used for designing antenna sensors for passive wireless sensing systems, in 
which the antenna backscattering mode is controlled by antenna loading impedances. The reflected signal of 
interest of an antenna can be damaged by the physical environment between the reader and the antenna, called 
the clutter. To mitigate the clutter and reduce polarization mismatch in such wireless systems, we investigate the 
linear-to-circular conversion of electric field from loading single port antennas by passive impedances.  
 
SCIENTIFIC COLLABORATIONS: 1 LAAS-CNRS, Université de Toulouse, France (Fr) 

Context and Challenges 
This research focuses on the electromagnetic scattering from 
antennas indented to be used as sensor. Wireless interrogation 
of fully passive antenna sensors is based on the modification of 
the electromagnetic backscattering response, by variation of a 
physical parameter (i.e. temperature, humidity, pressure, etc.). 
Challenges are numerous as reading range, sensitivity, 
antenna miniaturization or signal discrimination from 
interferences. Focusing on mitigate clutter effects, we works on 
the control of antenna scattering. This one can be combined as 
the contribution of a so-called structural and an antenna 
backscattering modes [R.C. Hansen, doi: 10.1109/5.32056]. 
The structural mode may be derived from the electric field 
backscattered by the short-circuited antenna (i.e Fig 1), while 
impedance loading allows controlling the antenna 
backscattering mode. For example, the minimization or 
maximization of the Radar Cross Section of an arbitrary 
antenna may be achieved from adjusting the load impedance of 
this antenna. The use of the cross-polarized electric field 
backscattered by passive (or batteryless) and chipless 
antennas is rather recent, and is a solution to minimize clutter 
interferences in electromagnetic reverberant environments. 
 
 

 

Fig. 1: Sensor antenna backscattering 

 
 

Main Results 
In order to mitigate the clutter and reduce polarization mismatch 
between an antenna and reader antennas, we propose to load 
single-port antennas by a passive impedance for converting the 
linearly polarized incident field transmitted by a radar reader into 
a circularly polarized field. Thanks to a validated model of the 
backscattered field of a single port antenna based on Hansen 
works, values of the loaded impedance to convert antenna field 
from a linear, elliptic or circular polarization, and to control its 
RCS amplitude are extracted. A numerical validation of the 
model is realized with a patch antenna at 915 MHz. By loading 
the antenna with a control complex impedance, a circular 
polarisation is built in a desired direction. An axial ratio of 0.3 dB 
in the direction of a monostatic radar reader has been 
numerically obtained. With this model, some limitations to 
achieve a backscattered circular polarization have been 
alighted: as the choice of the angle of the incident field or as 
unrealistic or too high complex impedances to be loaded on the 
antenna. 
 

Perspectives 
Experimental validations of the model are in progress. 
Moreover, an extension of the single port model into a complex 
two ports model is underway and will also require experimental 
demonstrations. In addition to reducing clutter effects, such 
scattering 2-ports model will allow the conception of larger 
reading range antennas. Another interesting application deals 
with the simultaneously control of the two polarizations 
transmission of an antenna in order to design antennas with two 
independent controlled polarization properties.  
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A substrate-integrated discrete-lens antenna manufactured in standard printed-circuit-board (PCB) technology is 
demonstrated in H-band (225-325 GHz). The antenna is composed of the phase-shifting unit-cells and the planar 
focal source integrated in a monolithic 20×20×4.52 mm3 module with five metal layers. The linearly-polarized unit-
cells are based on resonators placed between two perpendicular polarizing grids. Eight transmission phase states 
are achieved with 27% 1-dB bandwidth. Two prototypes with radiating apertures of 6.6×6.6 mm2 and 10.56×10.56 
mm2 are designed and fabricated. They demonstrate pencil-beam radiation patterns with low side-lobes, low cross-
polarization, a measured gain of 20.6/23.1 dBi at 327/332 GHz and 3-dB gain bandwidth of 26.3/17.2%. 
 
SCIENTIFIC COLLABORATIONS: 1 STMicroelectronics, Crolles (FR), 2 Institute of Electronics, Microelectronics and Nanotechnology 
(IEMN), Villeneuve dôAscq (FR) 

Context and Challenges 
The increasing capabilities of high speed integrated 
transceivers and the massive expansion of wireless 
applications boosted the interest for mm-wave systems. The H-
band offers wide contiguous bands of unlicensed spectrum 
enabling extremely high data rate communications up to 100 
Gb/s. High-gain antenna-in-package (AiP) solutions are 
particularly of interest but no solution is available yet. 
Transmitarrays have been investigated at mm-wave 
frequencies as a low cost and versatile solution [1-2]. The novel 
AiP topology proposed in [3-5] (fig. 1) where the discrete lens 
and the focal source(s) are parts of a monolithic module fill this 
gap. The main benefit of this approach is to manage the tight 
alignment and focal distance requirements during 
manufacturing rather than system assembly. 
 

 

Fig. 1: From antenna concept to 300 GHz prototype 

 
 

 

Main Results 
Two antenna prototypes were designed and manufactured    
(fig. 1) with radiating apertures of 6.6×6.6 mm2 and 
10.56×10.56 mm2. The experimental results demonstrate very 
good performances (fig. 2) with an experimental gain of 
20.6/23.1 dBi corresponding to antenna efficiencies of 22.2% 
and 26.5% for the small and large apertures, respectively. Wide 
3-dB gain bandwidths of 26.3 and 17.2% are achieved with 
focal ratio of 0.55 and 0.34, respectively. 
 

 

Fig. 2: Antenna gain of both prototypes in H-band 
 

Perspectives 
The proposed antenna topology is validated up to 300 GHz with 
good experimental results. The next steps are to demonstrate a 
high data rate data link with this highly integrated solution and to 
reduce further the thickness of the antenna module 

RELATED PUBLICATIONS: 
[1] C. Jouanlanne et al., "Wideband Linearly Polarized Transmitarray Antenna for 60 GHz Backhauling," in IEEE TAP, vol. 65, no. 3, March 2017. 
[2] F. Foglia Manzillo, A. Clemente and J. L. González-Jiménez, "High-Gain D-Band Transmitarrays in Standard PCB Technology for Beyond-5G Communications," 
in IEEE TAP, vol. 68, no. 1, Jan. 2020. 
[3] K. Medrar, L. Marnat, et L. Dussopt, « Planar discrete lens antenna integrated on dielectric substrate for millimeter-wave transceiver module », IJMWT, dec. 
2017. 
[4] K. Medrar, L. Marnat, et L. Dussopt, « Millimeter-wave circularly-polarized substrate-integrated planar discrete lens », in EuCAP 2018. 
[5] L. Marnat, K. Medrar, et L. Dussopt, "Highly Integrable High Gain Substrate-integrated Planar Lens for Wide D-band Applications", in EUCAP 2020. 
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S E N S O R S :   

I N T E R A C T I N G  W I T H   

T H E  E L E C T R O N I C  W O R L D  
 

O3 
 

 

¶ Internet of Things (IoT) 

¶ IoT / human interfaces 

¶ Cyber Physical Systems (CPS) 

¶ Artificial intelligence at the edge (Edge IA) 

¶ Learning algorithms 

¶ Sensors and RF sensors 

¶ Biometric sensors 

¶ Magnetic sensors for medical 

applications 

¶ Sensor data fusion and processing 

¶ Functionalization with sensors 

¶ Functional electronics 
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Edge AI for sport gesture classification  

Context and Challenges 
Combat sport segmentation is a particularly complex subject as 
the strikes are aperiodic and involves a wide range of 
accelerations often exceeding the dynamic range of standard 
accelerometers (>40G). Secondly, the sequence of strikes 
generally do not include idle periods, which are often used to 
segment the signal[1]. Finally, the strikes duration varies highly 
between beginners learning the technique (several seconds per 
punch) and experts (250 µs/punch). 
This work aims to propose a new segmentation method for 
consecutive gesture analysis, associated with a classification 
method adapted to real time analysis on low resource platform, 
and without relying on cloud computing, thus respecting user 
privacy. 
 

Main Results 
The system placed on the wrist is based on one IMU sensor 
(Bosch BNO55) a 3-axis high G accelerometer, an MCU 
(Nordic NRF52) and a dedicated firmware capable of 
datalogging all sensors at a frequency of 100Hz on an SD card. 
The proposed segmentation algorithm relies on a dedicated 
state machine to detect the start and the stop time of each 
strike during a sequence for slow and fast strikes while ignoring 
feints, strikes given by the other arm, hopping and bad form 
strikes. 
The system was tested on 9 subjects of various practice level. 
Each subject was equipped with two dataloggers placed at the 
wrist and instructed to perform a sequence 5 strikes of a given 
type (ex: jab) of increasing speed followed by 5 consecutive 
strikes at full speed with the right arm, then another sequence 
with the left arm, and finally, by alternating right and left arm 
strikes. The protocol includes jabs, hooks, uppercuts, and feints 
with and without target.  
Results showed that the segmentation algorithm was capable 
of detecting 100% of the strikes, while ignoring all feints.  
A standard cross-validation pipeline assessed classification 
performance. This pipeline includes the following steps: 
standardization, feature selection and classifier optimization. 

The selected criteria was the standard accuracy as the dataset 
was well balanced. 
The Feature Selection step showed that all the features are 
useful, as removing one of them makes the classification results 
drops significantly. We also noted an overall accuracy of 96.9% 
in the case of a cross-validation on a tenth of the samples (10-
fold cross validation) and 88.5% in the case of a validation on a 
new person (not learned in the base). 
 

Perspectives 
We proposed a complete embedded system capable of 
segmenting and classifying boxing strikes in the context of a 
workout or a match. It may be extended by adding more strike 
classes, for instance by differentiating cross and straight strikes. 
The proposed segmentation algorithm may be also applied to 
other sports involving fast, aperiodic and chained movements 
(other martial arts, whitewater canoeingé). 

 
Fig. 1: Accelerometer signal corresponding to a jab 
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This work proposes a new segmentation method for consecutive gesture analysis, associated with a classification 
method adapted to real time analysis on a low power consumption platform. The experimental setup consists of a 
wristband including an IMU, a high G accelerometer and an MCU. A dedicated state machine detects the start and 
the stop time of each strike during a sequence for slow and fast strikes while ignoring feints, strikes given by the 
other arm. A set of standard features are extracted from a moving signal window in real time and serves as input for 
a neural network classifier. The classifier is a fully connected multilayer perceptron. A test was conducted on 9 
subjects of various practice levels, showed an accuracy of 96.9% by 10-fold validation 
 
SCIENTIFIC COLLABORATIONS: 1 MOOVLAB, 119 chemin de Pré Faure, 38420 Revel This work was conducted in collaboration with 
MOOVLAB, a start-up dedicated to interactive fitness coaching and gamification. 
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Radars can be used as a non-invasive solution to monitor the vital signs of patients. The heart and respiratory rates 
are generally extracted by analyzing the phase variations of the radar signal, thus motivating the use of millimeter-
waves. While the state-of-the-art considers various radar architectures, they are seldom compared in terms of 
hardware complexity and power consumption even though these aspects are of utmost importance for autonomous 
applications. This paper presents a comparative analysis of the state-of-the-art short-range radar solutions and 
takes into account their respective hardware complexity needed to improve the signal to noise ratio. It aims to select 
the most relevant low-power architecture for an autonomous application.  
 
SCIENTIFIC COLLABORATIONS: 1 Université Grenoble Alpes, CNRS, Grenoble INP, GIPSA-lab, FRANCE 

Context and Challenges 
The use of radars for extraction of human vital signs was the 
subject of recent developments in the domain of radiofrequency 
front-ends. Recent works have suggested the use of millimeter-
wave radars to offer more phase dynamics. These works, being 
very promising to show the potential of radar sensors in this 
application, are lacking of system level approach where the 
main characteristics of measured signals are analyzed and 
multiple radar solutions are compared on the same level of 
abstraction. As a result, there is a need to develop a 
comparative study starting from application level specifications 
which includes spatial resolution, minimum range variation due 
to heart activity, and the SNR levels on the ADC end. 
 

Main Results 
We present a comparative scaling of state of the art radar 
architectures, and compare them in term of hardware 
complexity, sampling rate, duty-cycle and SNR.  
 
 

 

Fig. 1: SNR evaluation (a) FMCW (b) IR-UWB 

 

 

Fig.2: Human Anatomic backcattering model 

 
Perspectives 
This study has brought us to consider the Duty-Cycled FMCW 
solution as being the one that has the best trade-off between 
power consumption, system complexity and SNR performance. 
This emphasizes the need to generate very short chirps, which 
could be leveraged to lower the transmitter power consumption. 
Based on these results, we believe that a proper signal 
processing approach should be considered in the future in order 
to pave the way to a complete all-on-chip solution with low-
power consumption. 
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Brain activity cortical mapping is a valuable tool, before surgery, to optimize the placement of implanted brain-
computer interfaces and more generally of neural interfaces. Brain source imaging and time frequency mapping are 
commonly used in magneto/electro encephalography (M/EEG) imaging but suffer from important limitations. We 
developed a regression-based multi-sensor space-time-frequency analysis (MSA) approach, which integrates co-
localized sensors and/or multi-frequency information, to overcome these limitations. In a clinical trial including 14 
participants, MSA performance was compared to the weighted minimum norm estimate method and showed 
statistically improved robustness against ill-defined trigger, typical of motor-deficient patients.  
 
SCIENTIFIC COLLABORATIONS: 1CHU Grenoble Alpes, France  

 

Context and Challenges 
Magneto/electro encephalography (M/EEG) is routinely used in 
non-invasive functional brain imaging. In particular, its ability to 
provide cortical mapping of mental tasks makes it a valuable 
tool, as it allows the presurgical localization of areas of interest 
in the brain. The "Brain-Computer Interface (BCI) and 
tetraplegia" clinical trial (NCT02550522), held at Clinatec, aims 
at restoring partial motor autonomy to severely motor-impaired 
patients by the simultaneous use of an implanted brain-
computer interface and selected external effectors. Therefore, 
the capability to localize brain motor activity would allow the 
optimal positioning of implanted sensors. 
Classically, brain activity sources are computed by averaging 
signals from many trials to increase the signal-to-noise ratio. 
However, trial averaging is generally sensitive to ill-defined 
event triggers, which occur for induced response study due to 
variable subject response time. It is typically the case for BCI 
studies involving mental tasks and/or patients with motor 
disabilities, for which precise motor triggers cannot be 
measured. Another limitation of source imaging approaches 
concerns high-frequency brain oscillation localization, for which 
the averaging results in brain signal low-pass filtering. The main 
goal of this work was to develop a robust brain-mapping 
method, adapted to tetraplegic patients, which covers the full 
spectrum of brain activity. 
 

Main Results 
To estimate task-specific brain activations, the multi-sensor 
space-time-frequency analysis (MSA) uses cross-validated, 
shifted, multiple Pearson correlation, calculated from the time-
frequency transformed brain signal and the binary signal of 
stimuli. The results are then projected from the sensor space 
onto the cortical surface. 
To assess MSA performance, the proposed method was 
compared to the weighted minimum norm estimate (wMNE) 
source imaging method, in terms of spatial selectivity and 
robustness against ill-defined trigger. This first study was 
performed over a cohort of 14 healthy volunteers, with an 

experimental setup usable with tetraplegic patients later on. 
Our results show that the MSA approach provides favourable 
localization performances when compared to wMNE (Figure 1), 
as well as a statistically-significant improvement of robustness 
against ill-defined triggers. 
These developments are being used to help conduct the ñBCI 
and tetraplegiaò clinical trial at Clinatec. 
 

Perspectives 
This study, based on healthy volunteers, will be completed 
using MEG and electrocorticography data gathered with 
tetraplegic patients enrolled in the óBCI and tetraplegiaô clinical 
trial. On-going developments will also allow us mitigating the 
need for a Magnetic Resonance Imaging (MRI) acquisition as 
the anatomical support for brain-mapping projection, thus 
making the method accessible to patients with MR-unsafe 
implanted devices. 

  

Fig. 1: Group-level brain mapping obtained using MSA and wMNE 
methods for a motor task (right elbow flexion), based on a visual cue. 
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