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COMMITTED TO INNOVATION,
CEA-Leti CREATES DIFFERENTIATING
SOLUTIONS WITH ITS PARTNERS.

EA-Leti is a research institute of
CEA Tech and a recognized global
leader in miniaturization technologies.

CEA-Leti's teams are focused on developing
secure solutions that will enable future
information and communication technologies,
health and wellness approaches, clean
and safe energy production and recovery,
sustainable transport, space exploration and
cybersecurity.

For 50 years, the institute has built long term
relationships with its industrial partners,
tailoring innovative and differentiating
solutions to their needs. Its entrepreneurship

programs have sparked the creation of
65 start-ups.

CEA-Leti and its industrial partners work
together through bilateral projects, joint
laboratories and collaborative research
programs, as illustrated in this report.

CEA-Leti maintains an excellent scientific
level by working with the best research teams
worldwide, establishing partnerships with
major research technology organizations
and academic institutions. CEA-Leti is also
a member of the French Carnot Institutes
network*.

*Carnot Institutes network: French network of 39 institutes serving innovation in industry.

CEA Tech is the technology research branch of the French
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Alternative Energies and Atomic Energy Commission (CEA),
a key player in research, development and innovation in
defense & security, nuclear energy, technological research
for industry and fundamental physical and life sciences.

www.cea.fr/english
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Located on the Minatec Campus, the System Division (DSYS)
gathers over 200 high level researchers and engineers. This division
is at the strategic core of CEA-Let i 6s technol og
ai ms t o provi de a gl obal and
technological trends.

DSYS6s expertise is based on fo
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 but also from the signal and data processing domain;
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, DSYS
Division is particularly attractive for industrial partners who are facing
the challenges of 10T associated with artificial intelligence (Al), 5G
and beyond-5G, as well as cybersecurity. Its partners range from
SMESs to major international companies, which are looking for a high
level of technical expertise and strong project management
experience in a business-compatible environment.

DS Y S 6 s arch esdeinnovation activities span a wide panel of
applications such as factory of the future, automotive, space and

aeronautics, multimedia, smart energy, smart transport, e-health,
sports and leisure.
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01 / High performance sensors & systems and sensor data

fusion
03 / Antenna design & radio propagation characterization

05 / Wireless solutions for 10T, vehicular & localization

04 / High speed connectivity systems & architectures
applications
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KEY FIGURES

SCIENTIFIC ACTIVITY

02 / Electronics for energy

06 / Circuits & systems for wireless applications
07 / Security of embedded systems

08 / PhD Degrees awarded in 2019
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FOREWORD

All the teams from DSYS Division are pleased to present you a
selection of the best scientific achievements of 2019. This scientific
report is divided into 7 chapters presenting about 70 papers focusing
on our main areas of innovation for sensors, power conversion,
communication and cybersecurity.

Among the significant results and trends, the growing use of learning
algorithms applied to hardware developments with a link to upcoming
edge-Al applications for both communications and sensors
applications (see chapters 1 and 4) is remarkable.

Concerning power management (chapter 2), whereas the use of GaN
is becoming a reality for power conversion for automotive or even
consumer applications, we see emerging studies on completely new
Sébastien Dauvé approaches for power conversion (see the paper inductorless
HEAD OF SYSTEM DIVISION piezoelectric converter).

In the field of communications, DSYS has consolidated its
contributions to the design, development and evaluation of innovative
solutions for the forecoming 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
(see chapters 3, 4, 5 and 6).

Finally, 2019 sees the on-going progress of DSYS in the
investigations on hardware enabled cyber security and on the
identification of countermeasures to threats for the applications
related to massive loT, which have a critical impact on vertical
industry needs. Significant achievements in this domain are covered
in the last chapter.

| would like to thank our industrial partners, institutional fellows and
academic collaborators, who have worked closely with us in 2019.
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 worl dds most c
become the next generation of innovators.

I hope you will find in DSYS 2019 Scientific Report inspiration for
your future developments and research.
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KEY FIGURES

185 researchers

38 PhD students and post -docs

35 Temporary employees and interims

33.7 M U budget

920/ external funding

3 startups created

52 patents granted in 201 9

483 patents portfolio

35 book chapters and journals

137 communications in conferences and workshops

6 Keynotes and invited talks

Research facilities:

3 Anechoic chambers
| Connectivity platform

‘| 1T Security Evaluation Facility (ITSEF)

| Electronic Test and Design platform
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SCIENTIFIC ACTI\

Publications

147 publications in 2019 including 35 book
chapters and top journals and over 100
international conference communications. These
include: Nano Energy IEEE Transactions on
Wireless Communications, IEEE Transactions on
Power Electronics, IEEE Vehicular Technology
Magazine, Physical Review Applied, |EEE
Transactions on Antennas and Propagation, APL
Materials, IEEE Access, IEEE Antennas and
Wireless Propagation Letters, Nanotechnology,
IEEE Wireless Communications Letters, Smart
Materials and Structures, IEEE Transactions on
Circuits and Systems, Journal of Magnetic
Resonance, Journal of Intelligent Material
System and Structures, |IEEE Transactions on
Magnetics, Journal of Cryptographic Engineering,
EuCAP, EuMC, ECTC, TRANSDUCERS,
EUROSENSORS, RFIC, VTC Spring, DATE,
IEDM, PowerMEMS, etc.

Prizes and awards

9 Emilio Calvanese Strinati, Antonio Clemente,
et al., "S5GCHAMPION i Disruptive 5G
Technologies for RollZDut in 2018", Best ETRI
Journal Award, 2019.

1 F.Wolf, M. Sana, S. de Rivaz, F. Dehmas, et
al., iCompar i s o fChamél Raviging
Algorithms for Narrowband LPWA Network
Localizationhi, Inter
Ubiquitous Networking (UNet), Best Paper
Award, 2019.

M A. Pereira Da Silva, |. Brahmi, S. Leirens, B.
Deni s, Hfedely s tSiennfation of
Cooperative Sensor Data Fusion Strategies
for I mproved Vulner at
WPNC 0619 Best Pp Award,
20109.

1 A. Clemente, L. Di Palma, F. Diaby, L.
Dussopt, K. Pham, R. Sauleau, "Electronically
steerable transmitarray antennas for Ka-
band", European Conference on Antennas
and Propagation (EuCAP 2019), Best
Antenna Design and Applications Paper,
2019.

M "PYCSEL H2020 - Thin Thermal Fingerprint
Sensor", LOPEC 2019, Best Publicly-Funded
Project Demonstrator Award, 2019.

9 O. Savry, T. Hiscock, M. El Majihi, "Sécurité
matérielle des systemes - Vulnérabilité des
processeurs et techniques d'exploitation” (Ed.
Dunod), European Cyberweek 2019, Literary
Award, Category: Engineering Science.

9 S. Boisseau, Smart Materials and Structures
2019 Outstanding Reviewer Award.

Experts

1 International Expert, 2 Research Directors, 20
Senior Experts, 17 Experts, 8 of them holding an
HDR.

Scientific co mmittees

9 Editors and Guest Editors of: IEEE
transactions on cognitive communications
and networking, ELSEVIER Comptes Rendus
de | 6 Acad®mi e des
Physique, Special Issue on Geolocation and
Navigation, Hindawi wireless communications
and mobile computing.

91 Elected members and experts for: SCS and
SAFE clusters, ECSO, H2020-SU-ICT-2019

1 Reading and Technical Program Committees
of: ICT, IEEE GLOBECOM, EuCNC 2019,
IEEE VTC, IPIN, IEE ICC, IEEE PIMRC,
WPNC,EuCAP, WPMC, IEEE 5G World
Forum, WCNC, IEEE INFOCOM workshop,
CIAP, DSD, CS2, IRT NanoElec, AMUSEC,
C&sar, Casper, FIPS, RISC-V, CHES, JCEN.

Conferences and

Workshops organizations

M GDRISIS « Sub-THz Communications »

1 WPNC 2019 (Special Session Chair)

i European School of Antennas (ESoA)
«Antennas and Rectennas for loT
Applications »

International
Collaborations

National Inter-university ~ Consortium for
Telecommunication CNIT (ltaly), University La
Sapienza (Rome, lItaly), 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).
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Surface Capture for Structural Health Monitoring

RESEARCH TOPIC:
Shape capture, MEMS applications, Structural Health Monitoring,
curves and surfaces

AUTHORS:
CARMONA Mikael (Morphosense), GRAU Loic (Morphosense),
SAGUIN-SPRYNSKI Nathalie

Shape capture has been developed for 15 years, allowing to reconstruct any shape, defined as curves and
surfaces, using MEMS sensors directly laid on shapes. Many demonstrators have been realised, like linear
networks, squared-meshed networks, and a single MEMS rolling device. This technology has already been
transfered into industry for curves like applications, and we have just deployed it in a surface like application with

the start-up Morphosense for the lock gates monitoring.

SCIENTIFIC COLLABORATIONSIversité Grenoble Alpes, CNRS (Laboratoire Jean Kuntzmann), INRIA

Context and Challenges

A MEMS sensor network combined with specific mathematical
algorithms can allow the shape reconstruction in real time and
for years. In the Structural Health Monitoring context, shape
capture can have several issues like being a tracker of
structural variation in time or a detection alarm signaling
unusual changes to the structure, or a system for measuring
geometrical parameters for comparison with simulations or
numerical models.This solution has been adapted for several
applications, mainly for curve like shapes (for instance flexible
pipes with TechnipFMC and civil engineering structures
monitoring with the start-up Morphosense). This year, this
technology has been deployed for surface like applications, via
a project joining CEA, CNR and Morphosense, with the
monitoring of a lock gate. The Company CNR has to report on
the state of health of all its structures along the Rhone, and lock
gates are some of them. These structures are close to their end
of life, and risk failures. Nowadays, traffic is stopped one week
a year, in order to realise a detailed inspection. However, it is
time and money consuming. Then CNR asked us to adapt and
test our solution for this specific purpose of lock gate
monitoring, thinking it could be an interesting alternative. Thus
we had the opportunity to monitor the door of a lock gate during
some months (see Fig. 1).

Figure 1 : Lock Gate near Avignon,
and Morphosense Sensor

Main Results

The start-up Morphosense has developed a measurement
node, robust to harsh environments, and a hardware and
software solution to provide real time measures. As the
maximum deflection is a fondamental indicator of the static
behavior of the structure, we thus defined the best sensors

RELATED PUBLICATIONS:
[1] Carmona, Grau, Saguin-Sprynski, Sol ut i on i nnovante

location to follow the surface shape, and then compute the
global deflection. Morphosense has installed 17 sensors, in 3
vertical lines. We adapted our algorithms to reconstruct a
surface via these sensors location and measures : combining
sensors not regularly placed, adding boundery constraints, and
determining the solution by energy minimisation. We also
compared the deflection given by all the sensors, and the
deflection given the central line. (see Fig. 2)

In first place, we have seen that deflection was correlated with
environmental phenomena: temperature, top and bottom level
of water, global rotations, in particular. Thus we have developed
a methodology to compute a relative deflection, uncorrelated
with these phenomena.

Fichier 1Hz, 1 cycle
Evolution temporelie du Maximum de Déflection Méthode 201D
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Figure 2 : Surface deformation (left), central line
deformation (right), water height (middle),
deflection maximum with time (top)

Perspectives

The instrumentation linked to dedicated algorithms allowed to
understand some global structure behaviour, and connecting
the data with numerical models allow to anticipate failures.

In other contexts, we proved the interest of surface monitoring
via MEMS and can apply on solid structures (SHM) or surfaces
with smooth materials (as in healthcare, sport, and consumer
devices).

Abcisse (mm)
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Deep learning applied to Transportion mode recognition from GPS
signals

RESEARCH TOPIC:
Machine Learning, Deep Learning, Sensors, Context Capture,
Transportation Mode Recognition, Road Surface Monitoring

AUTHORS:
Andrea VASSILEV

The diffusion of an increasing number of portable devices (smartphones, connected watches, ...), embedding a
multitude of sensors (accelerometer, magnetometer, gyrometer, GPS, ...) leads to a new interest for context capture
applications, such as the automatic recognition of the mode of transportation used by a person. This problem has
already been the subject of many resear ches b a-sraftdd
features. Following the recent development of deep learning, we developed a deep network on the Geolife public
database, a GPS collection of mobile trajectories.

SCIENTIFIC COLLABORATIONSstitut Carnot IFPEN Transports Energie and Laboratoire d'Informatique en Image et Systemes

d'information (LIRIS)

Context and Challenges

Unlike traditional approaches, deep learning is an approach, in
which the raw data is directly input to the model and the
relevant features are in principle learned by the model. Deep
Convolutional Neural Networks (CNN) are one example that
has recently achieved impressive results in image recognition.
The aim of this work is to assess the contribution of deep
learning to the Geolife public database [1].

Main Results

After cleaning the base (removal of points with identical time
stamp or with non-physical speed or acceleration, removal of
trips that are too short), various preprocessing were applied:
calculation of point features, such as speed, acceleration, jerk,
orientation; resampling at constant frequency (0.5 Hz),
normalization and segmentation of the trips into segments of
constant size.

The performance evaluation is carried out by partitioning the
base into three subsets: training, validation and test. As these
subsets must be independent, we first perform the partition on
the trips, then the segmentation.

Each training is carried out three times, each time modifying the
different random seeds (controlling the partition and the
initialization of the weights). The performance criterion used is
the F1 score averaged over the six modes and calculated on
the test subset. The results are presented in the form of an
average * standard deviation, calculated on the three trainings.
The performances of a classical approach using features
inspired by [2] and a one hidden layer perceptron with 256
neurons leads to a performance of F1 = 75.4 + 0.5%. For the
deep learning approach [3], the architecture selected is a CNN
presented in Fig.1 and the best result obtained, F1 = 78.6 +
1.0%, is 3.2% higher than the traditional approach. Table 1
presents the confusion matrix for one of the three trainings.

We note that three modes ar:
and O6bike with an F1> 79%)
concerns the <classes o6carb
traditional approach.

RELATED PUBLICATIONS:
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Figure 1: Deep Network Architecture

Confusion Matrix
bike bus car subway train walk fl-score
bike 482 39 13 18 0 65 0.79
bus 48 675 172 43 4 54 0.74
§ car 51 104 463 28 37 43
= subway 10 16 10 167 3 27 0.67
train 1 2 9 8 351 5 0.91
walk 5 0 0 1 0 1540 0.94
Prediction

Table 1: Classification results

Perspectives

Concerning the Geolife database, the perspectives are to test
more complex architectures than a simple CNN, for example a
RESNET as well as to take into account the numerous non-
labeled data of the database.

Regarding the same classification problem, it is also planned to
work on another public database, SHL [4], which includes
signals from other sensors such as accelerometer, gyrometer
and magnetometer.

Other classification issues related to human mobility will be
assessed in the near future, such as automatic estimation of the

road roughness and detection of potholes.

[1] Zheng, Yu, « Geolife GPS trajectory dataset i User Guide », version 1.3, ao(t 2012.

[2] Y. Zheng et al., « Understanding Transportation Modes Based on GPS Data for Web Applications », ACM Trans Web, vol. 4, no 1, p. 1:1i 1:36, janv. 2010.

[3] Vassilev, A., 2019. Reconnaissance des modes de transport par apprentissage profond a partir de signaux GPS. Presented at the GRETSI, Lille.

[4] Gjoreski, H. et al., 2018. The University of Sussex-Huawei Locomotion and Transportation Dataset for Multimodal Analytics With Mobile Devices. IEEE Access

6, 425921 42604. https://doi.org/10.1109/ACCESS.2018.2858933
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Anomaly detection in rolling stock using multi -resolution analysis

of micro -deformations

RESEARCH TOPIC:

Anomaly detection, wavelet transform, railway

AUTHORS:
Sylvain LEIRENS, Jérome BOUTET

Instrumented railway sleepers with fiber Bragg grating allow to record time-domain signals of micro-deformation
during train crossing. A multi-resolution analysis of micro-deformation measurements is carried out to detect rolling
stock anomalies, such as axle overload and flat wheel, and provides robust axle peak detection.

Context and Challenges

Railway sleepers support the rails in railroad tracks and transfer
loads to the track ballast. The charge distribution and train
speed are the main sources of railway ageing. Actually, train
speed has a strong impact on the mechanical behavior of track-
bed materials.

Measurements from accelerometers and gauges are commonly
used to study mechanical properties of the track bed. The
Smart Sleeper® is a concrete sleeper instrumented with fiber
Bragg gratings allowing to measure micro-deformations during
train crossing. Fiber Bragg gratings offer an interesting
alternative to strain or pressure gauges based sensors.
Anomaly detection of rolling stock focuses on identifying
anomalies in measurement signals during train crossing on
railway tracks. The main issue was to achieve the detection of
the most serious rolling stock anomalies in axle peak signals
using micro-deformation measurements: type 1 (axle overload)
and type 2 (flat wheel), as illustrated below (figure 1).

M

Figure 1: Typé 1 (left) and type 2 (right) - anomalies

-.". ;.\ ;‘.'i i ;"\ ".\
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Main Results

We developed a new method based on discrete-time wavelet
transform able to estimate the type of anomaly, location and
severity (magnitude). A wavelet based analysis fits well to this
problem as the occurrence of a rolling stock anomaly results in
an intense and very short transient phenomenon. By choosing
the appropriate decomposition level, the signal of normal axle
peaks can be separated from measurement noise and rolling
stock anomaly.

The signal "Y decomposes at level 0 as the sum of an

approximation © and residuals (sum of details):3 ! B $.
The details ‘O at level Qare given by O B ., & CHQ ,
RELATED PUBLICATIONS:

[1] S. Leirens, J. Boutet, " D®t ecti on dbéanomal i e

GRETSI, 2019.

de

mat ®ri el

where (& ‘Care the detail coefficients and [  is the wavelet at
level "Cand shifted of ‘Qsamples.

Figure 2 shows detection results using the Symlet 5 wavelet
and a decomposition level equal to 3. Symlet family offers good
properties and a certain similarity with the transients associated
to the anomalies we want to detect.

Figure 2: Detection of a type 2 anomaly in micro -
deformation measurements

The reconstructed approximation signal © provides a signal
clean of measurement noise and detected anomalies. A more
robust and accurate axle peak detection allows for automatic
identification of rolling stock based on micro-deformation
measurements. Actually, locomotive and wagons have known
physical characteristics, such as wagon dimensions and bogie
location, and distances between axles can be evaluated. With
at least two Smart Sleepers® separated by a known distance,
the train speed can be easily estimated using the time shift
between train crossings.

Perspectives

Future work will focus on machine learning techniques with
signal classification using wavelet-based features. Additionally,
rolling stock recognition makes possible to distinguish
passenger from freight transport, as well as locomotives from
wagons in order to improve anomaly detection.

roul ant p a-déforch@ions" mMpXVIemet Gokloque
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Methodological issues in the creation of a diagnosis tool for
dysgraphia

RESEARCH TOPIC:

Machine learning, dysgraphia

AUTHORS:
Louis DESCHAMPS, Clement GAFFET, Saifeddine ALOUI,
Jerome BOUTET, Vincent BRAULT, Etienne LABYT

Asselborn et al. have created a diagnosis tool for dysgraphia, based on dynamic data acquired with common
graphic tablets. The results they obtained seem very satisfactory. According tothe aut hor s, t hei
deployed directly as a diagnostics toolo. We think
some methodological issues that we perceive to be important. In this comment, we outline three main arguments

and several concerns that motivate our opinion.

SCIENTIFIC COLLABORATIONSIv. Grenable Alpes, CNRS, Grenoble INP*, LIK, 38000 Grenoble, France

Context and Challenges

Dysgraphia is a trouble of handwriting, affecting around 8% of
the scholar children. Since 2 years, CEA LETI is working in
collaboration with the Laboratoire de Psychologie et
Neuroscognition (CNRS, LPNC) and the Laboratoire Jean
Kuntzman (CNRS, Grenoble INP) for developing a tool based
on machine learning approaches to help in dysgraphia
diagnosis. In 2018, Asselborn et al have reported in their paper
[1] a first diagnosis tool for dysgraphia, based on dynamic data
acquired with common graphic tablets. The results they
obtained seem very satisfactory and authors claimed that their
work ocan be depl oyed diHoweget,
this work suffered from methodological issues that we aimed at
outlining and discussing in our paper [2].

Main Results

A first methofological issue concerned the use of two different
graphic tablets for the data acquisition of typically
developement children and dysphaphic children respectively.
Assselborn study didn't report any calibration method applied to
ensure the independence of the results with respect to the
acquisition tablet. This should lead to a bias in their model
which should discriminate the graphic tablet effect rather than
dysgraphia.

A second methodological concern was the definition of their
typically development children group (TD). Indeed, according to
the literature, we could indeed expect to find at least 5% of
dysgraphic children in this dataset [3]. Noteworthy, in their
article, the authors wrote themselves that "None of the BHK
tests from the TD dataset were rated for dysgraphia, which
means that some of these children might be dysgraphic, as
we | The dating of our set of BHK tests that we recently
acquired in children in primary schools confirmed the presence
of 8.3% of dysgraphic children in this cohort (only considering
children from 2nd to 5th grade), according to the BHK criteria.
However, when training and testing their Random Forest
models, the authors considered all children in the TD dataset
as non-dysgraphic, neglecting the ratio of dysgraphic children in
their typically development children group. As a consequence,
the false negative ratio of less than 1% reported in Asselborn's
study has to be carefully considered when taking into account
the dysgraphic children inside the TD dataset. Moreover the

RELATED PUBLICATIONS:

[1l]Assel born, T. T Gargot, G Kidzi Gski

(2018). URL http://www.nature.com/articles/ s41746-018-0049-x

excellent true positive ratio of 96% claimed by the authors can
also be questioned as almost none of the dysgraphic children
from the TD dataset were detected by their algorithm.

Third, in their data processing approach, the authors did not
take into consideration the evolution of the features with the age
of the subject. Handwriting evolves as the child grows, and
some features do not apply the same for young children and
their older counterparts. In our study, we have developed an
approach to take into account the age effect on handwriting
parameters (see figure below). Consequently, their dysgraphia
diagnosis algorithm should not be robust against children age
as the time evolution of handwriting parameters is not taken into
consideration.

« mobile z-score » computation

agus

2 om:

agn

—— Réaression linéaire]
® Inconnnu
Hon dysoraphique
® Dysgraphique
Typigue

Fig. 1: Methodological approach for age effect
correction of handwriting parameter

Perspectives

Asselborn et al's.approach is an interesting novel way of pre-
diagnosing dysgraphia, but the tool they created should be
tested at a larger scale and some biases should be dealt with
before it can be deployed as a diagnosis tool.

CEA LETI is working with his partners on developing a tool
based on Support Vector Machine algorithm for helping in
dysgraphia diagnosis. A special care is taken for designing a
robust algorithm taking into account a unprecedented large
database, considering the age related changes in handwriting.
We do not aim at achieving impressive performances in terms
of machine learning but rather we aim at providing a reliable
detection of dysgraphic children. A manuscript Is in preparation
about these results.

, -levs! didgmdsia of dysgbaph@ aiding a comstimeratdblet. npj Digital iviadicemed 1

[2] Deschamps, L., Gaffet, C., Aloui, S.et al. Methodological issues in the creation of a diagnosis tool for dysgraphia. npj Digit. Med. 2, 36 (2019).

https://doi.org/10.1038/s41746-019-0114-0
[3] Charles, M., Soppelsa, R. & Albaret, J. BHK:
URL https://books.google.fr/books?id=

Eechell e

doEeval uafles &d. du Gegntredde psgichologie bapmicued, t2Q04).


https://books.google.fr/books?id=ZsIDPwAACAAJ
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Physiological response to acute stress against confounding factors

RESEARCH TOPIC:

Machine learning, stress monitoring, physiological signals

AUTHORS:
Gaél VILA, Christelle GODIN, Sylvie CHARBONNIER+,
Oumayma SAKRI, Etienne LABYT, Aurélie CAMPAGNE+

Physiological sensors appear a promising tool to monitor psychological stress in the daily life. Yet, despite the
increasing know-how developed in affective computing, physiology-driven stress detection algorithms still yield
unsatisfactory results on the field. This study intends to highlight physiological patterns that are both stress-sensitive
and stress-specific, at the multi-subject scale, in several contexts.

SCIENTIFIC COLLABORATIONSIv. Grenoble Alpes, CNRS, Grenoble INP*, 38000 Grenoble, France

Context and Challenges

6Stressd is an umbrella ter
physiological and behavioural response to environmental
factors one perceives as a potential threat. While its early
manifestations (acute stress) represent a natural defence
mechanism, their recurrence over an extended period ends up
inducing a pathological condition (chronic stress). For the
general public, an objective and timely stress evaluation would
represent a true asset for self-knowledge and ability to cope
with the challenges of everyday life. For highly exposed
populations like the caregiving staff or firefighters, an acute
stress detector could stand for a preventive tool from burnout or
depressive disorders. Such a purpose may be achieved
through the various unobtrusive, non-invasive wearable
sensors that have gained the high-tech market in the last few
years, which provide diverse physiological parameters of the
user. However, there is still no standard model to detect high
levels of psychological stress from its peripheral manifestations.
In real-life settings, major confounding factors are to be found in
mental and physical activity. While the latter can be
automatically classified or discarded on the grounds of
accelerometer data, this is not the case for mental activity.
Peripheral physiological manifestations of stress-related
autonomic adjustments have provided perspectives for the
design of physiology driven stress detection models. However,
there is still a need to identify a reliable physiological pattern
that would be simultaneously responsive to diverse stressful
situations, and independent from the context in which stress is
being encountered. In that regard, this study addresses the
search for both sensitive and specific physiological features, by
discriminating  stress-induced peripheral responses from
background- and activity-related autonomic activations. It aims
to present a white-box research method to highlight valid
physiological responses, at the between-subject level.

Main Results

The non-specificity of physiological responses suggests to
carefully consider their different sources of variation through

RELATED PUBLICATIONS:

experimental conditions. For that, we defined a notional
framework which aims to express the stress sensitivity for any
physiological feature. We consider that each measured
variation is an indirect manifestation of the phenomena under
scrutiny (e.g. emotional load or confounding factors). For that
reason, we define a set of estimators for stress related or
confounder-related variations and identify potential noises in
this estimation. A feature selection procedure is then proposed,
to exemplify our approach for determining the most stress-
sensitive physiological features.

Most standard physiological features used in stress detection
failed to distinguish between our most stressful experimental
conditions, and the simple recruitment of cognitive and
physiological skills necessary to perform similar activities in a
low demanding environment. Hence, our results strongly
support the need for introducing control conditions in any
experimental research willing to recognize stress in real life.
Context may trigger physiological responses equivalent to those
of a stressful encounter, even in the absence of sustained
physical activity. Nonetheless, heart activity provides the most
suitable features (hrMean, hrStd and hrRmssd) for
distinguishing between acute stress and a simple non stressful
activity. The Pressure effects of these three features roughly
follow the same variations as Stress Scores through the
different conditions of the experimental protocol. A custom
respiratory feature, which reflects respiration signal periodicity,
was also brought forward since it showed consistent variations
between the Control and Stressful subtasks at the multi-subject
level.

Perspectives

Still, further research is needed to evidence more, whether
unexplored or forgotten, physiological features as context-
independent stress manifestations. The white-box research
method proposed in this study might provide another milestone
towards such ambition.

[1] Gaél Vila, Christelle Godin, Sylvie Charbonnier, Oumayma Sakri, Etienne Labyt and Aurélie Campagne. Physiological response to acute stress against
confounding factors:a white-box research method Biomedical Physics & Engineering Express, Volume 5, Number 5.
[2] Vila G, Godin C, Charbonnier S, Labyt E and Sakri O 2018 Pressure-Specific feature selection for acute stress detection from physiological recordings IEEE Int.
Conf. on Systems, Man, and Cybernetics (SMC), 2018 (Miyazaki, Japan) (https://doi.org/10.1109/SMC.2018.00402)
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Intensity calibration of a MCTAPD sensor for a Flash LIiDAR
System
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Flash LiDARs will be key components for future space missions including rover operations and the descent and
landing of spacecraft. This kind of system records full 3D-images along with 2D intensity images with a single laser
pulse, thus eliminating the need for a scanning device. There are well-established techniques concerning
radiometric calibration (2D information). However, the illumination of the target is usually considered uniform, which
is not the case for increasingly larger focal plane arrays (FPA). We propose an intensity calibration scheme for
CEA-LETIs LIDAR prototype in order to compensate the nonuniform illumination of the target and present the first
enhanced results based on data acquired under laboratory conditions.

SCIENTIFIC COLLABORATIOREA LEDIOPT, ESA ESTEC, GIPSA lab

Context and Challenges

A flash LiDAR is like a 3D camera that enables the perception
of depth. It comprises an infrared imaging sensor, a LASER to
illuminate the observed scene, some optics to resolve the
incoming light to the imager and an electronic acquisition board.

As a single LASER pulse lights up the scene, each individual ! Non uniformity of LASER beam Calibration target

pixel of the imager evaluate the travel time of photons since  : . . "

their emission. Thus, knowing the speed of light, each pixel ~:  The target is placed in several positions, to cover as much of
records a depth measurement of elements in the scene. In :  the field-of-view area as possible and to mitigate local
addition, as each pixel integrates light, flash LIDARs are ableto ~ :  incongruities. The reflectivity difference between the white and
produce infrared intensity images along with the depth ones. |  black squares of the checkerboard improves the overall
This extra intensity information could be used to improve the 3D ;|  &ccuracy, the estimation being spit between two masks:

measurement as explained in [1].

20 Data

’ " Estimated normalisation image
Masks for black/white squares 9

We used four targets with known reflectivity of 5%, 10%, 18%
and 50% at the laser wavelength to evaluate the overall
performance of the proposed calibration method:

Flash LIDAR camera Depth (3d) and intensity (2d) images acquisitibn

As the LASER field of view needs to cover the entire target
scene, its spatial non-uniformity becomes a nuisance to the -
measurements. This can be seen on the borders of the I e )

acquisition images above. The goal of our calibration procedure left: targets; middle: raw intensity image of targets; right: calibrated image

is to provide a Normalization Factor image ~ that, when applied i The overall change on the uniformity is perceivable; the table
to the 2D intensity data, would mitigate the effect of the :  pelow of pixels standard deviation per target confirms this:
nonuniform illumination. i
Target Reflectivity 5% 10% 18% 50%

H Before Calibration 0.5 0.7 1.4 24
Main ReSUItS After Calibration 0.3 0.6 1.0 15
In the literature, output of most LASERs are modeled as
Gaussian beams, which is too simplistic to account for all Perspectives

possible sources of imperfections in the pulse generation. Our
calibration procedure uses a large checkerboard panel as
depicted below.

The prospects for future work include the evaluation of the
method robustness with experiments closer to space
conditions using ESA ESTEC facilities.

RELATED PUBLICATIONS:
[1] V. ES Parahyba, E. de Borniol, R. Perrier, Y.-R. Nowicki-Bringuier, A. Ciapponi, J. Chanussot, Time-of-flight calibration of an MCT-APD sensor for a flash
imaging LIDAR system - International Conference on Space Opticsé ICSO 2018
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Novel ultrasonic mems based on Carbon nanomembrane for
frequency agility and high density arrays
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Ultrathin Carbon is an innovative material providing new opportunities namely as moving part of MEMS. 10nm thick
carbon membrane have been implemented in dense arrays of ultrasonic transducers. The mechanical specificities
of thinness relieve the operation of the constraint of resonance frequency. Pioneer devices have been realized and
tested : both emission and detection of ultrasonic waves have been demonstrated and worked properly at any
frequency ranging between 20kHz and 1Mhz. More, the high density of arrays combined with matrix facilities open
to unprecedented acoustic wave engineering facilities. Now feasibility has been demonstrated, device designs and
processes can be optimized. Ultrathin carbon membrane transducers bring out new and fundamental benefits for

ultrasound imaging in biology, robotics and HMI.

Context and Challenges

Ultrasound techniques are widely used as a probing tool in
various fields, from medical imaging to robotics. The resolution
and the depth of field of the resulting information particularly
depend on the ultrasonic frequency and the size of the
transducers. Most MUT  (Micromachined  Ultrasonic
Transducers) devices are only operable around a unique
frequency, set by geometrical design.

The advent of versatile frequency operability of ultrasonic
transducer arrays will allow images to be collected at multiple
frequencies using a single stationary device. This singular
operation can be effectively implemented in MEMS if ultra-thin
vibrating membranes are used. Amorphous carbon offers all
the appropriate mechanical properties, toughness and flexibility,
even in layers 10 nm thick, combined with the chemical
inertness of diamond type carbons. This new concept was the
subject of a feasibility study: dense networks of 2,500,000
micro-transducers of 10um in diameter, equipped with carbon
membranes of 10nm thick, were produced and used to
experimentally explore the ultrasonic transduction features for
both transmission and detection.

Main Results

The base part of the device is processed using standard
microfabrication techniques. Bottom electrodes are a set of 10
parall el l'ines, 750em wide ¢
addresses 25000 elementary transducers. The scheme of the
unitary transducer is presented in Fig. 1.

Amorphous carbon layer is grown in the LETI facilities onto a
secondary substrate, and then reported over the base part, in a
single stamping transfer for whole array of micro-transducers.
First, ultrasound emission is recorded using a microphone
operating in the range 6Hz-140kHz. In this frequency range,
ultrasound emission level increases linearly with frequency and
with the square of the excitation voltage. The measure of the
emitted pressure at 140kHz is 90dB SPL at a distance of 5cm.
Second, the frequency exploration experiment is conducted
using two devices facing each other, one used as an emitter
and the other used a detector. This set up allows for recording
the combined transfer function depending on ultrasound

RELATED PUBLICATIONS:

frequency. The observed operating frequencies appears to
range from 20 kHz to 1 MHz as a first try.

This confirms the non-resonant mechanical behavior of the
ultrathin vibrating membranes and the feasibility of ultrasonic
transducers operable over a large frequency range.

i Membrane
Cavity Topelectrode

v
T

Insulator(1pm) * < Bottomelectrode

Fig.1 scheme of the unitary capacitive transducer
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Fig.2 Left : SEM image of the transducer array. Right

Emission+ detection function transfer between two devi

The decrease at high frequencies is due to low pas!
filtration in driving electrodes.

Perspectives

These results establish the proof of the original concept of
pressure transduction at wide frequency range through the use
of ultra-thin vibrating membranes. They were obtained using
pioneering devices. Optimization of device design and
manufacturing processes must be carried out before actual
quantification of transduction performance. The large frequency
range allows to operate very short acoustic pulses and exploit
the selective properties of acoustic modulation laws.

Applicative field not only covers ultrasonic and medical imaging,
but also telemetry, acoustic communications, and short range
non-contact HMI.

[1] A. Ghis, M. Matringe, O. Ndjoye-Kogou, F. Blard, F. Frassati, et L. Le Van-Jodin, « High Density Arrays of Carbon Nanomembrane Ultrasonic MEMS », in 2019

IEEE International Ultrasonics Symposium (IUS), 2019, p. 2148i 2152

[2] A. Ghis, L. Le Van-Jodin, F. Frassati, M. Matringe, O. Ndjoye-Kogou, F. Blard, "Ultrathin and flexible carbon membranes
for high density ultrasound MEMS arrays", Workshop MUT2019 - Grenoble , France, Tuesday June 11th, 2019
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Wire-based piezoelectric sensors: sensitive surfaces
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CEA-Leti activities in novel and complex integrated sensor solutions for instrumented surfaces started over 10
years ago. We develop sensitive surfaces functionalized with self-powered sensor arrays, for the mechanical
mapping of strain or 3D shape reconstruction with possible applications in sectors such as automotive, predictive
maintenance, wearables, health, sports and wellness, etc. Our research focused on the development of
piezoelectric devices that are thin, sensitive, mechanically robust and resilient, and in some cases flexible,
conformable or even stretchable. We investigated several technological solutions based on either ZnO or GaN
piezoelectric nanowires, depending on integration constraints (CMOS compatibility, large area, flexibility, etc.)

SCIENTIEE COLLABORATIONSEA-LITEN, CEA-IRIG, G-INP IMEP-LaHC

Context and Challenges

The development of robust, highly sensitive and highly resolved
force sensors in wearable or implantable systems and in
electronic micro-devices has been of growing interest for many
years. Such enabling technologies may affect all sectors of
society: from peopl eisnviesnen
structural health of large infrastructures monitoring and to
industrial manufacture.

The challenge is to developed smart, autonomous and self-
communicating sensors to equip all types of surfaces, with
widening system capabilites in terms of sensing (high
performances, surface distribution, etc.). These developments
must be scalable and robust in front of harsh usage conditions.
We investigate new architectures of flexible systems based on
the flexible piezoelectric materials with evolutionary multi-scale,
multi-modality, energy efficient system configurations, which
feature and combine some of the latest technologies in terms of
sensing, energy harvesting, communication, etc. Based on
multiphysics models, dedicated electronic interfaces and
proprietary reconstruction algorithms, we aim to establish
design rules for future fully-integrated wearable systems,
whichh we call 'sensitive surfaces'.

Main Results

We present two demonstrators of 'sensitive surfaces' that were
developed in our laboratories. The first one uses a matrix of
individually contacted ZnO nanowires, integrated on a CMOS-
processed Si chip (fig. 1). Each nanowire is a pixel of the matrix
where a local deformation is measured when a mechanical
deformation is induced, for example, by a gas flow (fig. 1b). 3D
mapping of the overall deformation is deduced from integration
over the different pixels of the matrix. The second one
integrates a continuous composite film of piezoelectric GaN
wires into a capacitive flexible device (fig. 2) which
demonstrates very high sensitivity and robustness through
series of compression / release cycles. Multiphysics and
electrical models were developed for each configuration for
current and future design optimizations.

RELATED PUBLICATIONS:
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Fig. 1 a) top view SEM of the device (5 x 5 matrix of si ngle-vertical
ZnO nanowires with 2 contacts, see insert); b) electrical response of
a single ZnO NW as a function of gas flow rate.

1000 cycles (L= 110 um)

Force applied:

Output voltage (V)
=)

100 200 300 400 S00 600 700 800 900
Time (s)

-
Fig. 2 (left) SEM image of GaN wires and flexible film with as grown
vertical wires, which will be the active layer inth e device; (right)
generated piezo -potential under compression -release cycles applied
to the device.
Perspectives
Electronic interfaces and reading circuits for such "sensitive
surfaces" are still at a rather low maturity level, however 3D
reconstruction algorithms have already been developed and
tested in our laboratory. The sensitivity and stable, intrinsic
piezoelectric response of these systems make them a
promising solution for ultra-low-power and fully flexible systems
for force and deformation mapping in a variety of applications.
For this purpose, all preliminary developments were carried out
so as to ensure future compatibility with additive fabrication
technics and printed electronics, and hence to favour scalability,
which remains a key characteristics of CEA-Leti's technological
developments.

[1] Parmar M., Leon Perez E., Ardila G., Saoutieff E., Pauliac-Vaujour E., Mouis M., A demonstration of the mechanical sensing capability of individually contacted

vertical piezoelectric nanowires arranged in matrices, Nano Energy 56 (2019) 8591 867

[2] A. El Kacimi, E. Pauliac-Vaujour, J. Eymery, “Flexible capacitive piezoelectric sensor with vertically aligned ultralong GaN wires", ACS Applied Materials &

Interfaces 10 (5), pp 4794-4800 (2018).
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—— Multifunctional wearable platforms for health and  environmental

monitoring: the Convergence project
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The CONVERGENCE FLAG-ERA H2020 project focuses on the development of energy-efficient sensor networks
exploiting the convergence of multi-parameter sensors, serving data fusion for preventive life-style and
healthcare. In this perspective, we aimed at creating a wireless and multifunctional wearable system, able to
monitor not only the individual physical condition (physical activity, core body temperature, electrolytes and
biomarkers) but also the chemical composition of the ambient air (NOx, COx, particles). CEA research has been
focused on the development of flexible wearable platforms embedding health and environment sensors.

SCIENTIFIC COLLABORATIOR®FL, ETHZ, ENEA, UCL, HCC, TTU, G-INP, STM, IUNET, UCBM, UNICA, TAGLIAFERRI, EDI, IMT,

UTBV, METU
Context and Challenges : The generic system platform (fig.2) is compatible with different
The development of wearable platforms embedding bio and :  types of sensors: Gas (NOz NHs; CO), pH, Temperature,
environment sensors is of high importance to enable :  Humidity and Activity sensors.

personalized advice and assistance for health and interactions
with the environment.

The work carried out over the Convergence project, was aimed
at developing and demonstrating energy-efficient sensor
networks for future wearables exploiting the convergence of
multi-parameter such as bio, activity and environmental
sensors on an autonomous system technology platform,
serving data fusion for preventive life-style and healthcare.

Main Results t _ _ :
CEA-LETI has developed low power, wireless demonstration ! Fig. 2 (left) Flexible sensor platform tested with
platform for wearable loT flexible systems compatible with i embedded sensors z (right) Flexible sensor platform
various kinds of sensors developed by consortium partners. i tested with partners sensors
The wearable platform (fig.1) is a modular multi-sensors | Advanced assembly techniques for highly flexible sensor nodes
platform with : (i) data acquisition and visualization in real-time @ have also been demonstrated (fig.3). A new process which
with specific App developed by CEA, (i) Bluetooth Low Energy  © offers flip-chip silicon dies interconnected within a flexible film
2.4 GHz communication, (iii) antenna circuit designed by G-INP | and collective thinning was developed. First tests were
and (iv) low-power system i performed under 85°C and 85% relative humidity. No failure
. i occurred after 500 hours in climatic chamber.
platform B - - = -
L s
- P e N
: S :
P Tepr ; - “
Energy BLE . I’Q"‘
e | - | o
= - e : Fig. 3 Collectively thinned flip chip silicon
Perspectives
remperature S i The next steps will be focused on the integration of the flexible
sensor platform ' platform on a wrist devices. Over the longer term, such devices

will offer unique solutions for new generations of non-invasive

Fig. 1 Schematic of the sensor platform ; ; 2
quasi-continuous healthcare applications.
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Helium-4 optically pumped magnetometers for medical imaging
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Optically pumped magnetometers constitute a valuable tool for imaging biological magnetic signals without
cryogenic cooling. Unlike alkali-based magnetometers, which require heating to >100°C, metastable helium-4
based magnetometers work at any temperature, which allows a direct contact with the scalp, yielding larger signals
and a better patient comfort. We describe here an improved magnetometer reaching a sensitivity better than 50
fT/HzY2, near the photon noise limit, with a bandwidth of 2 kHz. These magnetometers can be operated in a closed-
loop architecture reaching a dynamic range of several hundredths nT. A small array of four magnetometers
operating in closed-loop has been tested with a successful correction of the cross-talks.

SCIENTIFIC COLLABOR@ANS:IHU Liryc, INSL, CRNL, CHU Marseille, ULB, CHU Amiens, CHU Lille

Context and Challenges

Our team develops optically pumped magnetometers (OPM)
based on metastable helium-4 atoms. This sensitive species
works at any temperature, needing neither cooling nor heating,
unlike SQUID or alkali OPM based on th SERF effect. This
allows setting the sensors in contact with the surface of the
body, as close as possible to signals to be observed in medical
imaging. These last years we have made proof-of-concept
recordings of both magneto-cardiography (MCG) [1] and
magneto-encephalography (MEG) [2] with 4He magnetometers
based on parametric resonance which, however, displayed
large noises of >200 fT/Hz? with 300 Hz bandwidth.

Main Results

A full rework of the sensors has allowed us to obtain sensors
with more compact footprints of 2 cm x 2 cm. In contrast with
other OPM we pump the atoms with linearly polarized light,
yielding atomic alignment. This configuration allows measuring
the component of the field radial to the head using light that
propagates radially [3], which allows closer packing and a
simpler optical setup. Our sensors currently have 2 kHz
bandwidth, tri-axial magnetic field measurement, a dynamic
range of several hundredths of nanotesla and an intrinsic noise
better than 50 fT/Hz'2. We have also demonstrated closed-loop
operation of a small array of four sensors placed side-by-side.
The cross-talks of the sensors were probed and are in close
agreement with the theoretical predictions, which opens the
way to an automatic correction.

Perspectives

Clinical trials of the first arrays of helium-4 OPMs are scheduled
with several hospitals and research centers, and will
demonstrate their practical advantages for neurology and
cardiology. There are also ongoing efforts to improve the
robustness and performance of the sensors. We are also
exploring how the coupling of our OPMs with appropriate
optical structures could allow reaching the Standard Quantum
Limit (SQL) of intrinsic noise.

RELATED PUBLICATIONS:

Fig. 1: Bottom of the helium -4 OPM, with its
dimensions

Fig. 2: First array of four helium -4 OPM
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All-optical isotropic scalar “He magnetometer
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We have proposed and tested a helium scalar magnetometer based on a triple resonance setup, showing no dead
angles, and which can be implemented in an all-optical way. This triple-resonance scheme involves optical pumping
with amplitude-modulated light, complemented by a modulated light-shift. Both light beams propagate parallel so
that a single optical access to the atomic cell is needed. Experimental results are in good agreement with our
theoretical model. The main error sources affecting the magnetometer accuracy have been studied.

SCIENTIFIC COLLABORATIOR$MAP, France (H. Gilles)

Context and Challenges

Accurate measurements of the local magnetic field are crucial
for geomagnetic mapping, field measurements in space and
Magnetic Anomaly Detection (MAD). Magnetic resonance
phenomena provide unprecedented levels of accuracy for these
measurements. Developed in the 1960s, optical pumping of
diluted atomic gasses opened the way to a new generation of
magnetic resonance magnetometers. This "double resonance
magnetometers" are based on preparing the atomic states by
optical pumping with appropriate light and on exciting the
magnetic resonance with a radiofrequency field (RF). However,
due to the symmetry breaking by the polarization of the
pumping light, all optically pumped magnetometers show dead
zones, where they are unable to measure the field because the
resonance signal vanishes. The suppression of these dead
zones is very desirable, especially for applications where the
sensor is mobile, such as Earth navigation or space
exploration. In parallel, aiming for simpler and lighter
magnetometers, efforts are made for replacing the coil-
generated RF field by a modulation of the pumping light.

Main Results

In the 1990s, the CEA-Leti pioneered an isotropic architecture
based on locking the linear polarization of the pump light
orthogonal to the measured magnetic field with a servo loop.
Since November 2013, magnetometers based on this principle
are successfully operated on board the satellites of the
European Space Agency (ESA) Swarm mission.

We found that combining double resonance and pump
modulation could lead to a new triple-resonance magnetometer
whose architecture presents an isotropic operation point very
similar to the former CEA-Leti architecture. This scheme can be
implemented in an all-optical configuration combining a
resonant amplitude modulated (AM) pump with an AM circularly
polarized beam, which creates a light-shift RF field. Both beams
propagate parallel which allows using a single optical access to
the gas cell. We have experimentally tested this configuration

RELATED PUBLICATIONS:

and found good agreement with theoretical predictions.

Perspectives

Further work on a complete implementation of this
configuration, including all the light modulations and the control
loops, will allow to probe experimentally the frequency
anisotropy and its accuracy and to compare it with other
isotropic scalar magnetometry schemes.

The flexibility of addressing the measurement cell solely by
optical means opens interesting possibilities of remotely
addressing the sensor in Space magnetometry and oil
exploration for instance.

[1] G. Lieb, T. Jager, A. Palacios-Laloy, and H. Gilles, Review of Scientific Instruments 90, 075104 (2019)



Dual-axis Hanle magnetometer based on atomic alignment with a

single optical access
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The usual Hanle-effect magnetometers allow the measurement of two components of a very-low magnetic field
using three orthogonal light beams. We designed a scheme based on atomic alignment that requires only a single
optical access for both a pump beam and a probe beam with a small angle between them. The results of
experimental tests of this configuration are in close agreement with the theoretical predictions. We show that
measurements of the third component should be possible by instrumentation of a partial depolarization of the pump

beam.

SCIENTIFIC COLLABORATIOR$MAP, France (H. Gilles)

Context and Challenges

Measuring several components of the magnetic field is crucial
for many applications such as studies of fundamental
symmetries and magnetic imaging of biological currents in
magnetoencephalography or magnetocardiography. Most of
the vector optically-pumped magnetometer (OPM) architectures
are based on parametric resonances leading to compact
architectures which allow to build a dense array of sensors,
required for imaging. However, the parametric resonances
require radio-frequency (RF) fields, which may bring cross-talks
in a dense array of sensors. To avoid such imperfections, all-
optical OPMs based on the Hanle effect are interesting. Hanle-
effect-based OPMs based on atomic orientation have already
been studied, but lead to cumbersome OPM architectures to
measure at most two components of the magnetic field and
thus make the implementation in a sensor array difficult.

Main Results

In the past few years, theoretical studies of the Hanle effect on
aligned atoms showed that some atomic variables depend
linearly on two components of the magnetic field. However,
these atomic variables do not contribute to the light absorption
when using the same laser beam to pump and probe the
atoms. We theoretically  found that two probe beams with
polarizations forming a 60° angle are required to measure two
components of the magnetic field. Unlike the orientation-based
Hanle-effect OPMs that require the two probe beams to
propagate orthogonally one to each other and to the pump
beam, but in our configuration the two probe beams can
propagate along the same direction. However, this direction
cannot be the pumping beam's one, but the angle between
them can be as small as 35.3°in the architecture we proposed.
This rather small angle allows one to send the two co-
propagating probe beams and the pump beam through the
same optical access to the cell, hence opening the way for
realizing compact all-optical vector Hanle-effect OPMs, which
can be integrated in dense sensors arrays. The experiment we
carried out led to results in close agreement with the theoretical
predictions.

RELATED PUBLICATIONS:

Perspectives

We further theoretically investigated how to probe the third
component of the magnetic field in this architecture by using
partially polarized pumping light. The results show that it could
be feasible using a third probe beam propagating orthogonally
to the pump beam and thus breaking the insight of a compact
three-axis all-optical Hanle-effect magnetometer. However,
measuring the third component of the magnetic field would
allow one to operate the sensor in a three-axe closed loop
mode, which is highly desirable to avoid the artefacts brought
by inter-axis sensitivities in vector OPMs.

w; / w; Reference

[1] G. Le Gal, G. Lieb, F. Beato, T. Jager, H. Gilles and A. Palacios-Laloy, Physical Review Applied 12,064010 (2019)
[2] Talk at the 2019 WOPM conference in Mainz available at: https://www.youtube.com/watch?v=IYK50Jn2ylI&list=PLK4Df1ZL 5xv20HzXIP_aZu36egwtdamxdsind
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We have characterized an improved and miniaturized version of the scalar/vector absolute “He magnetometers
(ASM-V) operated on-board the ESA Swarm satellites. A new sensor head architecture made of alumina was
operated in a monolithic configuration with a sensor volume reduction factor of 6 with respect to the ASM
instruments. It has demonstrated metrological performances compatible with the scientific needs of geomagnetic
missions based on nanosatellite platforms: a 0.7 pT/GHz scalar resolution over a [DC-100 Hz] bandwidth, a

measur ement

a c ¢ u r and aythentl sehditivity of the(vdctorlsgale factors of 4 ppm/K.
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Context and Challenges

To target future scientific geomagnetic missions based on
nanosatellite platforms, the ASM-V instrument previously
developed for the ESA Swarm mission requested
miniaturization. Supported by CNES, several sensor head
upgrades have been successfully performed showing that the
next generation of miniaturized ASM-V instruments will meet
the constraints and the performance specifications of such
missions [1-3].

Main Results

Following specific activities conducted on the ASM-V DPU to
significantly reduce the volume of the instrument (validation of
new DFB fiber laser diodes at 1083 nm), similar activities have
been performed with the sensor head. A major part of the
sensor head activites have been focused in replacing the
complex {stator+rotor} isotropic structure of the ASM-V
instruments by a monolithic one made of alumina. With this
design shown on Fig. 1, a significant size reduction of the
sensor head is achieved (the sensor head volume is now of 70
cm?d).

Fig. 3 : ASMV alumina sensor head

As shown on Fig. 2.a, we were able to demonstrate a 0.7
pT/CHz scalar resolution in the static Earth ambient magnetic
field, alongwithanaccur acy of about 5
one obtained with the Swarm ASM-V instruments.
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A significant improvement of the sensor thermal behavior was
demonstrated through the reduction of the thermal expansion
factor of the vector scale factors (from 47 ppm/K for the PEEK
on Swarm down to 4 ppm/K here with the alumina). This result
is illustrated on Fig. 2.b through the evolution of the scalar
residual between the instrument scalar measurement and the
reconstructed vector field modulus over temperature.
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Fig. 4 : (a) demonstrated scalar resolution and (b)
thermal stability of the vector field reconstruction

Perspectives

These results have already enabled a selection of the
NanoMagsSat project [1,3] submitted to the 2019 ESA ITT Scout
call for developing future scientific missions based nanosat
platforms. A six-month consolidation phase is on-going before
a possible 3 years mission development program.

All these developments also benefit to other types of mobile

applications, such as airbone MAD or aeromagnetic survey
where project activities have also started.

monitoring of the Earthds magnetic

constellation high-precision magnetic project, AGU 2019, San Francisco, USA, 9-13/12/2019
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[3] G. Hulot et al, The NanoMagSat (Swarm Delta) nanosatellite high-precision magnetic project, EGU 2019, Vienna, Austria,7-12/04/2019
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Electronic equipment tends more and more towards miniaturization. The power supply of these electronic
devices must therefore follow the same trend. One way to make the switching power supplies smaller is to
increase the operating frequency. Increasing the switching frequency up to tens of Megahertz also makes it
possible to produce inductors without iron or even to reduce the mass of the converter by printing the inductors
on the printed circuit (PCB). However, when these switching power supplies operate at more than 10 MHz, the
structures commonly used, even the resonant structures, are no longer suitable. We demonstrate that a new
topology of DC / DC converter, with no gate control chip and with a low voltage stress on the GaN device, can

work in VHF.

SCIENTIFIC COLLABORATIOS#anford (USA)

Introduction

Reducing the size of switch mode power supplies (SMPS)
could be made possible by increasing the switching frequency
up to the VHF range (30MHz- 300MHz). However, different
challenges arise in the VHF range: the switching losses, the
gate driver chip often struggles with providing the correct
transistor switching signal. When designed to be self-
oscillating, the class 02 ¢
limitation in VHF. This work is focused on the development a
DC/DC converter topology based on a VHF selfoscillating
class @ 2 inverter which w
oscillator and a class DE Rectifier.

Inverter Design

The class O 2 inverter is &
topology, with fast transient response and low transistor
voltage stress. The class @
load value. If the load value changes, the zero voltage
switching is lost and the efficiency drops.In order to maintain
the proper behavior when the load value changes, a matching
network is added. The matching network is designed for a
single load value. In order to obtain a tuned power oscillator,
the output voltage of the c
reinjected into the gate of the GaN device. The feedback
circuit is made of an oscillator, a gate bias circuit and
harmonic LC filters.
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Fig. 1: DC/DC converter based on a class _2

Rectifier Design

For the rectifier part of the converter, a class DE resonant
rectifier is chosen. The class DE rectifier is a low diode
voltage stress, zero voltage switching (ZVS) rectifier topology

RELATED PUBLICATIONS:
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Olivier Jeannin, David Frey, Yves Lembeye, PCIM Europe 2019.

suitable for VHF operation. The input current lin resonates
with shunt inductor Lin and the diodes (D1,D2) junction
capacitances at the switching frequency (40 MHz). Current
flows from the ground to node X when D1 is on and from node
X to the output when D2 is on. Cdc is a DC block capacitor
and Cout is a filter capacitor, their value is large enough so
that their impedance is negligible at 40 MHz. At 40 MHz,
diodes D1 and D2 are selected to be schottky diodes in order
to avoid reverse recovery losses.
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Fig. 2: DC/DC converter voltage waveforms
(sim vs exp)

Experimental Results

This topology does not require any gate driver chip and yields
low voltage stress on the GaN device and the rectifier diodes.
A prototype was built and tested; it showed good matching
between the simulation and the experimental results fig 2.

Perspectives

The inverter of class_2 is a single transistor, of ZVS resonant
topology, with a fast transient response and a low transistor
voltage combined with a rectifier with very low losses, could
represent a relevant solution for increasing the frequency of
switching of DC / DC converters and therefore an increase in
power density.

Hi gh Frequency Tuned P oRiarePetichan,iPlefreat o



Inverter for automotive application based on Gallium Nitride
semiconductor technology: The MODULEDProject
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Power density, efficiency and low cost are the main drivers of power electronics. The emergence of new wide bandgap (WBG)
technologies, such as Silicon carbide (SiC) and Gallium Nitride (GaN) keep on pushing the limits. On one hand, smaller power die
design can be obtained by increasing the amount of die per wafer, implying a better yield with respect to the raw materials
consumed. On the other hand, power die using WBG materials enable frequency raise. Passive components size reduction results
in a better power density. WBG semiconductors are also more efficient thanks to fast switching and low on-state resistance. Better
heat dissipation implies cooling size reduction, which, added to innovative modulation methods, enables high power density and
high efficiency systems. We present a system optimization approach of an inverter for 100kW automotive application using GaN
technology. The powertrain was designed alongside industrial recommendations, in order to provide a compact, efficient and

modular system.

SCIENTIFIC COLLABORATIONBUNCHPOWER RAIN(BELGIUN, TU/E (THENETHERLANDS IKA (BELGIUM

Context and Challenges

Electrification of passenger cars and light-duty vehicles will
have a knock-on effect on reducing the greenhouse gas
emission from the transportation sector. However, the maturity
of electrical drives and electrical engines needs a push for
better performance, better comfort and cost reduction in order
to generate a massive adoption worldwide. ModulED aims at
developing a new generation of modular electric engine based
on buried-permanent magnet motor with reduced rare earth
use, and electric drivetrain for various configurations of Full and
Hybrid Electric Vehicles (including cost, environmental impact,
efficiency, and mass manufacturing readiness). The multiphase
e-motor will integrate the latest GaN inverter for power
electronics, advanced control with higher fault tolerance,
advanced cooling features, with reduced sizing and higher
efficiency. It will be linked with a performant electrical drive and
transmission, adapting new regenerative braking strategies.

Main Results

The integration of a 100 kW inverter using 300A/650V in a
motor housing was demonstrated, encompassing power
conversion, DC-link, cooling, local control and communication.
It powers a multiphase motor with buried permanent magnets
with full bridge and reconfigurable phase topology. With low on-
state resistance and fast switching, the global inverter efficiency
is beyond 96% for most critical operating points.

ne crankcase (no esented)

Figurel: GaN inverter integrated in the motor housing (global view).

Efficient, reliable and compact power conversion is the primary
focus. Firstly regarding topology, standard inverters are

RELATED PUBLICATIONS:

composed of power legs (red rectangle, figure 2). The new
topology powers motor phases with full bridges and serial
switches, passing from a 6 to a 3-phase system by putting coils
in series. Moreover, in case of failure, the system is able to
isolate the failure and run the drivetrain by adapting the
modulation, even with a decreased number of phases.

o
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Figure 2: éaN bbwer circuit (left) and equivalent topology
(right, black rectangle).
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Then, the switching cell was optimized to enable stable and
reliable fast switching (20 ns - 40 ns) and optimize switching
losses down to 15-20% of the overall inverter losses (against
50% in Si inverters). Finally, the DC-link was fully rethought
taking into account the use of the new GaN device technology.
Indeed, electrical elements of a system such as capacitance
and inductance become critical with GaN technology.
Mechanical and electrical constraints required to minimize
reactive energy exchange between capacitor stages [1].

Figure 3: DCLink design powering the 6phase inverter.

Perspectives

Working side by side between laboratories & industrial partners
enabled global system weight and volume reduction. Using an
adapted and efficient semiconductor technology, we attained
significant power loss and semiconductor surface reduction, ,
while increasing power density. Such system optimization is a
promising route towards decreasing the price of each parts of
the drivetrain, for cheaper future electric vehicle systems.

[1] C.LANNELUC et al. "DC bus capacitor influence in a GAN motor drive inverter* PCIM Europe 2019; International Exhibition and Conference for Power

Electronics, Intelligent Motion, Renewable Energy and Energy Management
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A new type of converters based on mechanical storage is investigated. A piezoelectric material is used as an
energy storage element like an inductance in a classical Buck-Boost power electronic converter. The proposed
topology enables to dynamically adjust the output power and ratio keeping a high efficiency for a wide range of
output powers and for a wide range of conversion ratios taking advantage of piezoelectric high quality factor and
achieving zero voltage switching. An efficiency higher than 98% for a 160mW power conversion was experimentally
achieved, decreasing slowly to 90% at 750 mW and 78% at 1.4 W for a 10 V to 20 V step-up conversion in radial
resonance mode (100 kHz). And a power of 39,2 W was experimentally achieved in a 120 V to 49 V step-down
conversion in thickness resonant mode (1,04 MHz) with an efficiency of 90% and by using GaN transistors.

SCIENTIFIC COLLABORATIOBATIE (ENS Paris-Saclay, France) - Frangois COSTA

Introduction

In power electronics, piezoelectric elements enable to have a
high power density, a thin and planar geometry, low EMI
radiations, an excellent efficiency; moreover, they can be
integrated on silicon more easily than popular wire wound
magnetic components. That is why piezoelectric converters are
very relevant for compact and planar low power conversions
(from mW to few tens of W), and are therefore particularly well
adapted in power management for energy harvesting, medical
applications and autonomous devices (phone, computer, touch
padég)

Principle

The conversion principle, conceived by the CEA, is based on
the energy and electrical balance during each conversion
period. In one period, the input source transfers electrical
energy to PR (Piezoelectric Resonator), which stores it
temporarily as mechanical energy (indirect effect of
piezoelectricity). Then, the PR restores this energy as electrical
energy when it is connected to the output load (direct effect of
piezoelectricity). Therefore, the input energy is equal to the
output energy with adding losses. Assuming the energy
balance in steady state, the amplitude of current i is constant,
which allows getting a sustainable-oscillation.

Power circuit and experimental set -up:

/@

=t

PR

i i/
.

Conversion cycle:
The conversion cycle in steady state is presented in the
following figure for a 120 - 48 V input-output voltage and 10 W

RELATED PUBLICATIONS:

output power. The period of conversion is composed of 6-steps:
three steps at constant voltage (connected steps) and three
steps at constant electrical charge (isolated steps). The
constant voltage steps allow the PR to exchange energy with
input source and output load, while the constant electrical
charge allows evolving VP to achieve soft switching.

§ sof- 0.9 ) 3) @

W h=y =

current (A)
(=]
in
g
s
=

| | | I | . |
576 7T 8 ' 10
t(ps)

Experimental waveform:

=
-
=]
Wl
s

(R
Bhhb b

s g Em., ﬁ

Conclusions

1 Improved power density relative to the magnetic
components when the operating frequency is greater
than 200 kHz

1  High efficiency over a wide power range (>90%) with
a pic of 98%

1 Up to 39,2W with only one piezoelectric resonator
with a thin form factor (750pm*@25mm)

[1] Effects of disc-shaped piezoelectric size reduction on resonant inductorless DC-DC converter, Benjamin Pollet, Mustapha Touhami, Ghislain Despesse,
Francois Costa, IEEE 20th International Conference on Solid-State Sensors, Actuators and Microsystems & Eurosensors, 2019
[2] A New Non-Isolated Low-Power Inductorless Piezoelectric DCi DC Converter, B Pollet, G Despesse, F Costa, IEEE Transactions on Power Electronics 34 (11),

11002-11013.

[3] A new inductorless DC-DC piezoelectric flyback converter, B Pollet, F Costa, G Despesse, 2018 IEEE International Conference on Industrial Technology (ICIT),

585-590
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Magnetodynamic wireless power transfer (WPT) is a low-frequency WPT technology based on an
electromechanical receiver comprising a permanent magnet moving in a coil. Because of the low-frequency field,
this technology is safe around humans and enables transfer through conductive media as seawater and metal. In
this work, we focus on the design and the optimization of the power receiver with advanced modelling methods. The
fabricated 25-cm?3 receiver presents substantial improvements in terms of transferred power (4.9 W) and power

density (x40) compared to previous receivers in the same conditions of fields.

SCIENTIFIC COLLABORATIORavid Arnold from the Interdisciplinary Microsystems Group at University of Florida

Context and Challenges

Inductive coupling solutions dominate the market of wireless
power transfer (WPT). However, this technology is highly
susceptible to the presence of conductive media around the
coils (sal t ed wat MagnetodymanicaWPd )s.based
on the magnetic coupling between a transmitter generating a
low-frequency magnetic field and a receiver comprising a
magnet physically moving within a receiver coil (Fig. 1) [1-2].
The time-varying magnetic field from the transmitter creates a
varying torque on the magnet that tends to rotate. The relative
motion of the magnet with respect to the receiver coil changes
the magnetic flux through it and generates an electromotive

force at its terminals by electromagnetic induction.
Transmitter system Receiver system

Rotating

Power | magnet | SREERe
s i |

Power . Bt
_amplifier| <°! ¥ “coil

AC power

\: Electronics |
) DC power
| Battery/load |
Figure 1. Magnetodynamic WPT principle.

The low frequency of operation has the advantages to be safe
around humans and in presence of metallic objects, to be
possible through conducting media, and to be less susceptible
to creating electromagnetic interferences (EMI) (Fig. 2).

Low-frequency WPT technology, safe through

Tlssue Nletal Subsea :::

Figure 2: Magnetodynamic WPT can transfer high
power safely through various media because of its low
operating frequency.
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Main Results

The design of the power receiver is optimized using advanced
numerical modelling. The magneto-electric transduction
coefficient is determined by finite element analysis (Altair Flux)
and the maximum power output and optimal load are
determined using Simulink for a 10-mT 50-Hz field. The 25-cm?3
optimized and fabricated receiver generates up to 4.9 W of
power at the center of a 40-W 18.5-cm transmitter coil, which
represents 12 % of efficiency and 0.2 W-cm of power density,
which is 40 times better than previous versions in the same
conditions of field (70 Hz, 6.6 mT).

Numerical simulations (COMSOL) show the screening effect of
metals on alternating magnetic fields (Fig. 3): the field in a 2.3-
mm-thick aluminum box decreases by 31 % at 100 Hz, and by
99.6 % at 100 kHz. Experimental tests further prove the
transmission through a metal box at low frequency: 1.2 W are
transmitted at 50 Hz, which represents a 42 % decrease from
the configuration without the box.
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Figure 3: Simulations of alternating magnetic field
through a metal box.

Perspectives

In the future, this technology will be further developed to power
autonomous systems for biomedical applications (implants,
wearables) and systems for industrial interests (autonomous
vehicles, isolated sensor node).

[1] N. Garraud, A. Garraud , D. Munzer, M. Althar, D. P. Arnold, Modeling and experimental analysis of rotating magnet receivers for electrodynamic wireless power
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Journal of Physics : Conference Series (PowerMEMS 2017), 1052 (2018) 012023,

[3] N. Garraud, B. Alessandri, P. Gasnier, D. Arnold, S. Boisseau, Optimization of a magnetodynamic receiver for versatile low-frequency wireless power transfer,

PowerMEMS 2019, Krakov, 2019.



CEA-LETI SCIENTIFIC REPORT 2019 | SYSTEMS

Acoustic power transfer and data communication through metal

walls

RESEARCH TOPIC:

Acoustic Power Transfer, Isolated and inaccessible Sensor
Nodes, Data communication

AUTHORS:
Olivier FREYCHET, Francois FRASSATI, Vincent JOSSELIN,
Sébastien BOISSEAU, Ghislain DESPESSE

Acoustic Power Transfer is of great interest to supply and communicate with sensors located behind metal walls
without drilling holes. The system we propose consists in using two piezoelectric discs placed on both sides of the
metal wall, enabling power and data transfer thanks to ultrasonic waves. Hereafter are presented power
transmission results and a fast and easy-to-implement characterization method for this technology. We demonstrate
that high efficiencies and high power transfers can be obtained: up to 76% of power transfer efficiency and more
than 10 W reached on a 1.2 mm-thick steel wall and 50 % of transfer efficiency reached on a 55 mm-thick steel
wall. The characterization method allows to get efficiencies and power per volts capabilities over frequencies with a
single frequency sweep with a Vector Network Analyzer (VNA). It moreover gives the optimum electrical loads to
connect at the emitter and at the receiver sides to reach the best performances.

Introduction

Powering sensors behind metal walls without drilling holes to
pass wires is of great interest as holes may result in weakened
structures, loss of pressure or chemical leakage issues. Also,
electromagnetic techniques are ineffective to communicate
through non-thin metal walls because of Faraday shielding. The
solution under study consists in transmitting power and data by
using ultrasonic waves generated by piezoelectric actuators
and propagating within metal walls (Fig. 1).

Electronic
&

Sensors

Fig. 1- Schematic of the system

VNAbased characterization method

The Acoustic Power Transfer device presented in this paper is
a linear system and can be fully-described by its impedance
matrix, linking input and output currents and voltages. So as to
characterize and optimize our system, we developed a novel
method [1] based on the exploitation of Scattering matrices
provided by a Voltage Network Analyzer to determine in real
time the maximum transmitted powers, the maximum
efficiencies and the optimal electrical loads to connect both at
the emitter and at receiver sides.

Power Transfer Efficiencies for various walls

The effectiveness of this characterization method combined
with an efficient fixation system [1] have been tested on various

RELATED PUBLICATIONS:

walls with various thicknesses, permeabilities or conductivities
(Fig. 2). We have proven that: power transfer efficiencies up to
50% are reachable even with 55mm-thick steel walls. On thin
walls (1-2mm), power transfer efficiencies reach 70-80%. These
results have been obtained using the VNA-based
characterization method at low signal excitation and have been
confirmed at higher powers. In particular, we have proven that
up to 10 W can be transmitted through these walls with
efficiencies closed to the ones determined by the VNA-based
method. Advanced models and experiments have also shown
(i) the necessity of using good acoustic couplants to maximize
power transfer efficiencies, (ii) the impact of misalignment and
(iii) the impact of temperatures on efficiencies.

Fig. 2- Power transmission efficiency on different
metal walls with various thicknesses

Perspectives

The next steps will be focused on the improvement and the
robustification of the concept, by optimizing the piezoelectric
shape or by using other techniques such as MIMO (Multi-Input
Multi-Output). Another perspective is to improve data
communication obtained previously (2.5 kbps across the 55 mm
wall) to tens of Mbps by using innovative communication
schemes.

[1] A Versatile Through-Metal-Wall Acoustic Power and Data Transfer Solution, O. Freychet, S. Boisseau, F. Frassati, V. Josselin, P. Gasnier, N. Garraud, R.

Gohier, D. Gibus, Brulais, G. Despesse, Proc. PowerMEMS 2019.



