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5 Axes Iin Chair C2M:

« Numerical and experimental dosimetry

« Statistical modeling of exposure, stochastic dosimetry

* Influence of network technologies and architectures on exposure
« Standardization of exposure assessment methods

« Parameters governing the social perception of risk
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" Introduction to EMF Exposure to Human Health
= Assessments of RF-EMF Exposure

= Al methods-based prediction

= Stochastic Modeling of Exposure

= Summary and Perspectives
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N WHAT IS EMF EXPOSURE?
5G
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Dangers of 5G Technology (English Edition)
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ICNIRP)

INTERNATIONAL COMMISSION N~ —
NON-IONIZING RADIATION PROTECTION

GENELEG

afnor

NORMALISATION

A N I- R
E NATIONALE DES FREQUENCES

Authorities:

ICNIRP safety guidelines on gl

EMF exposure: 61V/m for
radio frequency (up to 2GHz);

IEC/CENELEC has designhed
standards for measurement
and calculation of EMF
exposure.

The National Frequency
Agency (ANFR) provide public
accessed database  with
Information of BSs and EMF
measurements;

Does EMF Exposure lead to adverse health effects?
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N e WHAT IS EMF EXPOSURE?

Specific absorption rate (SAR) a measure of the
rate at which the body absorbs RF energy from an
EM field. It is defined as ratio of electromagnetic
power absorbed (watts) by tissues to the mass
(kg) of these tissues. Itis defined as

Jﬁ:(» absorbed power in volume V
_
Alternating mass of the volume V

Electric Electric
& Magnetic & Magnetic TV & Radio Mobile Microwave Visible Ultaviolet X-rays Radioactive
Fields Fields Broadcast Phones & Satellite  Sunlight Sources
IIIIIIIIIIIIIIIIIIIII'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIII IIIIIIIIIIIIIII
OHz 50Hz 3000THz 30EHz

Relationship between SAR and electric field:

TEpnsc?
NI AVAVAVAVATATAVIITR N
| NONdOWIZNG | ONIZING ’

o is the conductivity (S/m) and p the mass density
(kg/m?3), Egrys is the electric field strength (V/m)
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Scientific Basis *:
Only adverse health effects

» Heating (from ~100kHz)

» Nerve stimulation (up to
~10MH2z)

No evidence for

« Cancer

» Electrohypersensitivity
* Infertility

» Other health effects

1. https://www.icnirp.org/en/activities/news/news-article/rf-guidelines-2020-published.html

increasing exposure

Scientific
uncertainties

"[

For the whole body
exposure higher than 4
W/kg for longer than 30
min, the rise in human
threshold of the critical effect body temperature can
be higher than 1°C

| |

< basic restriction I 10 times below, in SAR
(W/Kg) and APD (W/m?)

Reference level (ICNIRP)

_, E Field (V/m) corr_esponding
basic restrictions in W/Kg

|

Reference level (Each country) No greater than Ref level
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Table 1 Reference levels or exposure limits for the general public for electromagnetic fields in inhabited areas in member
states of the European Union and selected industrial nations outside the European Union (situation July 2017)

Most countries follow ICNIRP
reference level

e z z
et e et
= e 0 S
3 & 3 & £ g 2 & £ g 3 i £ g
28 ¥z E8_ ¥z 33 EE_ ¥z 33c EE_ iz 3ic Is it enough?
Efe §E. GPr 5B E:T Bfe BEo it EES REc SEE gn:
Country: S8S £E82 TEZ £82 §32 TES E8z2 §EZ 3 ES2 §52
1999/519/EC 5000 100 a1 0.14 4.5 58 0.20 9 61 0.20 10
Austria [5000] ooV [an [0.14] [4.5] [58] [0.20] 9] 61 [0.20] o] . .
selgium ~ w av - - w —- - |sam| - - Reference level is defined based
Bulgaria @ —( — — 0.1 — — 0.1 — — 0.1 . .
Croatia 2000 40> 175 0.055% 0.72% 235 0.078% 1.4% 255 | 0.084% 1.7% on S h o) rt p erio d ex p erimen tS
C 5000 100 a1 0.14 4.5 58 0.20 9 61 0.20 10 . :
T B (6min/30min).
Czech Republic 2000 200 al 0.14 4.5 58 0.20 9 61 0.20 10
Denmark —_ —6) — —_ -_ — —_ -_ — —_ —_
Estonia 5000 100 41 0.14 4.5 58 0.20 9 61 0.20 10
Finland [5000] ooy " a1 0.14 4.5 58 0.20 9 61 0.20 10
5000 &) 1008 a1 0.14 4.5 58 0.20 9 61 0.20 10 .
S st w0 @ o a5 s ow s | a| oo 0 CUMulative long term effect of EMF
G 5000 100 3219 01119 2719 459 0,150 5.4 10) 47'9 | 0.16'9 610
exposure has not been proven, but
Hungary 5000 100 a1 0.14 4.5 58 0.20 9 61 0.20 10
Ireland 50000 1001 a 0.14 4.5 58 0.20 9 61 0.20 10 IS S'“” under |nvest|gat|on (W|th
Italy - 312 6 002" 0.1'3) 6 002 0113 613 )aoz”’ 0.1'3) . . .
- - - - - - - - M - - epidemiologists)
Lithuania 500" 20 = = 0.45 = = 0.9 = — 1 TELECOM
Paris
SEIGT
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User load « Monitor time variation on
profile Environment EMF RF exposure

* indoor
* outdoor
* commuting

Time Period

Population

+ children
* young people
* adults

* seniors

® non-user
* light user
* medium

 Monitor spatial variation
el on EMF RF exposure
1 O .
Global ~ E Average . Adapt to dynamic
Exposure UL+DL dose )
r Network environments on EMF RF
exposure (Outdoor, Indoor)

+ data on
tablets

* voice call ...

» standing
* sitting

* RAT
¢ cell type

o Statistical distribution of
EMF exposure

* In situ measurement
* Sensor networks — +
- Spot measurement Realistic
: + Exposure _ _
* Drive test Level Collaboration with
» Al based Prediction Epidemiologist
 Mathematical modeling

B 4] |
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N MEASUREMENT CAMPAIGNS ON EMF EXPOSURE

80MHz-6GHz broadband device

- Isotropic measurement\
Vast Measurement campaigns: E

Electric field probe

France

1. Sensor networks: France, Greece, Serbia,
Spain...

EMF LEVEL MONITORING

The time-variation of the total exposure

Greece ‘
Funded by SEAWave project spawave erbia
. (f@ypRrisToTLe A 1 T — (2)) . S, - -
Partne rS . {Q_tji;;JTHESSALONWKI HW@HN!U:F s ")) EEAE cre:x sromc exency coumissio l N)‘)‘J l]]] e c %;ﬁﬁgg E T R I Nﬁuﬁﬁfﬁﬁﬁﬂ%ﬁ
'fi\r-;_._‘;\ﬁ.’-é\ ' TELECOM
Paris

e Fio |
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Vast Measurement campaigns:

2. Spot measurements: France, Greece, japan, Germany

The spatial-variation of EMF exposure

Funded by SEAWave project SEAWE??’e

. : }A RISTOTLE nm ot ( ~ ) ) y S s, ?ﬂzmxuam
Partners: (&6 o '“'A“m ez INdel T OIMec *gj;"ﬁé& ETIRQ NCP sk
.ﬂ&(“\’?..-xz\ﬂ-"‘é;

TELECOM

Paris

e Fio |
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o

Vast Measurement campaigns:

3. Drive test: France, Japan, Korea

The spatial-variation of EMF exposure
The time-variation (daily) of EMF exposure

Korea

SW-installed laptop 553
Scanning receiver & antenna

ETifwREA

‘ 7.'.\
() M I e e e (l’.}.)‘}) ‘mec &% ETRI NICP sisiianan
= = Paris

Partners (152 JHlUNIVERSITY OF ANFF '
B 4] |
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I  STATISTICAL ANALYSIS ON EMF EXPOSURE

_ o
= 5
ditan = Drive Test in Massy 2023
3 48.740 XS

Real time spectrum analyzer
Tektronix RSA3068

s8.735 PSP ;"\‘} ) 1% « 3672 points in Drive test

100 spot measurements

>« 15 sensors ‘ Temporal

Drive Test: Tektronix 5755 (i 3
N I

RSA 3068 "}'i /vy variation
48.720 I 0 X0
s6.915 LR NS
0.40- EEE Drive Tost ’ 1.0+
035 W spaot
0.30- . | . . . . - 0.8+
£ B | Statistical distribution: .
Eu,zo é

_ By frequency band 0.4+

0.10- 1
. 0.24
0.05- ‘ ‘ Total E fleld_ —— Spot Measurement
0.00 . o 0.0- —— Drive Test
6o 1 2z 3 4 5

E Field (V/m)
[1] Wang, Shanshan, et al. "RF Electromagnetic Fields Exposure Monitoring using Drive Test and Sensors in a French City." 2023 URSI GASS. IEEE, 2023. TELECOM

*Supported by EU’s Horizon Europe Framework Program under Grant N° 101057622 (SEAWav e Project). paris

B 4] |
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Outdoor + Downlink

Drive Test in Massy

—— Moving Average +/-0m
Moving Average +/-100m
—— Moving Average +/-200m

Drive Test -4~ oing average +-300m
VS. =
Spot [0 £

13h24 13h36 14h00

Apply Moving Avere{'a% (sliding window)

13h48

* We compared the correlation between E field from each
location of spot measurement and nearest drive test

location.

* We observe a strong correlation between two cases.

[1] Wang, Shanshan, et al., 2023 URSI GASS. IEEE, 2023.

14h12

1.0

Data within one window:
0.8
* Perform KS test 0.6

(Gaussian) 5
«  Obtain p-value o
0.21
*p < 0.05 2 Reject null hypothesis

- Significant difference 0.01

Correlation between Spet and DT (MA over 100m) is 0.81

CDF of p-value in ks test for normal distribution

=

/p—value =
T

+/-20m
+/-50m
+/-100m
+/-200m |
+/-300m
+/-400m |

0.0 0.2 0.4 0.6 0.8 1.0
p-value

= = g [l w
o wn o w o

E field from nearst DT point within 50 m
(=]
Ln

=
o

MA with
window size:
100m

0.0 0.5 1.0 1.5 2.0 2.5
Spot Measurements Cas A (en V/m}

*Supported by EU’s Horizon Europe Framework Program under Grant N° 101057622 (SEAWav e Project).

17 04/02/2025
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[Indoor ¥ Bownlink] pui ranspors

o

-2

| . o
Average E-field for all frequencies in different types of transports . In doo r Off| ce bL“ Id N gs 4 =
mm 700DL | 121 = 5G
0 ™M 800DL . R —
8| mmm 900DL I Operator 1 | T =
\ | _ 1800DL l B Operator2 ! E L Teft Offices Narda NBM 550
s 2100DL . Operator 3 ..
i 'E e 26000 I ator 4 Table 6. K-S Test checking the normality of exposure on all wings of building A, B, and C.
S | mm 3500TDD Il Opersor "
““‘:' " Wing Type Status Test Statistic p-Value
é . I AOR Corridor Occupied 0.118 0.308
o« - AOL Corridor Occupied 0.133 0.187
MVG EME 0.2 | 270m AIR Corridor Occupied 0.147 0.086
Spy Evolution ‘ I | . AL Corridor Occupied 0.08 0.795
| Corridor Occupied 0.089 0.599
e etro Train Tram us RER  T.station Alrports . AR R Office Occupied 0.144 0.848
Scenarios 250,77 L Office Occupied 0.166 0.776
. . 2 I A2L Corridor Occupied 0.114 0.363
K-means C|USter|ng using 4 moments: {”f; O-f; Sf; Kf} - BOR Corridor Occupied 0.131 0.287
o I i 3 BOL Corridor Occupied 0.139 0.244
Of p ower d ens Ity' . E mgede B1R Corridor Occupied 0.12 0.365
Results | BS: Base Station BIL Corridor Occupied 0.085 0.814
: . [l stairs X -
M3-6, 8, 11-14, RER E, linc P, @ euiding = R -z =
] orriaor mp! .
Cluster 1 All trams (except T1), 5 buses, l BIL R Office Empty 0.248 0235
All train stations (except CDG), - L Office Empty 0.114 0.932
CDhG alrport I COR Corridor Occupied 0.091 0.991
Cluster 2 Ml, 2’ 7, 9’ 10, RER B, D, Tl, 3 bllSBS, . COL Corr%dor Occupied 0.173 0.078
Line H, CDG train station, Orly airport I *p<0.05means CIR Corridor Occupied 0104 0507
. . . CI1L Corridor Occupied 0.089 0.656
RER A, C
Cluster 3 : I z REJe(.:f:t nu ” 2¢Othe5|s C2R Corridor Occupied 0.106 0.498
. Significant difference Corridor Em 0.162 0.056
[1] Yarui Zhang*, Shanshan Wang, et al., IEEE Access (2024). : 2L R Office Emﬁg 0251 0.172
[2] Mulugeta, Biruk Ashenafi, Shanshan Wang*, et al., Sensors 23, no. 7 (2023): 3583. | L Office Empty 0.130 2

TELECOM

Paris

* Supported by EU’s Horizon Europe Framework Program under Grant N° 101057622 (SEAWav e Project). =g
..

Télécom Paris

Gaussian distribution!
C2M: CARACTERISATION - MODELISATION - MAITRISE
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To Evaluate the transmit power:

« In different locations (Num: 380)

* universities,
* streets,
e train station,
* shopping mall,
e airport...
* For different services
* Voice Call
*  WhatsApp Voice
*  WhatsApp Video

 FTP Data Uploading

« 2G, 3G, 4G vs. 5G

[1] Jiang Liu, et al., IEEE Access (2024).

TX Power {(dBm)

25

204

\VoIP-5G enabled

B FrUMTS/LTE @ Fr NR SN THP UMTS/LTE B THP NR

ol 1
UMTs UMTS LTE LTE LTE LTE LTE LTE LTE

761"
590 [ERT

400 2100 00 1800 2100 2600 BOO 1800 2100 2600
MR NR R
3500 3500 3500 3500
Band

* Supported by EU’s Horizon Europe Framework Program under Grant N° 101057622 (SEAWav e Project).

19 04/02/2025

- 0.06

- 0.04

0.02

TX Power (dBm)

25

[~
=1

STATISTICAL ANALYSIS ON EMF EXPOSURE

VoIP-5G disabled

mm By UMTS/LTE @ THP UMTS/LTE

0.10
0.08
l 0.06 %
=3
=
141.4' -
o
I 0.04 £
I 78.9'
378
28.3 23.6' 4 F0.02
1.4' 2.9
UMTS UMTS LTE LTE LTE LTE LTE
900 2100 700 BOO 1800 2100 2600

40

N
o
1

TX Power (dBm)

|
N
o

|
o
o

—60

Band

LTE vs. 5G NR (Tx Power)

o
1

LTE
NR

\jc\j € " ab\e(n “ab\ed\ ab\ed\ kSG enab\ed‘

dis Gée G en
£ (56 e A _
o ¥ vow JoW® enoCt Jo? EV oCc N

Same trend observed for other services

TELECOM

=TT
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20

REBT: radiated energy per bit transmitted

REBT = Transmitted Energy  PxT _ Py
Transmitted bits Data Throughput
. Time | Pr NR P; | THP NR THP | REBT
Service 5G Tech (min) | (dBm) | (dBm) | (Mbps) | (Mbps) | (mJ/Mb)
GSM | 0.03 23.97 0 NA
VoCS and VOLTE | disabled | UMTS | 48.1 932 NA 0 NA
LTE 330.58 | 8.62 0.03 242.33
_UMTS | 3028 | 851 0 NA
enabled | LTE 141.39 | 8.16 e 0.05 e 131
VoIP ENDC | 14387 | 2.48 0.61 0.03 0.08 26.55
. UNMTS 29.0Y &.0U 0] NA
disabled |—rp o157 716 | A 006 | NA 86.67
UMTS | 3.63 1979 | ... 0.05 1905
enabled [[LTE 113.16 | 13.58 | % 0.54 E 42.02
Video ENDC | 199.14 | 851 467 0.36 0.38 13.55
. UMIS 3.49 19,79 0.U5 1903.8
disabled | —rp———=13 351180 | NA 057 | NA 26.67
UMTS | 3.03 2028 | .. 0o | .. NA
enabled |[ LTE 20039 | 22.09 | 1057 | 15.31
FTP ENDC | 292.68 | 20.20 | 9.80 1521 | 721 51
] OMTS | 3.03 70.28 0 NA
disabled 15615 [ 21.55 | A 1479 | NA 9.65

Compared with LTE, ENDC (5G) is
more energy efficient.

04/02/2025 C2M: CARACTERISATION - MODELISATION - MAITRISE
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B AI-BASED PREDICTION ON RF-EMF EXPOSURE

_ Prediction of RF-EMF exposure map

Drive Test Routes I '
= e [ ] o)
AN 5 : o7
Bobigny

- = Mobile App: | * Time (UTC)

Geo Tracker |, Coordinates (Lat, Lon)

/.
7ol

-2000 e Tm - orde, (o Con Al S P i
-2000 0O 200040006000800010000200040008_ ,
[m] o
Tri-axis antenna . M easures :
| ‘ (MHz): Frequency E-Field (V/m)
Equipment: 700, 10-400 MHz 28
. i - y : 800, 0.4-2 GH 1.375 f1/2
Jektroni RSAS0EE ottt » - EField from gog A2 Ohz !
= 3-axis dipole antenna 1800 2-300 GHz 61
. SWltgh 2100, Eq900(2
= Arduino 2600,
Switch 3500
[1] Shanshan Wang et al., Telecom. Vol. 3. No. 3. MDPI, 2022. TELECOM

[2] Wiart, J. Radio-frequency human exposure assessment: from deterministic to stochastic methods; John Wiley & Sons, 2016. Paris

= i)
Télécom Paris
@-; IP PARIS
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B AI-BASED PREDICTION ON RF-EMF EXPOSURE

Features from BS;:

BS, /\,

Distance dgs _yser

Azimuth of antenna

Other Features :

° Fully-Connected Layers

Time
Location of the Rx

ANN
Models

=

Locally-Connected Layers Fully-Connected Layers

Model (a)

04/02/2025 ] Télécom Paris

Model (b)

=

2000

Reference

| Reference, "y

(Noiseless) o ey % 3

- )’ .3

e

\
e Y o e
. ’7 {.

0

500 1000 1500 2000 2500 3000
X (m)

Reconstruction
s Reconstruction, & 5
(Noiseless) e o
2500 s
- ’ [
[}
2000
. »
- =
i . !:&"’ '
1000 e' = (’. t ‘
8 " _;’:«. 3 h: ,_}.
™~ 4
S 500 1000 1500 2000 2500 3000

X (m)

Good agreement

N Model (a) Model (b)
R* MSE R MSE
3 | 0.66522 | 0.00148 0.805 0.000605
5 | 0.74810 | 0.00111 | 0.806985 | 0.00079
7 1 0.75016 | 0.0011 | 0.813376 | 0.000764
Interpolation?
or
Extrapolation?

-3808

TELECOM

=TT

@ IP PARIS
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o

1.0 —
Testing set o
Predicted measurements o~ g
v 21 0.8 Filtered measurements
N g 0.6 /-
o @] /
b 0.4 /
‘ h a=120° Vs
OpenStreetMap Tx I
0.2 /
Antenna panel ~
/8 S
Lo -
P2 00052 04 06 08 10 12 14 16 18
E_field (V/m)
200m

e =-]
Training route é[ 1 Neighborhood
Neaaal

leb
| Feature Description
f X 2.4265
l 5
I2 Y o s
I3 Measurement hour v ™
fa Density of surrounding buildings s :
fs Height of closest building it
Parameters fo_r fe Distance to closest building .\
Cost 231-Walfisch fr Number of active bands inside a circle centered at each MP with a radius of 160 m Bk 3£
: fs Number of active antennas inside a circle centered at each MP with a radius of 160 m
Ikegaml model. fo,i={1,....16} Distance to first 16 closest sites
J10,i={1,....16} | Average height of active antennas for the first 16 closest sites M 2
Ji1,i={1,....16} | Number of active bands for the first 16 closest sites g
J12,i={1,....163 | Number of active antennas for the first 16 closest sites el
rel i
.
- ” .

[1] Chikha, Wassim Ben, Shanshan Wang, et al. IEEE Access (2023).
* Supported by EU’s Horizon Europe Framework Program under Grant N° 101057622 (SEAWav e Project).

04/02/2025
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Some ongoing works:

1. Use CNN model to learn environmental parameters
* Intelligently learn from the city structures
* No need to manually processing propagation parameters

2. To quantify the uncertainty come from various aspects:
e Dynamic radio environment;
* Simultaneous traffic load from the base station;
 Performance of measurement device due to temperature, humidity, and other environmental
conditions;
e Uncertainty from the in-sample and out-of-sample prediction.

TELECOM

Paris

B 4] |
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Stochastic geometry allows the analysis of

metrics of random network models

» Could be used in modeling the exposure

Exposure (E field) ~ P, = Z Peyl |21

The CDF of the power can be determined

using Gil-Peleaz inversion

1 1 (%1 :
Fprx(x) = 57 ;j ?S[B_thMGFprx (—jt)]dt
0

MGF(x): Moment generating function
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Actual 4G Poisson point

network process grid

BSs and UEs distributed as PPP
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Maximize coverage vs. minimize EMF exposure?

Joint distribution of Coverage and EMF Exposure: G(T,T") @E{P{ >

System Model: Realistic BS database:

1(r)=x*(r?+22) " — GPP

(5)=x ( i ) - Paris’ 5G NR2100band — d

|h |~ Rayleigh * Brussels’ LTE1800band ——  |-PPP with a radial
intensity measure

G(T,T ) @ p ;;Df Fe 1)15 ( Fx (m) Y7 (51) —ﬁ/ﬂx Im [¢1(q|Bs/c)¢(T, T, 1(Bs/c))] qldq) ds

1 . .
/ / [— X ( ) — [ —_Il"[] [G)}(qh‘g. (‘)0) C,(T T’. fo)]:| fRD,@)O (?"g. 90)(]’.'?‘0 (flgg
00 Jro P ly Jo Tq

[1] Gontier, Q., Wiame, C., Wang, S., Di Renzo, M., Wiart, J., Horlin, F., Tsigros, C., Oestges, C., and De Doncker, F., "Joint metrics for EMF exposure and coverage in

real-world homogeneous and inhomogeneous cellular networks", IEEE Transactions onWireless Communications 2024

O ST,S.+1.<T"
I0+c72 o0 ﬂ

Brussel LTE 1800 MHz I-PPP
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Challenges: Realistic modeling of 5G Massive MIMO networks!t!

+  Massive MIMO Array Gain: f; (g)~aexp(-ag)

« Digital Beamforming
* Single User : i
« NYUSIM Simulator Channel Gain:fH(h)zwhb‘lexp(—hm) k T

The distribution of total received power 52
[1] o5} | R
(exposure) Simple model «— B
Fer(X)=PT P <x},P = Z P,H.G,L »  Isotropic antenna gain  os R e

BS;€Wps * Rayleigh fading

u4 L : 3 3 : : : i . :
0.5 1 1.5 2 2.5 3 35 4 4.5 5
Exposure strength [mW] <107

[1] M. Al Hajj, Shanshan Wang, L. T. Tu, S. Azzi, J. Wiart., Applied Sciences, 10(23), 8753. TELECOM
Paris
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System model

 Downlink multi-cell, multi-user massive MIMO network

- BSs and UEs modeled as PPPs ®gg and BPP @ on R?
« Large scale fading (BS, and MT,): Bix(R;x) = max(d, Rj;) ™ ¢
« Small scale fading: hy,~ CN (0, I), i.i.d. Rayleigh fading

*  Precoding: Maximum ratio transmission (MRT): aj, = \/iﬁh;‘k

« Average power received

Py R “ j®
~1IRion LI 4 . i -
-- I' _. 5} ] .H.'-- . .: . Ny
fi, \.‘_: | | . .

Average Average multi-user Average inter-cell
useful signal interference interference
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= Max-Min Fairness Power Control: to ensure equal SIR for all served UEs. o poumten
= Power control coefficient at the nearest MT to its BS 7,4 as 3
_ 1+ paiBio [
o B ¥ 1+ paiPu | Not g
0 &kePur By tractable 3
» Proposition 1. We approximate it using the law of large 0ty _
n u m b erS ' ’ II‘:}umb;f of sfnou\lanif)usly:fervedaiATs,‘:(D " B
Average signal power to
1+ paiBue verify validity of the
Mk = = = ' '
Bu(Kpar + K.Y (ay) + KyY(a_N)) apE)rOX|mat|Son
S = paiE[moBid)
where Y(ay) is the expectation of (,85(,)_1 —
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Derivation of The Average Power Received
S = Mpa (1 + papr Qg + papn Qi) L,

d?*(\f,N dQ*C.EN I N
II = QW)\BSpdg + — (pLQm ‘I‘pNQg(})
2 N — 2

Ty = L N (1 —po)™
M = Pdi (pL Qo + P QZO) K(pa + T(ay))

X 2F1< K(pa+Y(an)) Kpa+T(ar) + (K -1)Y(an) ps )
T —

ar
K. = _
| (ar)

Y(ay) = T(ay)

—Q L K 2
S d=s d? 200 17 2 2 1 S 1d

= 1 — — 2K —1)+R°) —RFi | —=, 1 — K; =, —
ﬂm+3—%+5d2

I —ag+3 (KR @st3 o~
+ ( 2 ) (K) — —d s, (1 - K, ; :
2R \T (K + —559) 2 2w

, , A EIR
Télécom Paris C2M: CARACTERISATION - MODELISATION - MAITRISE
W 1P PARIS
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Numerical Results — Average Power

Number of Lines: Analytical Framework Markers: Monte-Carlo
Served UEs

\ 3(10-5

7 -
P - 4 6 210 o — k= K= 10
— =4 K= 10 = %= K= 10 1.8r == K=20
Z 181 -6 k=20 35 —-K=20 = —0- K= 40
E --of- k=40 T 5 K= 40 Esl 16}
1.6 E S © g
H 5 3 * 2 E
Toqar = g c o 5 4T
@ 5] * 7 5 @
g L o5t s g4y H
o 12F T % 7 = 0.4 £ 12r
2 =] i ] [¢) -
E 1 o-07? o 2 * £l 2 o9 s
- AT B * o = Q @ o
o8 &5 3 o 3 3 5
= sty g1s *. o 3 ox 08] o7 C
So6f o i e o §2r o g &7
20 i e B o7 o* s 0 =
S04t (a4 AT K 5 * o 3 = 1 ® Fom ¥
. e o > - x & - L *
@ - E * z % Q,_O oL 0.4 o *__*_-*
o 02l of o 5 '.*,,*—»*-‘ 05} ,.*'" Q_,O' oo e @ [ : _.*__*,
< U P SRR k.ﬁ‘ & RS < y Ay e
e st B8 oo s o2f o 0% ot
PR o ] i i i i i Y SEPRPNR s S I ! | | | | | 0 I I I 1 I i | | I | ,‘2;"@"*"
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 pgE . . . . . . J
Ass x10°° Ags %107 Ags %107 0 01 02 03 04 05 06 07 08 09 1
Ags %108

(a) Multi-user interference (b) Useful signal (c) Inter-cell interference (d) Total power received

[1] Al Hajj, Maarouf, Shanshan Wang, and Joe Wiart. EUCAP, pp. 1-5. IEEE, 2022. TELECOM

Paris

B 4] |
33 04/02/2025 C2M: CARACTERISATION - MODELISATION - MAITRISE
@ IP PARIS




A 9P

/-

C2M
I  STOCHASTIC MODELING OF EXPOSURE

MRT vs. ZF

1 -+ ,ﬁdl]E |: I ):|
K (pa +E [8;'])

1 -+ ﬂdl]E [ {(s )]
K (pa+E[8{;'])

ERt = Mpa

I l(s
+ palE Z B, + par E[gi )]—

lebps/{l}
-35¢
- l'(s) [ S MRT:K=40,M=64
-n‘f -R- i + [ E = A=4U M=
i = (M~ K)parg oy [af I t,@%{! S . Ui
o M , — 5 -ZF K=40M=128
= : « ~--ZF K=40,M=256
<
Comparison of the average total power received by 2 S0§ “~w i
MT, under MRT and ZF precoding schemes versus ¥ g B, P
cell radius with different number of antenna M. e S, |
- -60 |-
-65 1 1 | | |
50 100 l‘ 50 _ : 200 250 300
[1] Jiangbo Wang, Shanshan Wang, and Hajar El Hassani. Submitted to WiOpt, 2024. Cell TR oy
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CoM
B SUMMARY AND PERSPECTIVES

Summary:
« Actual EMF exposure can be measured, characterized, monitored from deployed networks
« Artificial neural networks can be used to to predict EMF exposure.

« Stochastic model EMF exposure can be done for both current and future networks

Perspectives:

« EMF-aware design of networks are integrated with more emerging technigues, such as
Integrated sensing and communications (ISAC)

Reconfigurable intelligent surface (RIS)

« How to quantify the uncertainty in the EMF exposure predictions using Al means.
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