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Assessment of RF-EMF exposure levels in incoming 5G indoor scenarios using deterministic computational
dosimetry.

Take-Home Messages
e Two different indoor uniform planar array (UPA) antennas at 3.7 GHz and at 14 GHz were modelled to simulate

the presence of a 5G Access Point (AP) in a room. Two different human models and some different

configuration scenarios were considered, where the UPA antennas gain was maximized to obtain the RF-EMF
exposure assessment.

e The highest SAR,( 4 levels were obtained in the head area for all the exposure scenarios and the highest
SARq4 peak values were measured when the UPA was placed laterally to the human model.

e The work highlighted that the reciprocal position between the antenna and the model head, but also the
frequency range and the distance, are factors that could greatly influence the levels of exposure.

e The targeted biological applications are the calculated SAR, (4 distributions in some specific tissues of the two
human models, due to the exposure to a 5G Access Point (AP).

e The study permitted to expand the knowledge about the RF-EMF exposure assessment on a single user,
considering the novelties introduced by the incoming 5G networks in indoor scenarios.
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Abstract The study aimed at expanding the knowledge about the assessment of radio-frequency electromagnetic fields (RF-EMF)
exposure, considering the novelties introduced by the incoming 5G networks. Specifically, a possible future case of indoor
exposure scenario is investigated, where the presence of a 5G access point (AP) in a room is simulated. The AP was modelled by
two different indoor uniform planar array (UPA) antennas at 3.7 GHz and at 14 GHz, to evaluate how the beamforming and the
higher frequency use could impact the exposure levels. Different scenarios were evaluated, considering the maximum antenna
gain, two different human computational models, an adult model and a child one, and by varying the distance and the orientation
between the UPA antenna and the two models head. All the simulations were conducted using the Sim4Life platform and in
particular the exposure levels were expressed by the specific absorption rate averaged on 10 g of tissue (SAR;q,4), which was
analyzed for the skin and for some specific tissues. The work underlined that the highest SAR, 4 values were obtained in the head
area for all scenarios, with the skin SAR;,, highest peaks when the UPA is placed laterally to the human model (195.73 mW/kg
and 223.29 mW/kg for the adult and child model, respectively, for 100 mW input power). Furthermore, the work permitted to
highlight that the SAR, o, exposure levels are slightly higher for the child model, compared to the adult one and that the distance
between the UPA antenna and the human models could greatly lower the SAR, o, levels. At last, it was found that the SAR, 4
exposure levels obtained with the UPA antenna at 14 GHz were lower than the ones at 3.7 GHz, although further investigations
will be necessary.

Keywords — RF-EMF, indoor exposure, SG access point, human models, computational dosimetry

development of higher multi-element antenna arrays. These
I. INTRODUCTION! antenna arrays will be implemented not only at the BS in the
outdoor environment, benefitting of the massive Multiple
Input Multiple Output (MIMO) technology [6, 7], but also
much closer to the users in the indoor scenario, where many
Access Points (APs) will serve short range areas using dense
small cells deployments [8-10]. The use of multi-element
antennas will be fundamental also to counterbalance the
major problem of very high path loss that signals will
experience at new 5G frequencies; in fact, the beamforming
capability of antenna arrays will permit to obtain high
focalized beams with the benefit of countermeasure the
severe path loss with high antenna gain in the desired
direction and reduce the network interference and the

electromagnetic emission towards other directions [11-13].
Although 5G networks promise to provide benefits for all

HE future will be characterized by the deployment of the

5th generation of mobile networks, which will represent
a significant evolution compared to the previous 4th
generation (4G) long term evolution (LTE) networks. In
particular, the next 5G networks has been designed to satisfy
new requirements such as higher data rate increase, low
latency and higher number of connected devices and will
renew the world where we live in, bringing new services,
utilities and benefits to the whole population and to the
automotive, health and industry sectors. Indeed, the 5G
networks will characterize the idea of future smart homes,
cities and societies, for developing the world of Internet of
Things devices’ connections [1-4]. Initially the 5G networks
will be.: coupled with the existing 4G networks, before the the population, it is also undeniable that it happens at the
evolution to the fully standalone deployment. Furthermore, expense of drastic changes on the user exposure conditions

to satisfy al.l these new tech nology requirements, the.: >G to the RF-EMF [14, 15]. Therefore, it is clear that the 5G
networks will be characterized by the use of additional

spectrum, in the range between 3 to 100 GHz. In particular,
for the Italian country, the first new licensed frequency
ranges will be between 3.6-3.8 GHz and 26.5-27.5 GHz [5].

The use of these higher frequencies will imply the
possibility to deploy more dense networks characterized by
smaller cells at the Base Station (BS) and will result in the

networks deployment is raising questions and worries from
the general public and it is thus necessary to conduct
promptly an exposure assessment, considering the new
antenna technologies and frequencies involved [5, 16].

In literature there are some studies on the exposure levels
evaluation of the exposure levels considering the next 5G
networks deployment. Some works focused on the exposure

, , ) assessment considering the introduction of the new 5G
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involve the use of the new 5G technology for the uplink
scenario [20-22]. Furthermore, considering the downlink
scenario, the literature studies focused on the exposure
assessment due to the deployment of massive MIMO BS in
outdoor scenarios [23-25], whereas others focused on the
indoor environments, considering that the 5G innovations
will be deployed also for indoor BS (Access Point AP),
closer to the users [26-28]. Among them, Shikhantsov et al.
[27, 28] evaluated the exposure levels in a human model
considering two different downlink indoor scenarios. The
first work [27] assessed the exposure caused by an indoor
massive MIMO BS at 3.5 GHz in an industrial environment
and the second one [28] was focused on a prospective 5G
wireless networking technology, in which humans are
exposed by several interfering sources at 3.5 GHz.

Therefore, the present paper fits into this contest with the
aim to expand the knowledge on the exposure levels
considering the novelties of the incoming 5G network,
focusing on a specific case of indoor scenario. In particular,
we simulated an indoor scenario with an AP with some 5G
networks, i.e. a dense microcell deployment, new frequency
ranges and beamforming capability. The AP was in fact
modelled by two different models of uniform planar array
(UPA) antennas. The first model of UPA antenna was
characterized by 64 patch elements at 3.7 GHz, in the range
of the first licensed frequencies in Italy, whereas the second
model involved an UPA antenna with 1024 elements at 14
GHz, to evaluate how an increase in the operation frequency
could impact on the exposure levels. The downlink exposure
levels were assessed considering the case where the UPA
antenna gain was maximized. To evaluate how the user’s age
could impact on the level of exposure, two different human
models were used, one of an adult and one of a child and it
was decided to direct the primary beam of the UPA antenna
towards the head area of both models. Furthermore, we
repeated some simulations for different configurations and
distances between the UPA antenna and the head models to
verify the impact of these factors on the levels of exposure.
For all the simulated conditions, the human exposure levels
were assessed and compared by evaluating the specific
absorption rate (SAR), a quantity indicated also in the
ICNIRP guidelines [29]. More in specific, the distributions
of SAR mediated on 10 g were evaluated for all the domain
of interest and for some specific tissues.

II. MATERIALS AND METHODS

A. Antenna Design

For the antenna design we started from our previous work
[30] and in particular, as shown in the upper part of Fig.1, the
access point located in the room was modelled firstly by an
indoor UPA antenna with 64 elements. More specifically,
each element of the UPA antenna was characterized by a
simple patch antenna composed by three layers. The
dielectric properties of the three layers were chosen
according to data in literature [28]. In specific, the ground
and patch layers were modelled as PEC materials, whereas
the substrate element was modelled by a dielectric material
(dielectric properties: €, = 2.25 and o = 0.0005 S/m).
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Fig. 1. (a) In the left part, the design and the dimensions of the indoor UPA
antenna with 64 elements at 3.7 GHz and the single patch antenna details.
In the right part, the directivity diagram in the air. (b) In the left part, the
design and the dimensions of the indoor UPA antenna with 1024 elements
at 14 GHz and the single patch antenna details. In the right part, the
directivity diagram in the air.

The dimensions of the single patch antenna are reported in
Fig.1, resulting in a total dimension of the UPA antenna of
around 29x29x0.5 cm. The choice of the dimensions and the
antenna model have been carried out in order to have a
resonance of the array antenna at 3.7 GHz. At last, the UPA
antenna was driven by an input power port of 100 mW in
total, in line with the specifications of 3rd Generation
Partnership Project [31], the phase shift between the different
array elements was set to zero and all the elements of the
antenna were excited simultaneously with a gaussian signal.

In this way, as it is illustrated in upper part of Fig.1, the
main lobe of the array antenna is in the boresight direction,
i.e. perpendicular to the plane of the antenna, so providing
the maximum gain. As it can be seen from the above part of
Fig.1, to evaluate the impact of the operation frequency on
the exposure levels, we also modelled an access point at 14
GHz. In this case, the 5G indoor access point was modelled
by an indoor UPA antenna with 1024 elements at 14 GHz.
The total number of the patch antennas and their dimension
were chosen in order to obtain an array antenna with a
resonance at 14 GHz but with the total dimensions
comparable with the one at 3.7 GHz, i.e. 28.8x28.8x0.1 cm.
The phase shift between the elements and the total input
power of the array antenna remained the same as the array
antenna at 3.7 GHz. As shown in Fig.1, decreasing the
wavelength, the directivity of the antenna increases, showing
a sharper perpendicular lobe respect to the case at 3.7 GHz.

B. Exposure Simulations

All the simulations were implemented with the finite-
difference time-domain (FDTD) solver of the simulation
platform SIM4life (ZMT Zurich Med Tech AG, Zurich,
Switzerland, www.zurichmedtech.com). Ella and Roberta
human models from the Virtual Population [32] were used,
as it is shown in Fig.2. Ella represents an average female
adult (age = 26 years old, height =1.63 m, mass = 57.3 kg,
BMI= 21.6 kg/m), whereas Roberta characterizes a child
(age = 5 years old, height =1.1 m, mass = 17.6 kg, BMI=
14.8 kg/m).
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Fig. 2. Example of the three different examined configurations for the indoor
64 elements UPA antenna at 3.7 GHz. (a) For Ella model (the red box
indicates the domain of interest in the model). (b) For Roberta model (the
red box indicates the domain of interest in the model).

The tissues dielectric properties of Ella and Roberta were
chosen according to literature [33, 34], considering the
chosen frequencies of 3.7 GHz and of 14 GHz.

For the UPA antenna at 3.7 GHz, the computational
domain included the antenna and the human model, but this
last was limited to the head and torso area in the case of Ella
(as evidenced by a red box in Fig. 2a), whereas for Roberta
the full body was included. The computational domain was
discretized with a nonuniform grid with a maximum step of
0.9 mm for the human bodies, to correctly discretize all the
tissues, resulting in a maximum total number of about
180 x 10° discretization cells. The computational domain
was truncated by assuming a perfectly matched layer (PML)
absorbing condition at the domain boundaries.

In the case of 14 GHz UPA antenna, the computational
domain was limited to the head area for both models, due to
computational costs (the total number of cells were in fact of
about 1 X 10%). The domain was discretized with a
nonuniform grid with a maximum step of 0.4 mm for both
the human bodies, applying the same PML absorbing
condition at the domain boundaries.

C. Exposure Scenarios

The configurations for the 5G exposure scenario at 3.7
GHz were chosen in order to have the main lobe of the UPA
antenna pointing towards the models’ head for different
reciprocal positions of the head and the antenna, to assess
which configuration caused the highest exposure levels. For
this reason, for both models, three different configurations
were examined, as it is shown in Fig. 2. In the first
configuration, the antenna is placed laterally to the head
model, in the second one is placed in front of the head model
and in the third one posteriorly to the head model. The
distance between the subject and the UPA antenna remained
the same for all three configurations and for both models and
was equal to 50 cm from the central head point of the model.

To evaluate how the distance between the source and the
human model could impact on the exposure levels in 5G
indoor exposure scenario, for the lateral configuration the
simulations were repeated for a distance between the antenna
and the central head point of both the models equal to 1 m,
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fixed the other parameters (input power and phase shift).

Finally, to evaluate the impact of the frequency, the
exposure levels were estimated considering an access point
equipped with a modelled 1024-elements array antenna at 14
GHz, for both human models in the lateral configuration at a
distance of 50 cm from the antenna.

D. Exposure Assessment

To express and to compare the head exposure levels, in all
the scenarios and for both human models, we decided to
evaluate the distributions of the Specific Absorption Rate
averaged on 10 g of tissue (indicated from now on as
SAR;4), with particular interest to the skin, the eyes tissues
and brain tissues. More specifically, for the skin tissues, the
SAR, 4 distributions were examined considering either the
head and torso body regions taken together or limiting the
body region to the head area only, supposed to be the body
area primarily exposed to the beam of the UPA antenna. As
for the eyes tissues, the SAR,, distributions were assessed
considering the cornea, sclera, lens and humor vitreous for
both models. Finally, the SAR, o4 distributions were assessed
considering the whole brain (which included for Ella’s brain
grey matter, brain white matter, hippocampus, hypophysis,
hypothalamus, medulla oblongata, midbrain, pineal body,
pons, thalamus, commissure anterior and posterior, and for
Roberta’s the same tissues except for the commissure
anterior and posterior), the brain grey matter alone and the
cerebellum. The SAR;,, distributions in the skin, eyes and
brain tissues were displayed calculating for each tissue the
boxplot. Furthermore, to better quantify the SAR;,,
distributions, the following quantities were calculated for
each tissue: the maximum, median, mean values, quartile
coefficient of dispersion (QCD = (Q; —Q,)/(Q; + Q,),
where Q; and Qjare, respectively, the first and third
quartiles of the distribution) and at last the skewness and the
kurtosis indexes.

[I. RESULTS
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Fig. 3. Distribution of the SAR, o, in the skin domain induced by the indoor
64 elements UPA antenna at 3.7 GHz at a distance of 50 cm from the head
model for the three different configurations, in the upper panels for Ella and
in the lower panels for Roberta.

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

> JERM-2020-07-0099<

In Fig. 3 are shown the distributions of SAR; o4 on the skin
at 3.7 GHz for 100 mW input power, with a distance of 50
cm between the antenna and the head model in the three
configurations, for Ella in the upper part and for Roberta in
the lower part. It can be easily noticed that the distributions
have a similar trend between the two models. The highest
SAR o4 values were obtained in the head area, whereas the
torso (and also the limbs for Roberta) showed almost null
values for both models and in all the exposure scenarios.
Specifically, the highest values were individuated in the head
region closer to the UPA antenna, namely in the ears area for
the lateral configuration, in the nose and eyes area for the
frontal one and in the occipital region of the head closed to
the cerebellum for the posterior one.

For better characterizing the exposure levels, Fig. 4 reports
the boxplot of the SAR,, distributions for each examined
tissue in both models, considering the three different
configurations at 3.7 GHz, 64-elements antenna and a
distance of 50 cm from the antenna. Furthermore, to better
quantify the same SAR,q, distributions, Tab. I reports
maximum, median, mean values and QCD, skewness and
kurtosis indexes. As it can be seen from both the boxplots in
Fig. 4 and the values in Tab. I, among the different tissues
the highest SAR,, values were obtained in the skin tissue,
more precisely in the head region (the peak values of the head
skin were in fact the same of the one found in the head and
torso skin region). For Ella, the peak values for skin are
195.73 mW/kg, 100.29 mW/kg and 50.44 mW/kg,
respectively for lateral, frontal and posterior configurations.
It means that the lowest skin peak value, obtained in the
posterior configuration, is about Y4 of the highest value
obtained in the lateral one. The same trend was found for
Roberta, although the peak values in the three exposure
configurations were slightly higher compared to the ones
found in Ella (223.29 mW/kg, 159.49 mW/kg and 112.64
mW/kg respectively for the lateral, frontal and posterior
configurations), and the decrease from the highest to the
lowest peak values was of about '4. Furthermore, it was
found that the median and mean values for the skin of the
head region only (mean values of 11.21 mW/kg, 8.11
mW/kg, 8 mW/kg for Ella in the three configurations) are
higher compared to the values obtained in the skin tissue that
comprises both the head and the torso (1.81 mW/kg, 1.36
mW/kg, 1.36 mW/kg for Ella). Comparing the boxplot
distributions of only head skin and of the head and torso
region skin, reinforced what we expected that, because of the
head position closer to the antenna rather than the torso, for
both models the levels evaluated in the head skin only were
higher than the levels simulated for the torso and were
consequently responsible of the peak values evaluated for the
skin in the whole domain. This is less obvious for the whole
brain tissues compared to brain grey matter alone but the
trend is similar. In fact, also in this case, the maximum values
obtained for the whole brain coincided with the maximum
values for the brain grey matter, and the median and mean
values for the brain grey matter were greater than the values
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Fig.4. Boxplots of the SAR;,, distributions in the tissues of interest for

both the Ella and Roberta models, considering the indoor 64 elements UPA

antenna at 3.7 GHz at a distance of 50 cm from the head model for the three

different configurations. The lower and upper bounds of the box represent

the first and the third quartiles, the red line is the median value, and the
whiskers are the minimum and maximum values of the distribution.

for the whole brain. Interestingly, the lateral and frontal
configurations gave quite similar peak values in the brain
grey matter for Ella (88.1 mW/kg and 84.73 mW/kg, with
49.47 mW/kg for the posterior exposure), whereas for
Roberta’s model similar values were found for the frontal
and posterior configurations (85.06 mW/kg and 86.33
mW/kg, with 119.33 mW/kg in the lateral one). The values
obtained for the cerebellum and the eyes tissues highlighted
that the reciprocal position between the UPA antenna and the
model head could greatly affect their levels of exposure. For
example, the peak values for Ella in the eyes tissues vary
from 80.76 mW/kg in the frontal configuration, where the
UPA antenna is definitely closer to these tissues, to 0.12
mW/kg and 33 mW/kg in posterior and lateral ones, with a
percentage reduction of respectively 99.9% and 58%. For
Roberta, the percentage reductions were around 99.4% and
72.6%, respectively. Furthermore, as it can be seen from Tab.
I, the highest median and mean values for the cerebellum
were obtained for both the models in the posterior
configuration, where the UPA antenna is closer to this tissue,
with a particular increase especially in Roberta, which also
presented the maximum exposure value for the lateral
configuration, as it can be noticed from the boxplot in Fig. 3.

In general, for both models the mean and median values
deviated significantly from the maximum values and had
much lower values in the whole tissues under investigation.
Furthermore, the QCD, skewness and kurtosis indexes
revealed high values in almost all tissues and configurations,
which indicates the data show high degree of variation and
strongly deviate from being normally distributed.
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TABLE
ESTIMATED QUANTITIES FROM THE SAngg DISTRIBUTIONS FOR THE ELLA AND ROBERTA MODELS AT 3.7 GHz
ELLA ROBERTA
Tissue Parameter LAT FRONT POST LAT FRONT POST
Maximum (mW/kg) 195.73 100.29 50.44 22329 159.49 112.64
Skin Median (mW/kg) <0.01 0.01 <0.01 0.02 0.04 0.05
Mean (mW/kg) 1.81 1.36 1.36 2.40 2.04 2.02
(Whole QCD ~1 ~1 ~1 ~1 ~1 ~1
Domain)
Skewness 8.91 8.39 6.03 8.68 7.99 8.22
Kurtosis 101.35 81.10 43.64 102.45 84.62 84.90
Maximum (mW/kg) 195.73 100.29 50.44 22329 159.49 112.64
Median (mW/kg) 1.98 1.51 3.17 455 4.56 3.12
. Mean (mW/kg) 11.21 8.11 8.00 16.98 13.94 13.22
Skin (Head) QCD 0.96 0.96 0.96 0.89 0.80 0.89
Skewness 321 2.86 1.87 2.79 245 2.50
Kurtosis 15.12 10.95 5.96 12.46 9.78 9.35
Maximum (mW/kg) 88.10 84.73 49.47 119.33 85.03 86.33
Median (mW/kg) 0.19 0.14 0.14 0.50 0.40 037
. Mean (mW/kg) 227 1.38 1.62 4.12 2.45 325
Whole Brain QCD 0.98 0.97 0.98 0.95 0.93 0.96
Skewness 4.44 5.72 427 4.41 5.11 427
Kurtosis 27.80 5237 2523 29.15 35.92 23.93
Maximum (mW/kg) 88.10 84.73 49.47 119.33 85.03 86.33
Median (mW/kg) 0.28 0.26 025 0.71 0.62 0.58
Brain Grey Mean (mW/kg) 3.03 1.89 1.99 533 3.18 4.06
Matter QCD 0.98 0.96 0.97 0.95 0.91 0.95
Skewness 3.74 484 3.87 3.78 4.40 3.74
Kurtosis 19.86 37.75 21.36 21.73 26.67 18.80
Maximum (mW/kg) 17.35 0.20 2325 119.33 3.82 110.63
Median (mW/kg) 0.05 <0.01 0.82 0.52 0.03 527
Cerebellum Mean (mW/kg) 0.77 0.01 232 421 0.09 13.72
QCD 0.97 0.96 0.90 0.94 0.94 0.91
Skewness 353 3.78 2.00 291 3.14 1.85
Kurtosis 17.71 20.73 7.03 11.79 25.98 6.26
Maximum (mW/kg) 33.68 80.76 0.12 3117 113.72 0.74
Median (mW/kg) 1.12 38.93 0.03 1.17 55.39 0.06
Eves Ti Mean (mW/kg) 5.81 40.66 0.03 5.66 5721 0.09
yes Hissues QCD 0.95 047 0.57 0.92 041 0.55
Skewness 1.29 0.01 1.04 1.08 <0.01 252
Kurtosis 3.78 1.54 3.38 3.09 1.60 11.41

In particular, these parameters permitted to highlight that
for the widest examined tissues (e.g. whole domain skin,
whole brain and brain grey matter), almost the totality of the
values concentrated in a range from zero to one hundredth of
the maximum. The SAR;,, distributions in these tissues
were in fact strongly skewed to the values near zero and the
percentage of values higher than the mean was in fact around
only 10-11% for the skin, around 20% for whole brain and
around 22-23% for the brain grey matter, depending on the
exposure configurations. Considering the head only skin
domain and the tissues with a smaller extension (e.g.
cerebellum and in particular eyes tissue), the distributions
become smoother and less skewed, strongly depending on
the configuration under examination, as it can be noticed
from the skewness and the kurtosis indexes in Tab. I and the
boxplot in Fig.4. For example, the percentage of values
higher than the mean is equal to 30% for the cerebellum in
the posterior configuration and increases until 47% in the
eyes tissues in the frontal configuration, where the
SAR, 4 distributions are almost normal for the two models,
although even in those cases the percentage of values close
to the maximum remained very limited.

The above simulations, with same antenna array, same
frequency, same input power and same two models, have
been repeated in the lateral configuration, moving away the
UPA antenna at a distance of 1 m from the central head point.
Compared to the results obtained for a distance of 50 cm, the
peak values of the SAR, 4 skin distributions decreased from

195.75 mW/kg and 223.29 mW/kg to 0.14 mW/kg and 0.07
mW/kg for Ella and Roberta, respectively. This drastic
reduction of around almost the 99.9% on the exposure levels
was consistent across all the tissues examined.

Finally, Tab. II reports the results simulated with the UPA
antenna with 1024 elements at 14 GHz with 100 mW input
power, for both models in the lateral configuration (the
figures of SAR; 4 distributions and boxplots could be found
in the supplementary material section). The SAR,
maximum values are again in the head skin tissue, for both
models (SAR;o, peak values equal to 63.46 mW/kg and
58.40 mW/kg and maximum absorbed power density
averaging on a square area of 4 cm? of skin tissue equal to
0.98 W/m? and 1.8 W/m? for Ella and Roberta
respectively). The comparison of these results with the
results obtained at the frequency of 3.7 GHz highlighted how
the use of a higher frequency drastically lowered the
maximum SAR;,, levels in the skin tissue of about the
67.6% in Ella and about the 73.8% in Roberta. From the
values shown in Tab. II, it could be noticed that also in this
case Roberta's mean and median values are slightly higher
than those of Ella, with the only exception of the eyes tissues.
Furthermore, the QCD, skewness and kurtosis values
reported in Tab. II confirmed that also at 14 GHz the
distributions are highly left skewed, with the only exception
of the head skin tissue, which presented a smoother
distribution.
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TABLE I
ESTIMATED QUANTITIES FROM THE SAR; o, DISTRIBUTIONS FOR THE ELLA
AND ROBERTA MODELS AT 14 GHz

ELLA ROBERTA

Tissue Parameter LAT LAT

Maximum (mW/kg) 63.46 58.40

Median (mW/kg) 1.87 6.54

Skin Mean (mW/kg) 7.75 10.53

(Head) QCD 0.99 0.93

Skewness 1.43 0.93

Kurtosis 4.02 2.92

Maximum (mW/kg) 26.32 29.98

Median (mW/kg) <0.01 <0.01

Whole Mean (mW/kg) 0.17 1.15

Brain QCD 0.99 0.97

Skewness 9.56 4.78

Kurtosis 126.13 26.97

Maximum (mW/kg) 26.32 29.98

Median (mW/kg) <0.01 <0.01

Brain Grey ~ Mean (mW/kg) 0.27 1.66
Matter QCD ~1 ~1

Skewness 7.54 3.90

Kurtosis 76.85 18.30

Maximum (mW/kg) 10.92 20.67

Median (mW/kg) <0.01 <0.01

Cerebellum (]\)/IET)H (mW/ke) 0;?7 0;15

Skewness 11.85 5.78

Kurtosis 168.43 40.08

Maximum (mW/kg) 26.52 20.33

Median (mW/kg) 0.30 0.25

Eyes Mean (mW/kg) 4.71 2.08

Tissues QCD 0.99 0.97

Skewness 1.64 2.15

Kurtosis 4.19 6.57

IV. DISCUSSION

This paper focused on the evaluation of human RF
exposure assessment in a possible future case of 5G indoor
scenario. The novelty of the paper consists in considering
antenna arrays and new higher frequencies that will be
introduced by 5G networks. Two different UPA antenna
were in fact modelled simulating an indoor 5G AP at 3.7
GHz and at 14 GHz. Two different human models, different
reciprocal positions and distances between the antennas and
the models were considered, to better characterize the
exposure assessment. The analysis was mainly focused on
the SAR; 4 distributions in some specific tissues of interest,
that are the skin, the brain tissues, the cerebellum and the
eyes tissues. Our simulations highlighted that for the
examined configurations the highest SAR;,, values were
obtained in the head area rather than the torso and limbs area.
This result is in line with the decision of directing the main
lobe of the boresight antenna toward the models’ head, thus
making models’ head the closest area to the antenna.
Furthermore, it was noticed that the most exposed head
region is greatly influenced by the reciprocal position
between the head and the UPA antenna. The analysis of the
SAR, 4 distributions of the different tissues showed that the
highest values occur with a very small percentage, especially
considering the largest tissues examined (e.g. skin and whole
brain), whereas for the smallest tissues (e.g. eyes, ears,
cerebellum) the values distributions showed a smoother
trend. In the considered scenarios all the values were well
below the exposure limits indicated by the ICNIRP
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guidelines of 2 W/kg for the local head and torso SAR [29].
Since in the present paper a specific indoor case of
exposure scenario was analysed, it is not easy to find in
literature previous studies with the same characteristics to
make a fair comparison. It remains however interesting to
discuss, at least from a qualitative point of view, similarities
and differences with other studies which investigated on 5G
frequencies or indoor scenario exposure levels. For example,
we found that the configuration with the highest
SAR o4 values was the lateral one, where the UPA antenna
at 3.7 GHz is placed on the side respect to the model's head,
and this conclusion is in line with the analysis of Shikhantsov
et al. [27], where, although the distance between the antenna
and the human model was much greater than our analysed
cases, the highest exposure values were obtained in the
lateral exposure of the head. Additionally, also in the work
of Uusitupa et al. [35], where a single-plane wave exposure
was considered, the highest exposure values were almost
always found in the side-exposure cases. It was in fact
underlined that in the GHz region, the typical peak SAR
locations were in the fingers, toes, nose, ears, chin, penis and
testicles regions, because the field could effectively enter
inside these body parts that had relatively small dimensions.
Furthermore, the use of two models with different ages
highlighted that the child was characterized by slightly
higher exposure SAR, 4 values respect to the adult, in almost
all the examined configurations. The same trend was found
in the work of Uusitupa et al. [35], where the exposure levels
were assessed considering various human models of
different ages and the boy model presented actually the
highest values of SAR respect to the adult models. The
distance increase between the antenna and the model head
resulted, as expected, in lower exposure level. Although the
results remained quite intuitive, they permitted to highlight
the fact that the distance between the user and the indoor AP
was the factor, among the analyzed ones, with the strongest
impact on the SAR, distributions. At last, we showed that
increasing the frequency to 14 GHz with a 1024-elements
UPA antenna lead to lower the SAR,q, values, for both
human models, when the antenna was placed lateral to the
head, although further specific investigations into absorbed
power density levels will be needed in the upcoming studies.

V. CONCLUSIONS

In conclusion, the aim of the work to further expand the
knowledge on the exposure assessment in 5G indoor scenario
was achieved. The SAR,, exposure levels were simulated
for UPA antennas at 3.7 GHz and 14 GHz, two human
models, different reciprocal positions between the antenna
and the model head and different distances. In the future,
traditional computational methods will be combined with
stochastic and machine learning techniques, to extend the
exposure assessment for a multitude of exposure scenarios,
not limiting the analysis to few worst-cases but facing off
with the heterogeneity introduced by 5G networks [36-38].
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Fig. 5. Distribution of the SAR, o, in the skin domain induced by the indoor
1024 elements UPA antenna at 14 GHz with a distance of 50 cm between
the antenna and the head model for the lateral configuration, in the left panel
for Ella and in the right panel for Roberta.
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Fig.6. Boxplots of the SAR;, distributions in the tissues of interest for both
the Ella and Roberta models, considering the indoor 1024-elements UPA
antenna at 14 GHz at a distance of 50 cm from the head model for the lateral
configuration. The lower and upper bounds of the box represent the first and
the third quartiles, the red line is the median value, and the whiskers are the
minimum and maximum values of the distribution.
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