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Focused Downlink Radiofrequency Electromagnetic Field Exposure at 26 GHz Using an Analytical

Hanne Herssens*<1), Arno Thielens(D(

Model

2)

(1) Department of Information Technology, Ghent University, 9000 Ghent, Belgium, *email:hanne.herssens @ugent.be
(2) Photonics Initiative, the Advanced Science and Research Center, the Graduate Center of the City University of New York,
10031 New York, NY, USA

Abstract

Wireless telecommunication requires downlink (DL) data
transmission from the network to the user equipment (UE)
and vice versa. New technologies for DL transmission
use focusing of radiofrequency (RF) electromagnetic fields
(EMFs) at the UE. Therefore, the DL exposure focused at
the UE is determined here. We consider a UE located next
to the skin receiving at 26 GHz. At this frequency, the ex-
posure will be limited to superficial tissues such as the skin,
which is modeled using a multi-layered model. Using this
model, the EMFs can be determined analytically. Focus-
ing of the EMFs is achieved by applying maximum ratio
transmission precoding. It is found that there is a minimum
number of incident plane waves (> 10) needed to achieve
an EMF hotspot at the UE. The exposure is quantified us-
ing the peak spatial absorbed power density at the surface of
the model. The absorbed power density depends on the UE
location and behaves periodically as a function of distance
between the UE and the skin if focusing is achieved.

1 Introduction

The deployment of the 5th generation (5G) cellular mobile
networks changes the radiofrequency electromagnetic field
(RF-EMF) exposure compared to the legacy technologies
(2G-4G). In 5G networks, the downlink (DL) data trans-
mission occurs over beams directed at the user equipment
(UE), so-called beamforming, or by constructive interfer-
ence using excitation of multiple channels with precoded
antenna array transmissions, leading to a focusing of the
EMFs around the UE location [1, 2]. This is a result of the
Multiple-Input-Multiple-Output (MIMO) technology that
is used by the base stations (BS) [3]. This technology en-
ables precoding, i.e., the controlling of the amplitudes and
phases of the BS antennas such that constructive interfer-
ence occurs at the intended receiver (UE). As a result of
this, the RF-EMF exposure will be focused at the UE.

The majority of the 5G networks that are rolled out in the
EU operate in the frequency band around 3.5 GHz. Our
previous work also focused on this frequency [2]. A new
frequency band of emerging 5G networks is a frequency
band centered around 26 GHz (24-28 GHz). At these higher

frequencies, the short penetration depth will lead to a su-
perficial absorption of the EMFs. Therefore, the exposure
will be limited to superficial tissues like the skin. It is no
longer useful to use (a part of) a whole-body model, as was
done at lower frequencies [1, 2]. Additionally, these whole-
body models will lead to a high computational cost. An
often used model at this frequency is a multi-layered skin
model [4, 5]. The authors of [5] compare such a model with
an anatomically accurate whole-body model. They found
that at this frequency the EMF distribution inside the tis-
sues differs in a non-negligible way between the two types
of models. However, we assume that the precoding of the
EMFs will make this difference in distribution less impor-
tant, since the exposure in this case will be even more local-
ized than with single plane wave exposure. Such a multi-
layered skin model has more advantages compared to the
whole-body models besides computational cost. The thick-
ness of the different layers can more easily be varied and the
far-field exposure of such a model can be calculated theo-
retically [6].

In this work, the DL exposure focused at the UE, so-called
auto-induced DL (a-DL) exposure [7], is determined using
an analytical model. The UE is located next to the skin and
operates at 26 GHz. The outline is as follows. Section 2
explains the analytical model and precoding that is used.
Section 3 describes the obtained results. Section 4 forms a
conclusion.

2 Materials and Methods

2.1 Analytical Model

Figure 1 shows the multi-layered skin model exposed to an
incident plane wave (EaL ). The model consists of a skin
(epidermis + dermis, /; = 1.2mm), a fat (/, = 4mm), and a
muscle (I3 = o) layer representing the wrist [4]. This case
could occur e.g., when wearing a smartwatch. At 26 GHz,
the stratum corneum has a negligible effect, therefore this
is not included in the model [5]. The dielectric properties
of the layers are taken from [8]. In the x- and y-direction
all layers have infinite dimensions.

The electric field resulting from an obliquely incident plane
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Figure 1. Multi-layered skin model consisting of a skin, fat
and muscle layer exposed to an incident plane wave (EO+ ).

wave (E;) under incidence angle 6y [—m/2,7/2] is calcu-
lated [6]. Multiple reflections will occur at the tissue inter-
faces. The total electric field in each layer will thus be the
sum of the incident and reflected fields in that layer. The
muscle layer is assumed to be infinitely long such that there
is no reflected wave in this layer. Using this and the bound-
ary conditions, the total electric field can be calculated. Two
polarizations of the incident field are considered in the cal-
culations, i.e., TE (electric field perpendicular to xz-plane)
and TM (electric field parallel to xz-plane). The electric
field for any polarization angle y can then be obtained by

E = sin(y)Erg + cos(y)Ery. (1)

The same can be done for the magnetic field. The solutions
of the electric and magnetic fields for any incidence angle
6p and any polarization angle y can then be used to deter-
mine the focused exposure discussed in the next section.

2.2 Focused Exposure

We assume that the base station is found in the far-field
of the user, i.e., the incoming EMFs can be modelled as
plane waves obtained in the previous section with an inci-
dent electric field strength EO+ = 1V/m. Additionally, it is
assumed that the plane waves can be incident from any di-
rection, i.e., any 6y in Figure 1, and that the plane waves are
randomly polarized. This study is limited to variations of
the elevation angle and the azimuth angle is O such that the
model is invariant along the y-direction. The focused expo-
sure is obtained by ensuring that the incident plane waves
will interfere constructively at the UE. A virtual UE is con-
sidered at different distances d from the skin (x =0,z = —d
in Figure 1). Maximum ratio transmission precoding is
used to focus the electric field to the location of the UE.
This is done by controlling the phase and the amplitude of
the individual plane waves [9]:
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with EP"¢(d, r) the precoded electric field at UE at z = —d,
N the total number of incident plane waves, a(d) a nor-

malization constant, wy(d) the precoding weight, E;(r) the
electric field obtained with plane wave /, and E7;(0,0,—d)
the complex conjugate of the ith-component of the electric
field at UE at z = —d obtained with plane wave /. The best
component of the electric field, i.e., E; in (3), to use for
the precoding depends on the assumed polarization of the
antenna in the UE. In this work, we have chosen to focus
to an x-polarized UE. However, any random polarization
could be studied in our approach. Note that, if the incident
plane waves are TE-polarized, Ex = E; = 0 and E, # 0. If
the incident plane waves are TM-polarized, E, = 0 and, E,
and/or E; # 0. An incident plane wave with a random po-
larization y, see (1), could thus induce any component E,,
Ey, or E,.

At 26 GHz, the peak spatial absorbed power density (psSgp)
averaged over 4 cm? is used to quantify the exposure [10].
At this frequency, the ICNIRP basic restriction is 20 W /m?.
The absorbed power density is determined by:
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with A the averaging area on the body surface (z = Ocm)
and n the unit vector normal to the averaging area. In this
work, the EMFs will be invariant along the y-direction (Fig-
ure 1), therefore the power density S will be averaged along
a line of 2cm for z = Ocm. The studied exposure situa-
tion consists of an UE located at a distance d from the skin.
There are N incident plane waves with each a random inci-
dence angle 6y and random polarization y.

3 Results

3.1 Focused Power Density

Figure 2 shows the power density flux focused at the UE
(red circle) which is situated at a distance d = 5mm from
the phantom for a different number of incident plane waves
N. Each plane wave has a random incidence angle 6y and
is randomly polarized. The maximum |S| is 7dB, 13 dB
and 15dB higher than what is found for a single plane
wave with 6y = 0, y = 0 (max(|S|) = 0.73mW/m?) with
the same incident power density for N = 10, N = 40 and
N =70, respectively. For each N, the maximum power den-
sity is not found at the UE, but close to it, i.e., at x = —2mm
and z = —9mm, x = Omm and z = —3mm, and x = Omm
and z = —3mm for N = 10, 40, and 70, respectively. Note
that for each configuration the precoding weights are nor-
malized according to (4) such that each configuration has
the same incident power density. For N = 10, the max-
imum |S| (3.6mW/m?) is much lower than in the other
cases, i.e., 15.3mW/m? and 24.1 mW/m? for N = 40 and
70, respectively. For N > 10, the precoding leads to a highly
focused power density in the x-direction near the UE. The
power density is less focused along the z-direction, since
the incidence angles of the plane waves are limited to 6y



[-m/2,7/2]. A higher N leads to a better focusing of the
EMFs. The focusing effect is quantified by the full width at
half maximum (FWHM) along the x-direction. For N = 10,
the FWHM=co, i.e., no hotspot of RF-EMF power density is
formed. For N = 40, a hotspot is formed near the UE with
FWHM=6 mm=0.52A. Increasing N further to 70 leads
to better focusing with FWHM=5 mm=0.434 and a higher
power density at the UE, i.e., 21.5 mW/mz, compared to
13.7mW/m? for N = 40. Future work consists of further
quantifying the focus effect in terms of N.

3.2 Exposure Assessment

The white line at z = 0 in Figure 2 shows the averaging
area for which the psS,; is found. For the three cases, this
area is centered along x = 0, i.e., along the same line as the
focus point. This is not always the case. Figure 3 shows
an example of this when d = 10mm and N = 70. Figures 2
and 3 also show that the EMFs are mostly situated at the
surface of the phantom (z = 0) and rapidly decrease for z >
0 as expected at 26 GHz, since the skin depth of human skin
at this frequency is only 1 mm. The highest exposure will
therefore be found at the surface.

The psS,, is calculated for different distances of the fo-
cus point d for 100 samples when taking N random plane
waves, i.e., 100 samples of N random values of 6y and y
with 6y and y uniformly distributed between —7m/2 and
7/2, and 0 and 27, respectively. The sample size is vali-
dated by repeating the procedure multiple times. Figure 4
shows the cumulative distribution function (cdf) of psS,,
for a different number of incident plane waves N. For
d = 30mm, the median values are psy = 0.77 InW/m2 and
2.44mW /m? using 10 and 70 plane waves, respectively.
For d = Smm, the median values are psy = O.97mW/m2
and 5.15mW /m? using 10 and 70 plane waves, respec-
tively. Figure 4 also shows the case for a single incident
plane wave (N = 1). A lower exposure is found (psg =
0.29mW /m?), since no focusing can occur. A higher num-
ber of plane waves leads to a higher exposure for both lo-
cations of focus points. This is also in line with Figures 2
and 3 where higher fields were found with more incident
plane waves leading to a higher power density along the
surface of the skin. For N = 70, the psS,;, increases for
decreasing distance of the focus point to the skin. This is
expected since the power density will be concentrated at
the focus point. Therefore a closer focus point will lead
to higher fields at the surface. Using 10 plane waves, the
distance of the focus point does not affect the psS,,. Only
using 10 plane waves does not lead to a focusing of EMFs.
This was also seen in Figure 2a.

Figure 5 plots the psS,;, as a function of distance between
the focus point and the phantom d for a different number
of plane waves. The same configurations of plane waves
as in Figure 2 are used. In general, the psS,; decreases for
increasing distance using N =40 and N = 70. This behavior
is not seen with N = 10. The distance of the focus point has

almost no effect compared to N =40 and N = 70. This is
also an indication that no good focusing is achieved using
only 10 plane waves. The psS,, behaves periodically as
a function of distance. The peaks are found at distances
which are found at approximately half a wavelength apart
(4/2 =5.8mm). This also illustrates the focusing, since if a
maximum power density is found near the focus point, local
maxima will be found at distances nA /2 from this point.

4 Conclusion

The a-DL exposure at 26 GHz focused at the UE located
next to the skin is determined. The focusing of the EMFs
using MRT precoding for a different number of incident
plane waves is investigated. It is found that using only 10
plane waves does not lead to a good focusing of the EMFs,
i.e., the FWHM=co. The peak spatial absorbed power was
determined as a function of the distance between the focus
point and the skin. It was found that the psS,; behaves peri-
odically as a function of distance if enough plane waves are
present to achieve a good focusing. Future work consists of
normalizing the exposure to reference levels such that it can
be compared with international guidelines. The thickness
of the layers will also be varied, since a different thickness
can result in a matched layer leading to a higher transmis-
sion of the EMFs. In this work random incidence of the
plane waves is assumed. Channel measurements could be
used as input to achieve a more realistic exposure. Future
work also consists of extending this work to include the az-
imuthal angle and other UE polarizations.

5 Acknowledgements

This research was funded by the ETAIN project. The
ETAIN project is funded by the European Union’s Hori-
zon Europe research and innovation funding program under
grant agreement No. 101057216.

References

[1] S. Shikhantsov et al., “Hybrid Ray-Tracing/FDTD
Method for Human Exposure Evaluation of a Massive
MIMO Technology in an Industrial Indoor Environ-
ment,” IEEE Access, vol. 7, pp. 21 020-21 031, 2019.

[2] H. Herssens and A. Thielens, “Auto-Induced, Ra-
diofrequency, Downlink Exposure Focused at the Hu-
man Ear,” in 2023 53rd EuMC, 2023, pp. 444—447.

[3] T. L. Marzetta, “Noncooperative Cellular Wireless
with Unlimited Numbers of Base Station Antennas,”
IEEE Trans. on Wireless Commun., vol. 9, no. 11, pp.
3590-3600, 2010.

[4] K. Sasaki, M. Mizuno, K. Wake, and S. Watanabe,
“Monte Carlo simulations of skin exposure to elec-
tromagnetic field from 10 GHz to 1 THz,” Physics in
Medicine & Biology, vol. 62, no. 17, p. 6993, 2017.



SOO—=—IINWLL
OO RO
[S| (MW/m?)

(a)

(b)

14.4 25
e ilhs
9.6 N 1530§
8.0 125
¢4 & 100 &
32 0 50 0
16 2’5
0.0 0.0

(c)

Figure 2. The power density focused at the UE (red circle, d = Smm) with (a) N = 10. (b) N =40. (c) N = 70. The precoding
weights are normalized according to (4). The white line indicates the averaging area for which the psSab is found at the surface.
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Figure 3. The power density focused at the UE (red cir-
cle, d = 10mm) with N = 70. The precoding weights are
normalized according to (4). The white line indicates the
averaging area for which the psSab is found at the surface.
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Figure 4. Cumulative distribution function (cdf) of psS,;
for a different number of plane waves N for different dis-
tances of the focus point d. The precoding weights are nor-
malized according to (4).
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