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Abstract

Not only did the fifth generation mobile communication system increase the data rate,
capacity and coverage, but also raise a public concern regarding human exposure to
electromagnetic fields (EMFs). This thesis project assessed EMF exposure in prac-
tical indoor scenarios with a beamforming transmitter through electromagnetic and
biologic level of simulations and a validation framework. 3D indoor environments were
constructed based on measured dielectric constants of materials, enabling realistic ray-
tracing simulations in beamforming scenarios. The obtained simulation results were
then combined to a multi-layer skin model to evaluate localized absorption mechanisms.
This study also highlighted the influence of environmental geometry on exposure levels.
An algorithm of bridging the gap between indoor wave propagation and exposure as-
sessment regarding biological tissues was proposed for the first time. It is illustrated by
the results that beamforming technology introduced time and user dependency to the
exposure levels, while these predicted values remained well below the limit in I[CNIRP
of 20 W/m?.
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Introduction

In this chapter, an overview of the thesis work is given. To be specific, section 1.1
explains basic concepts of the topic and motivation of research. Significance of it is
also included. The formulation of the research problem is presented in section 1.2.
After that, a brief summary regarding relevant works is presented in section 1.3, at the
end of which gaps of previous works are identified. Additionally, approaches proposed
by this work to address the gaps are mentioned. Following that, thesis scopes and
novelties are listed in section 1.4 and 1.5. Finally, section 1.6 states how the following
parts of the thesis are organized.

1.1 Motivation

EMF is defined as a region of space where electric and magnetic forces are produced
upon charged particles within it [I]. The oscillation rate of such a field is called fre-
quency and radio frequency (RF) EMF refers to such a field in the range of 3 kHz to
300 GHz.

Despite many uses of it, there are also evidences that RF EMF is harmful to human
health under certain circumstances. For example, specific asymmetric EMF can reduce
the healing speed of broken bones [2]. In addition, indirect damage can be caused by
unintentional interference with RF tools used as medical treatment [3].

It is clear that with an increasing exposure level, the extend of the potential damages
enlarges. Therefore, with the advance in wireless communication, 5G technology not
only provided a higher traffic data, but also raises the concern in EMF exposure towards
users [1, 5].

With various possible consequences caused by EMF exposure, regulations have been
developed to set a limit on personal exposure. According to [3], different regulations
are applied to different frequency ranges. When the frequency is above 6 GHz, EMF is
absorbed more superficially, leading to a change of the indicator of exposure level from
absorbed power over mass to absorbed power over area.

To sum up, the emerging technologies has lead to an increasing concern regarding
exposure and human health. Meanwhile, there is also a lack of suitable method to eval-
uate the new indicator. Therefore, accurate techniques for EMF exposure assessment
given the operating frequency range of current and future wireless communication net-



works are required. As a result, this thesis project aims at developing a simulation-level
algorithm of indoor EMF exposure assessment.

1.2 Problem formulation

With the advantages of high data rate, low latency and the reliability in crowded
environment, the implementation of 5G has seen a growth. However, along comes the
heath concern with on EMF exposure [4].

Figure 1.1: 5G applications at the city level

As shown in Fig. 1.1, multiple devices has been installed in a modern city. Yet
there is still a lack of study regarding assessment in 5G FR2. Therefore, this work
is motivated to combine the electromagnetic level of EMF exposure assessment in 5G
FR2 to a biological skin model.

Although a considerable amount of work has been done concerning RF-EMF ex-
posure assessment below 6 GHz [6]. However, features of 5G have made the previous

methods unsuitable. The main challenges regarding EMF exposure assessment in 5G
FR2 are listed below.

Firstly, to increase spectral efficiency, beamforming technology is applied, which
enables the generation of time dependent radiation patterns towards active users [/, 7].

This leads to a time variant exposure level regarding the downlink (DL) requirement
of user equipments (UEs). Thus, propagation scenarios need to be specified to create
realistic predictions of EMF exposure levels.



Moreover, the increased operating frequency increases from previous generations
leads to a requirement of specification of the surrounding environment. [1]. To be
specific, 5G FR2 starts from 24.25 GHz [1].

According to [5, 8], at a higher frequency, the wave is more attenuated by the same
indoor environment. When it comes to indoor scenarios such as a meeting room, the
consideration of geometrical layout of the room becomes necessary. In addition to
materials used in the environment, the reactions of human skin also differ at various
frequencies, making it harder to accurately map the propagation environment [9].

In addition to analysis of scattering features in practical features, the assessment
of exposure that goes to specific skin structures is significant, too. Such details of
skin tissues were not considered in below 6 GHz framework, as the thickness of skin
is relatively small compared to the wavelength [6]. Similarly, the chanllenges lie in
defining a realistic model of the skin. Afterwards, a practical level of transmitted
power is required.

Thus, to solve the challenges mentioned above and fill the gap between previous
EMF exposure assessment methods and implementation of 5G technologies, the re-
search problem of this thesis project is defined as development of a complete workflow
of EMF exposure assessment that merges propagation simulations at indoor and skin
levels.

1.3 Literature review

As mentioned above, the attenuation of millimeter wave (mmWave) in indoor envi-
ronments is significantly influenced by the geometric layout [5, 8, 10]. Therefore, to
realistically assess the power levels at the surface of a user, it is crucial to simulate and
measure the mmWave behavior.

This can be divided into multiple aspects, namely operating frequency, layout and
material property of the environment, and the distribution and density of users.

Firstly, the same indoor environment is considered to quantify the effect of frequency.
J. Li et el. conducted channel measurements at various frequencies from 2 GHz to 26
GHz [11, 12]. In [l1], both a uniform linear and a uniform planar array (UPA) of
64 elements were applied. Meanwhile, a 8 x16-elements planar was also implemented.
This showed the influence of the operating frequency on wave propagation in the same
indoor environment. Such measurements helped calibrate a ray-tracing simulator with
a 1024-element planar array. Similar measurement of indoor and outdoor environments
at 28 GHz were conducted in [13] and [I1] respectively.

Secondly, the dielectric properties of materials are crucial factors as well. Work
of S.Deng, M.K.Samimi and T.S.Rappaport presented a more detailed indoor model
of a typical office environment where walls and doors of different materials were im-



plemented [¢]. Additionally, both directional and omnidirectional loss models were
considered. Relatively more realistic path loss exponents were obtained and the results
also showed that with the increase of frequency, both path loss increased [3].

Finally, the distribution and density of users are taken into consideration. For
a higher user density environments such as meeting room, library and event halls,
different user scenarios were considered in [5]. A two-floor library building was selected
as the indoor environment. Material properties at the simulation frequency were taken
into consideration with the human skin dielectric property computed from [I15]. Not
only did the number of user make an influence on the DL requirement, it also modified
the environmental features. Therefore, two cases of full capacity with 202 users and
70% capacity with 140 users were testified separately. The results showed that within
the same indoor environment, a higher user density led to a higher exposure level,
while under all conditions the safety limits were met. Meanwhile, it also showed that
the attenuation increased at a higher operating frequency.

In addition to proper definitions of indoor environment and antenna radiation pat-
tern, further simulations are needed regarding assessment of exposure levels.

A series of simulations conducted by M. Bonato et al. considered single-user indoor
scenarios [16, 17, 18]. [16, 17] focused on the exposure levels at 3.7 GHz. According
to [3], for frequency range under 6 GHz, the indicator of exposure is expressed by the
absorbed power in a piece of tissue weighed 10 grams. While for 5G FR2, the absorption
rate is averaged over a 4 mm? surface for 6 minutes [3].

In [18], a simulation at 14 GHz was also conducted, in which range the standard
remains the same. For the simulations at 3.7 GHz, a full human body model of a
child was applied while due to simulation cost, only half of the adult body model was
considered. Meanwhile, three positions of the UPA were applied. When it came to the
1024-element array, it was placed 50 cm laterally to the head of models as where the
strongest exposure level was obtained in the lower frequency simulations. Additionally,
only head areas were considered in these cases.

The Sim4Life platform made it possible to perform full-wave simulations with ge-
ometric and electromagnetic characteristics of human heads considered[!8]. However,
given the penetration depth of human skin at 5G FR2, this could be a waste of com-
putational source. To avoid that, there is an increasing interest in the EMF behavior
in skin tissues only.

For example, in [19], energy absorption of a homogeneous human skin model given
various antennas at 2 GHz and 24 GHz was studied. This work proved the necessity
of advancing the simulation to the skin level. To this extend, the structures of skin is
simplified, similar to the materials used to construct the indoor environment. However,
due to the layered feature of the skin, a multi-layer model with known dielectric prop-
erties is more representative [20]. Similar experiment was conducted in the frequency
range of 20 - 28 GHz by N. M. Tamyis et al. [21].



Meanwhile, as blood is the only tissue that flows throughout your body, biological
studies are focused on the exposure going to blood vessels [22]. However, experiments
were conducted by emitting EMF directly to extracted red blood cells (RBCs). This
introduced a gap between the practical received power levels at the blood vessel and
the transmitted power in biological experiments.

To conclude, there are mainly gaps to address in previous works.

To conclude, studies in areas of dielectric properties of environmental materials
and human skin, wave propagation simulation, and exposure assessment have been
conducted, respectively, however, also individually regarding 5G FR2. As a result,
there are still gaps between each step such that an overall workflow of indoor EMF
exposure assessment in 5G FR2 with beamforming cannot be formed.

1.4 Thesis scope and objectives

The thesis scope is to develop a tool for exposure assessment in practical indoor scenar-
ios with beamforming transmitter in 5G FR2 and demonstrate with an indoor propa-
gation measurement. To narrow the case down to several realistic scenarios, the scopes
of the project are defined with the following limitations and assumptions.

- Indoor environment based on a room layout in TU Delft EEMCS with empiri-
cal values as dielectric properties of the materials of construction. Tables and chairs
simulated by floating boards as only furniture inside.

- 26.5 GHz band operation.

- A 4 x 4 active array called BBox as transmitter, a lens-based 5G mmWave EMF
sensor as receiver.

- Cell partition and beam switching to cell centers.
- Isotropic receivers for the ray tracing simulations.

- A multi-layer skin model based on biological properties.

1.5 Thesis novelty

To combine different levels of simulations and perform realistic prediction of EMF expo-
sure levels, efforts are taken migrating indoor 3D ray tracing results to EMF mechanisms
in human skin layers in this work. The novel aspects are listed below:

- A new propagation environment setup with empirical complex permittivity of



materials measured by an open-ended coaxial probe is created. Practical and reliable
ray tracing results are generated and discrepancies are identified and motivated.

- First time merged an indoor propagation simulation with an EMF exposure as-
sessment at skin level. Addressed the gap between simulations of indoor mmWave
propagation and biologic tissues.

- Proposed an approach to testifying indoor beamforming algorithms by measuring
EMF with a 5G beamforming antenna array.

1.6 Thesis outline

The rest of the thesis is organized as follows. Chapter 2 provides detailed information
about simulation and validation of the indoor propagation part. Chapter 3 showed how
the propagation results are applied to a multi-layer skin model. Overall and structural
exposures are assessed. Conclusion and suggestion of the future work is presented in
Chapter 4.



Indoor propagation

This chapter targets at illustrating the methodology of the indoor propagation simula-
tion and an additional measurement.

Starting with 2.1, a 3D database was constructed based on the measured dimensions
and dielectric properties of the materials. 2.2 demonstrates the preparation steps of
the ray tracing simulation, namely a creation of an antenna radiation pattern and a
beamforming algorithm. The ray tracing results were then displayed and analyzed in
2.4. Eventually, 2.5 described the measurement that was carried out to validate the
simulations.

2.1 Simulation environment description

This section shows how a practical room, called Snijderszaal, in the EWI building of
TU Delft is measured and mapped to a 3D model for the wave propagation simulation.

The chosen indoor scenario is a rectangular-shaped meeting room with a single
entrance located on the inner wall, which connects to the corridor. The other three
sides consist of glass windows, concrete supports, and radiators mounted against them.
Pillars are aligned with the walls and continue to the ceiling.

In addition to the built-in features, there is also movable furniture inside the room.
For example, tables and chairs can be rearranged to meet the requirements of different
purposes. In this project, two scenarios are considered, namely a presentation scenario
and a meeting scenario.

As shown in Fig. 2.1a, in the presentation scenarios, tables are put away and chairs
are arranged in a 6 x 6 grid. By comparison, in the meeting scenario in Fig. 2.1b,
tables are formed to a circular layout with space left in the center.

In the WallMan interface, a solid can be created by defining the material and di-
mensions of it. With the combination of structures, a 3D model can be constructed
to represent the indoor propagation environment, in which ray tracing simulations
are conducted afterwards. The phrase indoor database, or the word database is used
to describe such a model of the propagation environment in the following context.
The database of the Snijderszaal with no furniture nor users inside was numbered as
database 1.



(a) View of the presentation scenario (b) View of the meeting scenario

Figure 2.1: Selected indoor environment of wave propagation analysis
With a laser distance meter, the dimensions of the Snijderszaal were measured. The
model was simplified with the following structures considered:

- The wall of the entrance side, pillars go up to the ceiling and turned horizontal
below it, the ceiling were considered using the same material. This is marked as material
1.

- The 3 other side walls consist of windows and radiators. The material of them are
numbered as material 2 and material 3.

- A few boards connected to the lower surface of the pillar, marked as material 4.

- The ground of the room was represented by the material of the carpet covering it.
The material index of it is 5.

- The top surfaces of chairs and tables, knowing as material 6 and 7 respectively.

However, due to the lack of knowledge of materials used for these structures, an
open-ended coaxial probe was used to measure the dielectric constants to make the
database electromagnetically accurate.

5;(&]) = 8;((’0) - ]5::(00) = 6;(&]) _ jO'(UJ)

- (2.1)

As shown in Eq. (2.1), relative permittivity can be expressed by permittivity and
conductivity [23]. In such a formula, w represents the angular frequency, and €. and €/
are the real and imaginary parts of the relative complex permittivity respectively. ¢ is
the permittivity of the vacuum. Meanwhile, o stands for conductivity.

The measurement began with a calibration as shown in Fig. 2.2a. As one of the
liquids whose dielectric properties are well known, methanol is chosen as the calibration



material [21, 25]. The calibration and one of the measurement setups are displayed in
Fig. 2.2.

(a) Calibration setup (b) Measurement setup

Figure 2.2: Calibration and measurement setup with an open-ended coaxial probe

As shown in Eq. (2.2), when the frequency increases, the skin depth decreases
accordingly. Therefore, at 26.5 GHz, the skin depths of materials are fairly small. The
specific values at 26.5 GHz were computed and listed in the table below, with non-
magnetic assumption. As a result, the thickness is considered less influential given it is
much larger than the skin depth. The same holds for multilayer structures such as the
radiator. It is assumed that the outer layer contributes the most.

0 =1/\/7fuo (2.2)

As a result, the model was simplified by using the dielectric properties of materi-
als of the exposed surfaces only. Eventually, seven materials were measured for the
construction of the 3D database. Regarding each of them, five measurements were
conducted and the average values at 26.5 GHz were calculated and shown in the table
below. o’ represents the real part of the conductivity.

Material | €, el o'[S/m] | o[mm]
1 1.45 | 0.368 | 0.543 4.196
2 2.20 | 0.777 | 1.145 2.889
3 3.10 | 0.418 | 0.616 3.939
4 1.85 | 0.446 | 0.658 3.811
) 1.07 | 0.194 | 0.286 5.781
6 1.15 | 0.077 | 0.114 9.157
7 3.53 | 0.317 | 0.46 4.559

Table 2.1: Measured material properties at 26.5 GHz

In addition to Table. 2.2, the relative complex permittivity and electric conductivity
of human skin at body temperature was obtained from [9]. With such values, the



scattering of users can then be taken into account.

Material e e’ o

Skin-Epidermis + dermis | 17.48109 | 13.08136 | 19.28493

Table 2.2: Skin electromagnetic properties at 26.5 GHz

Once the dielectric constants of the materials needed to model the room were mea-
sured, 3D databases can be constructed in the WallMan interface.

As shown in Fig. 2.3, a simplified indoor model with no furniture inside was created.
The database of this layout is called database empty.

Figure 2.3: 3D database of the Snijderszaal without furniture

Efforts were taken to quantify the influence of scattering factors, namely tables,
chairs and the users. Given the using scenarios of the Snijderszaal, the target is to
maximize the user density at the simulation level. To accomplish that, the beamforming
scenarios are required to be defined.

2.2 Excitation pattern and grid of beams

In this section, development process of the excitation source and the beamforming
algorithm is illustrated. Details of the UPA simulation are shown in 2.2.1. The general
simulation setups were mentioned in 2.2.2, based on which simulation aiming at dividing
the room into grids was conducted. After that, the final division was shown in 2.2.3.
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2.2.1 Antenna modeling

A microstrip patch antenna (MPA) consists of three basic layers, namely the ground
plane, the substrate, and the patch [26]. The fact that both the active and the passive
circuit can be etched on the same substrate makes it easy to fabricate. It also offers
advantages such as low profile and compactness.

A 5G beamforming antenna called BBox is implemented in the final measurement
in the indoor environment. The structure of such an antenna is shown in Fig. 2.4, It
is a UPA with 4 x 4 series MPA.
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Figure 2.4: BBox antenna image

Therefore, to create a representative radiation pattern for propagation simulation,
a UPA with 4 x 4 half-wavelength coaxial feed MPAs with half-wavelength spacing at
26.5 GHz was simulated in CADFEKO. The design parameters of a single MPA are
shown below.

Design parameters Values Units
Substrate & outer coaxial pin € | 2.2

Patch (w x 1) 3.35 x 3.35 mm
Substrate (w x 1 x h) 5.66 x 5.66 x 0.5 | mm
Outer coaxial pin radius 0.69 mm
Inner coaxial pin radius 0.2 mm
Pin offset 1 mm
Coaxial pin length 0.7 mm

Table 2.3: Single patch antenna parameters

Perfect electrical conductor (PEC) was used as the material for both the patch and

11



the ground plane. With the same dimensions as the substrate, the ground plane was
simulated by changing the bottom surface of the substrate cuboid into PEC. Meanwhile,
the length of the coaxial feed would not affect the radiation pattern. Therefore, to
reduce the meshing complexity and the simulation time, it was defined as 0.2 mm
longer than the substrate height.

Once a single element was defined, the UPA was constructed by replication. Waveg-
uide ports with normalized magnitude and zero phases were then attached to the feed
pins. 3D far field results were required.

Total Gain [dBi]

wuw 97T

22.64 mm

Figure 2.5: UPA (16 elements) at 26.5 GHz

The operating frequency of the BBox is from 26.5 to 29.5 GHz [27]. At the central
frequency of 28 GHz, the typical transmitter EIRP is 41.5 dBm. The simulated pattern
reached a directivity of 16.7 dBi. By comparison, in this stage of simulation, the EIRP
value was not mapped to. Normalized transmitted power of 1 W was set, resulting a
46.7 dBm EIRP correspondingly. In addition, the 3dB bandwidth of the BBox is 25°
and that of the simulated UPA was 25°. It was then proved that the virtual pattern
resembled that of the practical transmitter.

2.2.2 Ray tracing settings

Before carrying on to propagation simulations in ProMan interface, basic principles and
some frequently used settings for this project are discussed in this section.

To begin with, ray tracing refers to the techniques depicting all possible ray paths
between point-to-point transmitter and receiver pairs [28]. By applying such a func-
tion in ProMan, general settings are required regarding the transmitter, receiver, and
computation methods.

Sectored sites are possible transmitters, where the operating frequency, transmitted
power, position, and specific antenna patterns can be defined. Rotation of such a
pattern can also be easily defined in this step.

12



As mentioned before, in this project, receivers are assumed to be isotropic. There-
fore, only positions of them need to be defined and are then defined by the prediction
surface and the resolution size.

Once the transmitter and receiver were defined, detailed ray tracing settings are
required. To be clear and specific, standard ray tracing (SRT) was selected as the
computational method for all the propagation level simulations in this work. Given such
a method, path loss mainly consists of free space path loss (FSPL) and transmission
loss of materials [29]. The losses are computed by the Fresnel coefficients as shown in
the equations below.

4
FSPL4g = 20log,od + 201log,, f + 201logy, (—W) (2.3)
c

Eq. (2.3) expresses FSPL in dB scale, where d represents the distance in meter, f
is the frequency in Hz, and c is the speed of light in vacuum.

LT = 20 . lOg(|T12| . |T21’ . ‘TQ') (24)

The transmission loss can be expresses as Eq. (2.4), where T15 and Ty is caused
by the transition into and out of the material. T3 refers to the magnitude of the
transmission coefficient of such a material.

2

Ty = (2.5)

\/1 + /ey el + 2 (ehy +elh)i - cos (% arctan %)

2 (ely +ely)i

Ty| = G 2) (2.6)

\/1 +\/Ey el + 2 (ely + ely) T - cos (% arctan %)

/ ”o\ 2
Qﬂfd.*‘()zofr( (1+?1) 1)

In the above equations,

e, and ¢/, are the real and imaginary parts of the relative permittivity of the

material, respectively.
e, and €, are those values of the environmental media. In cases of this project,
free space is considered.
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Ho is the permeability of free space in H/m.
f is the frequency in Hz.
d is the thickness of the material in meter.

Uncorrelated superposition of rays is specified in the simulation setup, meaning that
the power values are summed.

2.2.3 Grid of beams

SRT was then applied to the database without furniture nor users to decide on the grid
of beams.

To begin with, the phrase grid of beams stands for the set of possible beam steering
patterns [30, 31].

As demonstrated in 2.1, a 3D database of the Snijderszaal without furniture nor
users was created. Hence, propagation simulation can be conducted in ProMan inter-
face. After importing the environmental database, sites or database can be created. In
this case, a site with a one-antenna sector was simulated at the middle point on top
of the entrance wall at (0.05 m, 4 m, 3 m). The exported far field pattern of the UPA
was then applied, with a 1 W transmitted power.

It is clear that the receivers were defined as ideal receiving points based on the
resolution rate. In this step, prediction of receiving power levels of a rectangular area
was applied. The surface was defined as the XY-plane of the room at a height of 1 m,
assumed to be the height of users’ heads. The resolution grids were set to be 0.2 m x
0.2 m.

Due to limitations of uploading the patterns, beam steering was achieved by geo-
metrical rotation of the radiation pattern. The rotating azimuth and elevation angles
are defined by the line of sight (LOS) angles. Therefore, to define the possible patterns,
the room was divided into rectangular grids. Within each of the grids, DL requirements
were treated by steering the beam onto the central point of it. SRT simulations were
conducted to define the range of grids.

To begin with, the grids were assumed to be uniform in the Y-direction, and thus
non-uniformly defined by the power drop in the X-direction. The drop from the center
to the edge of the grids was expected to be 3 dB regardless of FSPL.

As mentioned, the surface prediction of SRT generates discrete results regarding
centers of resolution grids. Therefore, a matrix of FSPL values based on the distances
of resolution centers to the transmitter was created. By adding such a matrix in the
predicted power levels, path loss can be removed.
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Eventually, 29 grids were generated. They were numbered and shown in Fig. 2.6a.

Contour lines of the 3 dB power drop from the centers were then plotted. By
comparison, the small circles on horizontal sides showed that areas blocked by the pillars
did not meet the expectation. Additionally, overlaps of contour lines were viewed in
the front grids, meaning that such areas were over-divided. Despite the difference, in
the central area of the room, where users were expected to be, the grids satisfied the
design.

Beamforming grids with indices marked
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(a) Grids of the 29 scenarios (b) 3 dB contours given the 29 centers

Figure 2.6: Comparison of contours and divided grids

With the grids defined, the beam steering angles can then be calculated. The exact
values are presented in the appendix. In the following parts of the thesis, the simulations
results using such patterns are numbered as the same. This kind of single simulation
with a specific pattern in a specific pattern is called a scenario. Therefore, there are in
total 29 scenarios for one database.

When it comes to coverage discussion, it is wanted that the received power levels
in the whole room are similar. However, this is hard to achieve using a high directive
antenna without beamforming. Taken scenario 2 and 26 of the database 1 for example,
the received power levels in grid 26 for scenario 2 were around -50 dBm, while in scenario
26 increased to around 28 dBm. Such an increase in power justified the implementation
of beamforming.

However, it is worth noting that although 29 patterns were created and collected in
the grid of beams, they were just rotated versions of the broadside pattern. The phases
of elements of the UPA remained unchanged. However, this is only true simulation
wise. In the measurement stage, the BBox was fixed and beamforming was conducted
by active excitation. Detailed information can be found in section 2.5. Therefore, with
the implementation of broadside pattern in the simulations, discrepancies were expected
on antenna gain and side lobe levels when it came to the measurement. Compensation
was made in post-processing. Detailed information is given in section 2.5.
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(a) Power distribution scenario 2 database 1 (b) Power distribution scenario 26 database 1

Figure 2.7: Two pictures side by side

2.3 Simulation setup and results

2.3.1 Distribution of objects

In this section, updates were made upon the model of the Snijderszaal by putting
objects inside. Comparison among different propagation environments were conducted,
stressing the importance of defining the details in the step of room simulation.

To be specific, similar methodologies were applied to both presentation and meet-
ing scenarios. Compared to the empty room database, the first modification was put
furniture inside. This distinguished the models of the presentation and the meeting
scenario.

As it is hard to represent the actual shapes of the chairs and tables in the simulation,
both of them were simplified into floating cuboids. The measured material properties
of the seat surface and the tabletop were applied.

A chair was then 0.5 m x 0.5 m by size, and the material thickness was defined to
be 0.05 m. It was place at z = 0.475 m to make the upper surface of it at 0.5 m high
related to the ground.

Similarly, a table was defined by a cuboid of 1.2 m x 1 m x 0.1 m with the
corresponding dielectric properties.

As shown in Fig. 2.1a and Fig. 2.8a, in total 6 rows of chairs were implemented.
Each row had 6 chairs with a passageway in the middle. The distance between each
row was set to be 1 m and the first row started at x = 2.5 m. Tables were not used in
such a layout.

As when the Snijderszaal was used for a meeting, tables were placed jointly in a
circle. However, in a practical case, there were tables of different sizes. The model was
modified in the measurement section to more closely represent the actual environment.
At this stage, to make the layout more uniform, tables were simulated as the same. In
addition, for each table, only one chair and one user was considered. The central axes
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were aligned.

After that, full user density was considered. This was achieved by creating human
representing cuboids and placing them on the center of the the chairs. The complex
permittivity of human skin at 26.5 GHz was applied. The seated users were placed
facing the tables with a 0.2 m thickness, 0.5 m width and 0.8 m height. A standing
person such as the presenter was defined by the same size but with a height of 1.8 m.

However, an issue occurred in this step. Combining the positions of the chairs and
division of the grids, there were chairs placed on the border of two grids, resulting in
ambiguity of beamforming. To avoid not knowing where to steer the beam, the full
user density was defined with such chairs empty.

With the limited but still maximal number of users put in, comparisons were made
to study the scattering effects of users.

Images depicting the databases except for the empty room in Fig. 2.3 are shown in
Fig. 2.8.

a) Layout of the presentation usage without (b) Layout of the presentation usage with
users users
c¢) Layout of the meeting usage without users d) Layout of the meeting usage with users

Figure 2.8: Indoor environments for propagation simulations

In the presentation usage, 24/36 seats were able to be occupied. Additionally, a
presenter was created in the front of the room. In such a case, the presenter was
considered not requiring any data, thus only being a part of the environment. By
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comparison, the number of seats was reduced to 20 in the meeting usage, while only 2
seats were unavailable. Databases shown in Fig. 2.8a - (d) are numbered as database
2-4.

Table. 2.4 below shows the specific cases considered.

Grid index 112135 (6]7]|8
Number of users (presentation) | 4 | 8 | 4
Number of users (meeting) 61261 |1|1]1

Table 2.4: Number of users in each grid

Given the positions of UEs, only 7 patterns from the grid of beams were simulated.
By applying the corresponding rotation angles, SRT simulations were conducted.

2.3.2 Simulation setups

In the ProMan interface, two types of prediction results can be generated. The first one
is point prediction, where the received power levels at a specific point is generated by
applying an isotropic receiver. The second one is surface prediction with a resolution.
For each resolution grid, a point prediction is conducted to represent the whole grid

[29].

Due to limitations of the simulation software, the beamforming scenarios were sim-
ulated independently. Therefore, it is assumed that each scenario lasts the same time,
noting as a unit time. It is also assumed that the every user requires for the same
amount of DL data. As a result, in order to satisfy the same DL requirement in a unit
time for users at different locations, the transmitted power is modified.

It is worth mentioning that with an unchanged propagation environment and sim-
ulation method, the relation between received power levels and the transmitted power
is linear in dB scale. This can be easily proved by looking at the loss formulas of Eq.
(2.3-2.7).

Therefore, the maximal received power of all centers when 1 W was transmitted
was selected as the target. Additional power was added when the beam is switched
at other grids. Thus, the additional powers needed can be calculated by subtracting
maximal received power by the other power levels. By adding such values, the modified
transmitted powers were then obtained.

Point predictions were conducted in order to compute the amount of additional pow-
ers. Other results were based on surface predictions. Details of the initial simulations
are presented in Table. 2.5.

To specify simulations setups, the simulation database, the required result type and

18



Simulation index A B c | D E F | G

Database 1 2 3 4 5

Required results Surface Surface Surface Point Surface Surface Point
prediction | prediction | prediction | prediction | prediction | prediction | prediction

Resolution 0.2 0.2 0.2 0.2 0.2

rate [m]

Beamforming 1,23, 1,23, 1,23, 1-29 1,23, 1,23, 1-29

scenarios 5,6,7,8 5,6,7,8 5,6,7,8 5,6,7,8 5,6,7,8

Table 2.5: Initial simulations parameters

the resolution rate, and the applied pattern of each simulation are listed. Different
simulations are named by alphabets to distinguish from the beamforming scenarios.

Simulation A focused on the scattering of an empty room of the Snijderszaal. As
this was only for comparison with databases with furniture and users, the resolution
rate and the beamforming scenarios were aligned to those with users.

For surface predictions, the general settings can be found in section 2.2.3. In most
of the simulations, the prediction surface is at 1 m high with a resolution edge of 0.2
m. Additionally prediction surfaces were added to find the most exposed position on
the most exposed user. However, this requires knowledge of further processing on the
simulation results. Thus, detailed information is going to be included in section 2.4.1.

In addition, surface predictions were generated in simulation B and E, where no
user was considered in the databases, but only beamforming scenarios of the potential
users were considered. This also guaranteed the alignment of dataset dimensions, which
made subtraction possible. For simulation C and F, similar simulations were conducted
by replacing the databases to the ones with users inside.

Eventually, point predictions were conducted in simulation D and G. As no resolu-
tion rate is needed for such prediction, the blocks were left blank.

Received power at each user can be extracted from the surface prediction results,
but in this stage, the difference among grids was simplified and quantified by comparing
the received power at the centers. As might redundant, 29 scenarios were simulated.
Starting with point predictions for grid centers, such power levels were considered to
be representing the general receiving conditions of the whole grid.

As a result, the maximal received power levels were not included in the final beam-
forming scenarios. As demonstrated in Fig. 2.8b and 2.8d, no chairs were placed in the
front of the room, where the small path loss leads to a large receiving.

To sum up, this section presents various databases of the Snijderszaal used in the
indoor propagation simulations. With the positions of users defined in Table. 2.4,
simulation scenarios were defined and SRT simulations were conducted afterwards.
Following up simulations were conducted once the initial results were analyzed. They
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are shown together with the processing of result in the next section.

2.4 Results and post-processing

In section 2.4.1, an additional section was carried out to show the necessity of refin-
ing the models. Comparison of different models was conducted to quantify the influ-
ence of placing objects inside the room. The general propagation simulations were
conducted based on full user density scenarios of the presentation and meeting uses.
Post-processing of these initial results is presented in section 2.4.2. After that, further
simulation regarding the most exposed user was conducted and the results were ana-
lyzed in section 2.4.3 and 2.4.4. The latter can then be migrated to the full wave level
human skin model simulation.

2.4.1 Difference among databases

To begin with, regarding all the 5 databases, surface predictions with the beam steering
towards the UEs were generated. To quantify that, 7 patterns were applied and 2720
data points were generated for each scenario.

By exporting the data into ASCII format, predicted power levels in dB scale can be
stored in matrices in MATLAB.

The first step is adding the calculated differences to the extracted power levels. The
specific values are shown in the appendix. The total 29 scenarios were considered so that
the maximal receiving centers were not of those user occupied grids. For presentation
and meeting cases, the maximal received power levels were generated at the centers of
grid 24 and 25, respectively.

By such simulations, the main aim is to find out how the propagation of wave is
influenced by the modifications on the layout of rooms. First of all, the universal effect
is studied by summing the resolution grids and averaging the scenarios. The expression
of the averaged difference in dB scale is shown in Eq. (2.8).

1 o= 2ina [Paig) — Priig)l
D = 10 x logio(— =1 ) (2.8)
m ; 2im1 Pagig)

, where D stands for the difference ratio in dB scale. m is the number of beamforming
scenarios. n is the index of exported power levels at different locations. P, stands for
the power level of the updated databases. P; stands for the power level of the initial
databases.

In this step, m = 7 and n = 2720.
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The overall differences in dB scale are displayed in Table. 2.6. As they are ratios,
no unit is applied.

Py
P 2 3
3 -61.35 | -61.19
4 -64.15 | -63.84

Table 2.6: Overall difference among databases in dB scale

From the results, it can be seen as that the overall received power levels, or putting
as the coverage was not strongly influenced by the addition of furniture and users.
However, as the validation setup is spot measurement by placing a sensor to specific
location, the point-wise difference is more of the concern than the averaged one. Due
to the page limit, scenario 2 is selected to show such differences.

Similarly, 4 comparisons were made. The comparison was conducted by subtraction
of the power levels in dB scale directly. Difference plots were made by taking the
absolute values.

To begin with, the influence of furniture was considered. However, since they were
simulated by floating cuboids, the influence is less visual at 1 m. In total 4 simulations
were generated based on the 3 databases without users. The presentation usage one
was given as an example in Fig. 2.9.
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Figure 2.9: Power difference of furniture presentation usage scenario 2 various heights

Given the limitation that parts of users under the furniture were not considered,
the simulation started from 0.5 m and went to 2 m with an increment of 0.5 m. The
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difference plots showed that although the difference levels tend to be larger nearby the
furniture, they are generally small.

By contract, the influence of the users are more obvious.

Power difference at 1m of users pr ion usage scenario 2 Power difference at 1m of users meeting usage scenario 2
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Figure 2.10: Difference of users at 1 m scenario 2

It can be seen from the results that the point power differences around users were
considerable. Moreover, the influence of the users in the steered grid is relatively higher
than those in the other grids. This provided a strong proof that refinement of the indoor
databases is a necessary step, especially for users. Meanwhile, as the meeting scenario
is more complicated, the furniture indeed has a larger influence.

As a result, the presentation and meeting room layouts with users are then chosen
as the final databases for the following indoor propagation simulations. Some initial
prediction results are already acquired in simulation C and F. The next section will
give a detailed illustration on how these data are processed.

2.4.2 Post-processing of simulation results

As stated above, the weights of the grid user density are already applied to the simu-
lation results. In this case, the scenario-average-mostly exposed users can be found by
comparing the received power levels of them.

The results were power levels of the XY-plane at the height of 1 m. Through
previous processing, namely modification of the transmitted power and averaging of

7 beamforming scenarios, the receiving conditions are shown in Fig. 2.11a and Fig.
2.11b.

In such results, several data points can be extracted given the area a user occupies.
It is considered that in this stage, the resolution is sufficient to identify the most exposed
user among all users.
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Figure 2.11: Averaged power distributions at 1 m

The similar averaged power levels also proves the success of the transmitted power
modification.

As a user was surrounded by 10 resolution grids, by comparing the maximum values
of each user, the most exposed user can be found. Once the two users were found, they
were marked on the Snijderszaal diagrams by a red pentacle on the chair.
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(a) Maximally exposed user presentation (b) Maximally exposed user meeting

Figure 2.12: Maximally exposed users in presentation and meeting scenarios
As the indicator for the final exposure assessment is a value of surface power density,
the most exposed points upon the users are required as well. In order to find the inci-

dent angle regarding that specific positions yet not known, simulations were conducted
additionally by adding user-defined prediction surfaces in the database.

2.4.3 Single user simulations

Combined the positions of the two users and the results in Fig. 2.11, among all 6
surfaces of the cuboids representing users, 2 surfaces were selected.
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For the presentation scenario, the left YZ-plane was selected at x = 4.15 m. By
contract, for the meeting scenarios, the lower XZ-plane was chosen at y = 6.55 m. After
modifying the databases with the prediction planes, the resolution was also reduced to
0.1 m to better suit the size of a user.

In this stage, 7 surface prediction results were generated for each person correspond-
ing to the beamforming scenarios. Therefore, 7 maximal power values were found on
the surface and 7 incident angles can be calculated.

The angles are again calculated as those of the LOS rays, while the power levels are
the uncorrelated superpositions of all rays.

The positions and incident angles are listed in the Table. 2.7

Beamf'ormmg 1 92 3 5
scenarios
f;)s;‘;lons (4.55, 1.25) | (4.55, 1.25) | (4.95, 1.25) | (4.95, 1.25)
Presentation Azimuth o | 7.640 7.640 13.046 13.046
Elevation o | 22.930 22.930 22.578 22.578
Positi
(};)s;t)lons (7.9, 0.55) | (7.9, 0.55) | (7.9, 1.05) | (7.9, 0.85)
Meeting Azimuth o | 4.008 4,008 4.008 4.008
Elevation o | 17.293 17.293 13.918 15.281
Beamf.orming 6 7 8
scenarios
f’;s;;wrls (4.55, 0.75) | (4.95, 0.55) | (4.95, 0.85)
Presentation Azimuth o 1 7.640 13.046 13.046
Elevation o | 28.542 30.205 27.060
Positions (7.5, 1.05) | (7.9, 0.85) | (7.9, 0.75)
- (x. )
cetng Azimuth o | 4.222 4.008 4.008
Elevation o | 14.630 15.281 15.956

Table 2.7: Maximal power positions and incident angles

However, the real shape of a human body is different from a cuboid. This mainly
has an influence on the simulation as human body has no arris. The multi-layer skin
model is also a cuboid. This leads to an issue that even the size of the skin model is too
small to be considered as on the flat surface in the propagation simulation, applying
the obtained incident angles shown in Table. 2.7, the simulation will calculate in that
way. Therefore, to represent the situation where the ray incidents a sufficiently small
area of a user, only elevation angles were considered in the latter simulations.
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2.4.4 Indoor propagation results

Given the excitation method As mentioned before, the receivers were by default
isotropic. Therefore, the effective antenna area of them at 26.5 GHz can be computed
using Eq. (2.9).

(2)26

Ae = -1 i (2.9)
Ae stands for effective cross-section area in m?.
co is the speed of light in vacuum in m/s.
f is the frequency in Hz.
G is the gain and equals 1 here.
Therefore, the simulated results can be converted to power density by:

P, = £ (2.10)

, where P, stands for surface power density in W/m?, P stands for power in W, and
Ae stands for effective cross-section area in m?.

The maximal received powers density in time domain are then plotted with an
increasing ascending order of the beamforming indices.
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Figure 2.13: Final results of propagation simulations

Detailed steps of using such results as the excitation sources in the skin model
simulation are presented in section 3.2.
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2.5 Measurement

This section is devoted to explain how a measurement of meeting scenarios was con-
ducted. Three parts are included in this section, namely actions in advance of the
measurement, the measurement, and analysis of the results.

2.5.1 Preparation

Preparations were conducted to perform the final measurement, including calibration
of devices, modification on simulations, and 3D printing holders for the BBox and the
Sensor.

2.5.1.1 Calibration of devices

To begin with, the BBox has a typical effective isotropic radiated power (EIRP) of
41.5 dBm at 28 GHz when used as a transmitter [27]. Given the fact that the central
frequency of this work is 26.5 GHz, an additional EIRP measurement was conducted
in an anechoic chamber.

(a) EIRP measurement transmitting side (b) EIRP measurement receiving side

Figure 2.14: Setup of the BBox EIRP measurement

As shown in Fig. 2.14, the BBox was used as a transmitter and a horn antenna
was used as the receiver. Therefore, the BBox was connected to a power supply, an RF
generator at 26.5 GHz, and a computer with its software control. The horn antenna
was connected to a powermeter. The measured power levels was read by a MATLAB
code on the computer that was connected to the powermeter.

As written in the handbook, the typical input power is 2 dBm [27]. Therefore, with
a cable loss of approximately 3 dBm, the generator was set at 5 dBm. In addition, the
gain of the receiver was measured to be 24 dB.
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Index 1 2 5 6 7 8
Azimuth o | 119 | 90 | 48 | 73 | 107 | 132
elevation o | 9 10 [ 24 | 30 | 30 24

Table 2.8: Beam steering angles measurement

With a distance of 3.6 m, the transmitted power can be easily calculated by Eq.
(2.3).

The received power was -30.4 dBm, resulting in an EIRP of 22.8 dBm. However, in
a feasibility test with a horn antenna and a spectrum analyzer, and in the final test,
the obtained power was around 20 dB higher than the expectation. Therefore, there
lied a huge error in the chamber measurement. Eventually, the typical EIRP at 28 GHz
from [27] was used in the simulations.

2.5.1.2 Modification of simulations

In addition to the modification of the transmitted power, the layout of the furniture in
the database was also changed to match the measurement scenarios.

Firstly, due to the limit of subjects, only 6 people were placed into the room. While
a lower user density is unavoidable, efforts were taken to maintain the beamforming
scenarios as much as possible. Therefore, one user was placed into each grid. However,
there was still a lack of a user. As the relatively high exposed positions are more
concerned, one of the 1-3 grid was considered to be set as empty. Due to the symmetry
of grid 1 and 3, eventually grid 1, 2, 5, 6, 7, 8 were occupied.

Secondly, there were two types of tables in the room. The ones that were placed at
the long end were 0.8 m x 1.6 m, and those placed at the short end were 0.7 m x 1.8
m. Both of them are 0.8 m high. Therefore, the sizes of tables were modified. They
were simulated as a spliced ring-shaped board in the environmental model.

Meanwhile, to make room for the transmitter setup, one table was removed on each
side, resulting in 18 tables and chairs in total.

The final layout of the propagation environment for the measurement is shown in
Fig. 2.15.

Eventually, it was not possible to fix the BBox on the ceiling. A ladder was used on
a table to support it. This led to a change of position of the antenna to (0.32 m, 4.4
m, 2.45 m). Corresponding modification was made, along with that on the transmitted
power.

Once the positions of the users and the transmitter were determined, the steering
angles were computed.
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Figure 2.15: Database for measurement scenario

This simulation also aimed at finding proper positions to place the sensor. Given
the a table height at 0.8 m, a holder was designed to make the sensor 0.2 m above the
table. Thus, surface predictions at 1 m were then conducted and processed.

As the modification of transmitted power was not applied. Meanwhile, the BBox
was used as an active phased array in the measurement so that an error was introduced
by the scan loss.

The transmitted power in the simulation was selected as the EIRP value, thus
only the differences of the directivities at the steered angles to that of the broadside
were needed. Such values regarding angles in Table. 2.8 were computed in MATLAB.
Additionally, as mentioned above, this was conducted by linear addition to the acquired
data.

A plot of the averaged power distribution at 1 m high is depicted in Fig. 2.16.

To vary the measurement cases, 3 positions were selected to put the sensor and then
measurements were conducted individually. The selection also considered the fact that
the holder needs to be place on a table.

The selected measurement locations were marked by * in red, magenta and white,
with estimated large, medium and low received power levels respectively. They are
indexed as location 1: (3.75 m, 5.45 m, 1 m), location 2: (7.45 m, 6.85 m, 1 m),
location 3: (11.05 m, 4.65 m, 1 m).

The expected power levels versus time are shown in the figure below.
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Figure 2.16: Averaged power measurement with sensor positions marked
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Figure 2.20: Simulation results of the measurement setup

2.5.1.3 3D-printed sensor holder

A lens-based high-sensitivity 5G mm-Wave EMF sensor was used for the measurement.
Such a sensor is dual polarized, allowing captures of both polarizations of incoming
waves. When it comes to over-the-air (OTA) conditions, the broadside direction of the
sensor needs to be aligned with the incoming ray. Therefore, as there was an elevation
angle of the LOS ray to be measured, it was crucial to keep the sensor at an orthogonal
angle.

Holders were designed based on the measurement positions. However, due to limi-
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tation only one of them were 3D printed, introducing an error up to 10 o.

The holder with the sensor mounted on it is shown in 2.21. A slope with the
calculated angle was supported by 2 pillars, with holes to screw the sensor on. An
hollow is created behind the sensor, allowing connection to the feed.

Figure 2.21: The sensor mounted on the holder

2.5.2 Measurement setup

The devices needed for the measurement are listed below.

- The BBox, a laptop with the software to control it, an RF generator for it, an
Ethernet cable to connect it to the laptop, a cable to connect it to the generator, and
a power cable.

- The sensor, a laptop to read the data from it, a bias supply for it, a holder to
support it, and wires.

- A ladder and a holder on the ladder to place the BBox.

To begin with, the BBox was mounted on a ladder located at (0.32 m, 4.4 m, 2.45
m). It was connected to a generator at 26.5 GHz, with an output of 5 dBm of power.
An Ethernet cable connected it to a computer, from which commands of steering angles
were sent.

In the room, 6 subjects were seated as shown in Fig.2.15. The sensor was placed at
location 1, connecting to a bias supply and a laptop used to control it and read data
out.

A person was standing next to the BBox. Once a pair of beamforming angles in
Table. 2.8 was applied, readouts of the sensor were gathered. This step was repeated
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Figure 2.22: The transmitter setup of the measurement

il!.‘

Figure 2.23: The measurement setup

6 times for the set of angles, after which the sensor was moved to the next location
and the same measurements were carried out. As a results, 18 datasets were collected,
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regarding 6 beamforming scenarios each of the 3 locations.

2.5.3 Results and analysis

Dynamic readouts were acquired. The readings from the sensor were stationary for each
beamforming scenario, proving the stationary assumption. Therefore, the measured
power levels of each scenario were averaged in post-processing, generating a single
value.

By using such a value to represent the power level of a unit time, the measurement
was compared to the simulation.

§imulated and measured power levels given scenarios (3.75, 5.45, 1) Simulated and measured power levels given scenarios (7.45, 6.8, 1) Sjmulated and measured power levels given scenarios (11.05, 4.65, 1)
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Figure 2.24: Propagation simulation results and measurements at three locations

Two reasons are considered for the discrepancy, namely the difference in the sim-
ulated antenna pattern and the practical antenna, and the error in positions of the
Sensor.

To begin with, a 3D far field file is required by the propagation simulation software.
This made importing the measured BBox pattern impossible. However, with half wave-
length elements and half wave-length spacing, the simulation UPA was ideal, leading
to discrepancies of side lobe values.

The broadside pattern of the BBox is measured in the Dome The measurement
setup and the results are displayed in the appendix. From the measurement, a cut can
be made at phi = 0. The normalized plot was generated and compared to that of the
simulated pattern from CADFEKO.

As shown in Fig. 2.25, the simulated pattern has lower null levels compared to
that of the BBox. This results in small received power level in simulation such as that
between t = 3 and t = 4 in Fig. 2.24a, while in the measurement such phenomena were
not observed. Therefore, the discrepancy of the antenna patterns is the main reason
for the differences between simulation and measurement.

Meanwhile, the simulated power levels were point prediction values at specific lo-
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Figure 2.25: Comparison between broadside patterns of the BBox and the simulated UPA

cations. Much higher accuracy is needed to align with such values. However, such an
error was not able to quantify.
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Multi-layer skin model

3.1 Multi-layer skin model

To begin with, as the penetration depth decreases with an increasing frequency, at 26.5
GHz, it is considered that most of the exposure is absorbed in the skin cells.

'g(l;le prenetration depth of Skin-Epidermis + dermis versus frequency
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Figure 3.1: Penetration depth of human skin versus frequency

Considered as a homogeneous material, general dielectric properties are applied
for skin-epidermis and dermis tissues [9]. With such values, the penetration depth of
human skin versus frequency can be computed. Fig. 3.1 shows that from low frequency
ranges (below 6 GHz) to the operating frequency of this work, the penetration depth
drops hugely.

Therefore, with a 1.5 mm thickness of the skin model, it is safe to say that at this
stage, a simulation limited within the skin layers can represent the overall exposure of
a human.

The multi-layer skin model consists of 6 components in CST studio, namely the
stratum corneum, middle epidermis, inner epidermis, dermis, blood vessel and sweat
duct. As shown in Fig. 3.2, curves were inserted to model shape of cells. User-defined
materials were applied to different layers [9, 32, 33, 34, 35]. It is 0.4 mm x 0.4 mm X
1.5 mm by size.
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Layer e o'[S/m]
Stratum cornuem | 17.41 | 24.78
Sweat duct 23.20 | 0.01

Middle epidermis | 16.95 | 19.61
Inner epidermis 16.95 | 19.61
Dermis 14.95 | 21.41

Blood vessel 25.03 | 41.27

Table 3.1: Dielectric constants of the skin layers

In addition, the blood vessel was inserted in the middle of the epidermis layer. The
sweat duct was represented by linear spiral, where ionized water was considered so that
a fairly small conductivity was assigned to the material.

Middle epiderpad
-

Dermis

Figure 3.2: Multi-layer human skin model

3.2 Simulation setup

For each unit of time, a user in the room requires data and the beam pattern is then
switches to the grid of the user. Although the DL requirements are considered equiva-
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lent for each user, the total exposure levels differ. Therefore, the most exposed person
among all users was selected. Once the user was chosen, for each beamforming sce-
nario, the point of the largest power density on the user and the LOS angle from the
antenna to it were extracted. Such values were used as the averaged power density of
the incident wave, and the incident angle.

To align with the propagation simulations, static simulations were hence conducted
in CST. The incident angles were set directly as the scan angles, while the power
levels are scaled in post-processing. In total there are 14 simulation, consisting of 7
beamforming scenarios of the presentation and meeting usage each. The simulation
was conducted based on the following designs.

- Floquet ports: stimulated at 26.5 GHz, TE and TM modes, 0.5 W transmitted
power uniformly distributed on the XY-plane area of the skin model.

- Boundary conditions: unit cell setting for X and Y direction, open at Zmin (start-
ing position of the skin model), and open with space at Zmax.

- Scan angles: elevation angles in Table. 2.7 were applied.

- Field monitors: SAR, power flow and E-field monitors at 26.5 GHz were applied
to obtain the volume power densities.

- Mesh: default settings of the hexahedral type were applied.
- Solver: frequency domain solver from 26 to 27 GHz

- Post-processing: 3D integral of selected solids were conducted to obtain the ab-
sorbed power in each layer.

By these simulations, the overall observed power of the skin model is acquired. Due
to the periodic boundaries, the surface power density results are the same as enlarging
it to 4 ecm?.

3.3 Results and discussion

By various simulation in CST studio, the absorbed power of the whole layered skin
model can be obtained and shown in Table. 3.2. By dividing the transmitted power,
namely 0.5 W by such values, the normalized absorbing rates of the skin model at these
incident angles are computed.

According to [3], at 26.5 GHz, the exposure is assessed by the surface power density
absorbed. Therefore, by normalizing the absorbed power to the transmitted power of
the floquet ports, the absorbed surface power density is calculated by:
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1 2 3 ) 6 7 8
Presentation | 0.2384 | 0.2384 | 0.2383 | 0.2383 | 0.2311 | 0.2288 | 0.2331
Meeting 0.2431 | 0.2431 | 0.2455 | 0.2446 | 0.2450 | 0.2446 | 0.2441

Table 3.2: Absorbed power in the skin model [W]

P
Pi,=— P 3.1
da = p (3.1)

, where Py, is the absorbed surface power density, P, is the absorbed power of the
skin model, P, is the transmitted power of the floquet ports, and P, is the power density
from the propagation simulation, also consider as the power that should be transmitted
to the skin model.

The exposure predictions of the most exposed users in time domain are shown in
Fig. 3.3.
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Figure 3.3: Exposure assessment

The predicted exposure values for both scenarios are well below the regulation of
20 W/m?. When used for a presentation, the room is more crowded. This leads to a
potential issue that relatively high exposed scenarios might be dominant in time.

In addition, the damage to the RBC is more concerned biologically. Although the
position of the blood vessel is 0.9 mm underneath the top of the skin, it can be seen in
the E-filed results that the power does not fully decay before the vessel.

Maximums on the cut planes are 85.7 and 77.3 dB (V/m). Despite the considerable
decrease, the blood vessel is still exposed. In addition, in biologic experiments, the
RBCs are exposed to EMF directly [36]. This makes it important to assess the realistic
EMEF exposure level of specific structures of the skin model.

Although the electromagnetic indicator of exposure changed surface power density
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Figure 3.4: Decay of field strength from top of the skin to the blood vessel

above 6 GHz, the specific energy absorption rate (SAR) is still used to quantify the
exposure level in biologic field. According to [3], the local exposure level is represented
by the SAR over a 10 gram cuboid mass, and thus noted as SAR;y. With the pe-
riodic assumption, the value calculated from the blood vessel part in this model is
representative and comparable.

SAR=PF,-p (3.2)

As shown in Eq. (3.2), the SAR is calculated by multiplying the absorbed power
with the mass density of blood, which is 1060 kg/m3 [37].

As shown in Table. 3.3, the absorbed powers differ very little and are already way
below the regulation, only one simulation is taken for example. Thus, the one with the
maximum overall received power, as beamforming scenario 3 of the meeting usage is
chosen.

The same scaling is applied as in Eq. 3.1. Thus, the SAR of the blood vessel
regarding the propagation scenario is then calculated by:

Pa~Pd-S-p

SAR3 = P
t

(3.3)

, where P, is the absorbed power by the blood vessel, P; is the power density
extracted from the propagation simulation, S is the area of the floquet port, and p is
the mass density of blood. As the wave is propagating along Z-axis, the XY-plane area
of 0.4 mm x 0.4 mm is applied.

As shown in Fig. 3.5, approximately 0.01 W is absorbed in the blood vessel. The
calculated value is hence 0.77 W /kg. Due to the fact that there is no regulation of such
a quantity above 6 GHz, that below 6 GHz was used. The exposure level of the blood
vessel is well below that of the regulation as 100 W /kg [3].
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Figure 3.5: Absorbed power level in different skin structures

Due to the scalable feature, the frame can also be used to assess the exposure level of
the blood vessel by modifying the transmitted power. Moreover, as such exposure value
is calculated at the blood vessel, it is relatively more realistic for biological experiments
than those at other parts of body.
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Conclusion

This thesis presented a comprehensive methodology for assessing EMF exposure in 5G
FR2 indoor scenarios with beamforming transmitters by integrating propagation-level
simulations with a layered biological skin model. Measurements of material permittiv-
ity ensured realistic environmental databases, while ray-tracing simulations quantified
the variations in power density across different user scenarios. These results were suc-
cessfully combined to a multi-layer skin model to simulate localized energy absorption
rates. The findings confirmed that even under maximum user density conditions, the
predicted exposures remain far below international safety guidelines, while also reveal-
ing that beamforming introduces user- and scenario-specific variations that must be
considered in exposure assessment.

The main contributions of this work include:

A validated workflow that links indoor propagation analysis to skin-level EMF ab-
sorption.

The first integration of ray-tracing results with multi-layer biological modeling in
5G FR2 exposure studies.

Experimental verification using practical measurement campaigns to support simu-
lation results.

Future work should extend this framework to a full body human model where more
complicated wave propagation mechanisms can be studied. Overall, the thesis proposes
a new method to assess the EMF exposure of 5G FR2 band in indoor environments.
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Appendix

Index

2 |3

4 5 6 7 8 9 10

11

12

13

14

Azimuth °

107

90 | 73

141 | 127 | 104 | 76 | 53 | 39 | 162

158

150

136

109

Elevation °

12

13 | 12

25 |31 |36 |36 |31 |25 |28

33

41

50

59

15

16

17 | 18

19 |20 (21 |22 |23 |24 |25

26

27

28

29

71

71

44 | 30

22 |18 | 178 | 177 | 176 | 159 | 21

59

50

41 | 33

28 |29 |35 |45 |89 |78 |78

59

45

35

29

Table 4.1: Rotation angles of grid of beams

Database

Addition transmitted power [dBm]

Presentation

13.4381, 13.0905, 13.44,
7.3665, 5.8493, 4.69970,
4.6857, 5.8497, 7.3671,
6.4823, 5.1381, 3.683,
2.3074, 1.3953, 1.3945,
2.3062, 3.6828, 5.138,
7.4098, 4.7386,3.4684,
2.0703, 1.0472,0.274,

0, 1.0515,2.0736,
3.4717, 4.7419,

Meeting

12.7176, 12.8221, 13.06,
7.0025, 5.4129, 4.4142,
4.2827, 5.5193, 7.0931,
6.2086, 4.8639, 3.409,
2.0334, 1.1213, 1.1213,
2.0334, 3.4088, 4.8639,
7.1358, 4.4646, 3.1944,
1.7963, 0.7732, 0,
0.0032, 0.7767, 1.7997,
3.1977, 4.4679

Table 4.2: Additional transmitted power of scenarios
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Figure 4.1: Measurement setup of BBox broadside pattern in the Dome

i AzEl-Pattern plot ;
50 -10
0 -20

-50 -30

-100 -40

-100 -50 0 50 100

Figure 4.2: BBox broadside pattern of the Dome measurement
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