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Abstract

The rising trend of data traffic, driven by the demands of applications with in-
creasing performances, calls for fast, reliable, and high-capacity telecommunication
networks. This challenging growth represents a significant opportunity for the de-
velopment of a novel telecommunication infrastructure that is progressing through a
wider communication bandwidth like those used in Industry 4.0 for edge-computing
or the Internet of Things. Indeed, fourth generation (4G) networks appear to be
insufficient to fulfill the requirements associated with latency and quality of the data
transmitted. These issues have a common solution that the scientific community has
identified in fifth generation (5G) communications technologies. As a matter of fact,
the progress achieved with 5G and beyond networks is well known for the enhance-
ments introduced in telecommunications, providing at the same time key advantages
in many fields of application, notably digital healthcare services, smart cities or au-
tonomous vehicles. Although 5G systems are becoming a commercial reality, there
is already significant interest in systems beyond 5G, referred to as the sixth gen-
eration (6G) of wireless systems. To achieve high performance, 5G systems rely
on the employment of advanced communication technologies together with the ex-
ploitation of unutilized high-frequency spectrum. However, these technologies gave
rise to new propagation scenarios in which information about electromagnetic field
levels are extremely relevant. Indeed, moving to higher frequencies, in particular to
the millimeter wave (mmWave) spectrum, demonstrated a significant increment of
signal propagation losses, resulting in a high signal attenuation. Furthermore, the
use of mmWave spectrum introduced new exposure scenarios for the population due
to the higher frequencies involved. This generated concerns about the safety of these
new technologies in relation to their interactions with human body and at the same
time the necessity to employ advanced strategies to enhance the signal strength and
ensure a sufficient network coverage. Nevertheless, providing a good coverage while
complying with human exposure limits is currently a big challenge for 5G systems.
A lot of attention has been focused on these issues, but more work is needed to
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understand how new 5G technologies might impact on human exposure and assure
the compliance of mmWave technologies with existing exposure guidelines before
their introduction on the market. In this thesis, the problem of human exposure
assessment at 5G frequencies is faced at two levels: population and skin level. More
in detail, computational and experimental analyses are carried out to assess popu-
lation exposure in different real propagation scenarios, supporting the deployment
of 5G systems with essential information for their safe widespread. Furthermore,
human body exposure at skin level is investigated, providing reliable and innovative
methodologies for dosimetry evaluations at mmWaves.
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Chapter 1

Introduction

In this Chapter an overview of 5G systems main features is provided. The basic
concepts of electromagnetic fields interaction with human body at 5G frequencies
are introduced, together with the definition of exposure limits according to current
guidelines. Main challenges introduced by new 5G technologies are discussed and
the research question of this thesis is defined.

1.1 Insight on 5G Key Technologies

The increasing demand for high data rates, lower latencies, amount of transmitted
data, and number of simultaneously connected devices has driven the transition
from 4G to 5G systems. Indeed, 5G technologies promise to provide fast and reli-
able telecommunications, enabling the connection not just between people but also
between things, with significant improvements in different fields of applications such
as smart cities, automotive, smart healthcare, smart homes, and Internet of Things
[1], [2], [3], [4], [5]. To satisfy these requirements, one of the key features introduced
by new 5G networks is the employment of higher frequencies, up to the mmWave
spectrum, involving frequencies from 24 GHz up to 300 GHz [6], [7]. Indeed, mov-
ing to higher frequencies offers orders of magnitude greater bandwidths that can be
easily 200 times greater than all cellular allocations under 3 GHz [8], [9], [10], [11],
allowing to overcome the global bandwidth shortage. On the other hand, exploring
the mmWave spectrum requires careful consideration of signal attenuation, since the
increase in frequency also results in higher path-loss attenuation [11], [12].
Moreover, due to the small wavelengths, the interaction between electromagnetic
fields and atmospheric agents, including rain and fog, may lead to a further increase
in signal attenuation due to absorption and scattering phenomena [6], [8], [10], [11].
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For these reasons, the coverage area of 5G networks decreases significantly with re-
spect to previous generation systems, and new 5G base stations (BS) can serve only
cells of about 100 meters, that are named "micro cells" [6], [13]. This means that
to ensure the high performances promised by 5G technologies and to increase the
area spectral efficiency, a massive installation of antennas is needed in large envi-
ronments, with several small access points [7], as represented in Fig. 1.1. Indeed,
small-cell BS represents a turning point to explore the full potential of 5G networks,
expanding the network in urban areas, densely populated regions, indoor environ-
ments, and low-coverage zones [14].
In addition to this, to ensure a reliable connection and increase the signal strength,
5G systems employ other techniques, such as massive Multiple Input Multiple Out-
put (MIMO), beamforming and beam steering. Indeed, massive MIMO is a config-
uration in which the BS is usually equipped with a very large number of antennas,
organized as an array, operated fully coherently and adaptively to serve multiple
users devices, each equipped with one or more antennas [15]. A comparison between
conventional and massive MIMO antenna is shown in Fig. 1.2. The beamforming
technique is employed if the multiple antennas transmit the same signal at an iden-
tical wavelength and phase, generating a single more focused beam, and increasing
in this way the spectrum and energy efficiency [16]. On the other hand, with the
beam sweeping and beam steering the phase of the input signal on all radiating ele-
ments is changed, allowing the signal to be targeted at a receiver that is located in a
specific position [17], and to follow interactively the user’s movements. A schematic
representation of beamforming and beam steering techniques is provided in Fig. 1.3.
All these technologies are introduced to compensate path losses in the mmWave spec-
trum but at the same time introduce new exposure scenarios for public, in which
the electromagnetic field levels are increasingly complex to assess. Furthermore the
exploitation of the mmWave spectrum completely changes the electromagnetic in-
teraction also with human body, since due to the small depth of penetration, surface
tissues such as skin and eyes are mainly involved [18]. This makes it necessary to
define suitable methods and parameters to evaluate safety for human exposure.
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Small cell Small cell Small cell Small cell

Figure 1.1: Small cell deployment in urban scenario.

(A) (B)

Figure 1.2: Working principle of conventional antenna (A) and massive MIMO an-
tenna (B).

1.2 5G Bands Allocation in the Electromagnetic Spec-

trum

Three main frequency bands are identified for 5G applications: FR1 band (below
6 GHz), FR1 (C) (4 GHz - 8 GHz), FR2 band (above 24.25 GHz) and FR3 band
(7 GHz –24 GHz) [19], [20], [21], [22], [23]. The spectrum allocation for each band
is different according to the specific country. In many European countries, for ex-
ample, frequencies in the FR1 range 700 MHz and 3.4 GHz - 3.8 GHz and in the
FR2 range 24.5 GHz – 27.5 GHz are assigned for telecommunication services [24],
[25], [26]. The FR3 band is recently proposed for its promising performances, but
since now it is mostly subject of research studies and it is not employed by telecom
operators [27]. All these frequency bands fall within the electromagnetic spectrum
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Beamforming

Beam steeringRadiating element

Antenna pattern

Figure 1.3: Schematical representation of beamforming and beamsteering tech-
niques.

of non-ionizing radiation (NIR), which refers to electromagnetic radiation that does
not have enough energy to remove electrons from atoms or molecules, through a
process called "ionization" [18]. This characteristic distinguishes them from ioniz-
ing radiation, such as X-rays or gamma rays, which, on the other hand, have enough
energy to induce ionization and, consequently, can potentially cause biological dam-
age. Both frequency ranges are shown in the full electromagnetic spectrum reported
in Fig. 1.4.
Generally, electromagnetic waves can be defined by one of the following physical pa-
rameters: frequency (f), wavelength (λ) and photon energy (Ep), in which the wave-
length is inversely proportional to frequency and is defined as the distance between
successive peaks of an electromagnetic wave, while the photon energy represents
the energy associated to each photon of the electromagnetic wave and is inversely
proportional to the wavelength [28]. The mathematical expressions of wavelength
and photon energy are reported in eq. 1.1 and eq. 1.2, respectively:

λ =
c

f
(1.1)

Ep = hpf =
hpc

λ
(1.2)

with c = 3 · 108 m/s speed of light and hp = 6.626 · 10−34 J · s Planck’s constant.
The electromagnetic spectrum is generally divided into different bands, from
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lower to higher frequency with the following denominations: radio waves and mi-
crowaves (from Hz-GHz to which corresponds a wavelength range from a few cen-
timeters to many thousands of kilometers), infrared (IR) (around THz), visible light
(hundreds of THz to which corresponds wavelength range that covers all colors from
blue at 400 nm to red at 700 nm, with blue light having more energy than red light),
ultraviolet (around PHz), X-rays (from tens to tens of thousands PHz), and gamma
rays (> EHz). In each of these bands, the electromagnetic waves have different
characteristics, starting from the way in which they can be generated to the way in
which they interact with matter. Indeed, as previously discussed, the wave energy
increases until the spectrum of ionizing waves is reached and the energy required to
induce ionization is exceeded.
In addition to this, the values of wavelength provide information about the dimen-
sions of the objects with which the electromagnetic wave can interact. More in detail,
when the dimension of the interacting object is comparable to the wavelength (typi-
cally λ/2), maximum coupling is established with intense scattering, absorption and
resonance phenomena [29], [30]. This explains why when mmWaves are employed
for telecommunications, the atmospheric absorption increases, since the wavelength
is comparable to rain and fog droplets dimensions. Moreover, according to the spe-
cific spectrum range, electromagnetic fields can be employed in different practical
applications and this strongly depends on the frequency-dependent effects that can
be induced. Indeed, in the radio and microwave spectrum, main applications include
heating of tissues for therapeutic purposes [31], [32], [33], [34] or agronomy-oriented
treatments [35], [36], [37]. On the other hand, in the IR spectrum typical appli-
cations include thermal imaging [38], [39] or IR spectroscopy [40], while ultraviolet
radiations are typically employed for sterilization and disinfection [41], [42].
Finally, in the radio frequency (RF) spectrum the most widespread implementation
of electromagnetic fields is the telecommunications, and with the new introduction
of 5G systems this is extended also up to the 30 GHz - 300 GHz spectrum, that is
called mmWave spectrum due to the wavelengths involved (from 10 mm up to 1 mm)
[18]. It can be seen from the iconographic representations in Fig. 1.4, that evident
advances in the field of telecommunications have been obtained over the years by
using increasingly higher frequency portions of the spectrum. Indeed, this lead to
the analog-based communications of first generations (1G) systems, that employed
frequencies of hundreds of MHz [43], [44], to the actual 5G advanced configurations
[6].
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Figure 1.4: Electromagnetic spectrum.

1.3 Electromagnetic Fields Interaction with Human

Body at 5G Frequencies

As described in previous section, frequencies employed for 5G communications fall
within the RF spectrum, in which the only demonstrated effect of electromagnetic
fields on human body is heating [45]. To discuss where this outcome came from, it
is necessary to introduce some fundamental physical parameters. It is well known
that the interaction between electromagnetic fields and materials can be described
by means of Maxwell’s equations [30], [34] and is strictly related to the constitu-
tive parameters of the medium and the frequencies involved. More in detail, this
interaction is related by fundamental physical parameters: the permittivity and per-
meability, which describe the behavior of a medium in the presence of an external
electromagnetic field. In the frequency domain, the effective relative permittivity
(ε∗r), that is the complex permittivity expressed with respect to that of vacuum
(ε0 = 8.854 · 10−12F/m), is characterized by two terms: the real part (εr), that
is related to the capacity of the medium to store electromagnetic energy and the
imaginary part (εi), that describes the dissipative behavior of the medium. More in
detail, its expression can be written in the following form:

ε∗r = εr − i(ε′′rp +
σs
ωε0

) = εr − iεi (1.3)

where εr represents the real part of the relative permittivity and the imaginary
part is expressed as the sum of two different contributions: ε′′rp that describes losses
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into the medium due to polarization mechanisms related to the presence of polar
molecules and σs that is the static conductivity (S/m) related to the presence of
free electric charges inside the material. Finally, ω = 2πf is the angular frequency.
This expression of the permittivity clearly shows that, according to the frequency
of the electromagnetic field, different effects can be induced into a loss medium. In
particular, two limiting cases can be identified:

1. In the case of low RF frequencies (ω → 0), the contribution of σs is dominant.

2. In the case of high RF frequencies (ω >> 0), the contribution of ε′′rp is preva-
lent.

This means, from a physical point of view, that according to the RF considered,
heating effect can be generated into a loss medium (i.e. human tissues) due to
the presence of the electromagnetic field, and it can be induced by two different
mechanisms:

• Due to the movement of ionic charges inside the tissue (for lower frequencies
in the RF spectrum). Indeed, due to the presence of the electromagnetic
field, ionic charges inside the tissue start moving, continuously colliding with
surrounding atoms and molecules. This ionic agitation induces a temperature
increase inside the tissue due to the conversion of the kinetic energy generated
by continuous collisions into thermal energy, with a physical mechanism known
as Joule heating effect.

• Due to the oscillations of polar molecules into the medium (for higher fre-
quencies in the RF spectrum) that try to align their direction with the one
of the applied field. Indeed, due to oscillatory movements of electromagnetic
fields, polar molecules oscillate, continuously colliding with each other, accord-
ing to the dipolar or orientation polarization phenomenon. The high friction
between molecules gives rise to energy dissipation into the medium due to
dielectric losses, that is converted into a temperature increase.

Since 5G networks are intended to work at higher frequencies of the RF spectrum
(from 700 MHz up to 300 GHz), their main effect on human body is the heating due
to the dipolar polarization phenomenon. Indeed, human tissues are composed by an
high percentage of water, that is a well known polar molecule, in a quantity that is
typically around 70% of the total tissue composition [46]. In Fig. 1.5 a representa-
tion of dipolar polarization for water molecules is reported. As can be seen, water
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molecules are permanent dipoles since a partial negative (δ−) charge is present in
proximity of oxygen molecule (O), while a partial positive charge (δ+) is present
near hydrogen molecule (H). Due to the oscillations of the external electromagnetic
fields, water molecules rotate continuously for aligning with the direction of the field.
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Figure 1.5: Dipolar or orientation polarization of water molecules subject to an
oscillating electromagnetic field.

1.4 Dosimetry Assessment at 5G Frequency Bands

according to ICNIRP Guidelines

To assess the effect of electromagnetic fields on human body at 5G frequencies, the
most widely adopted reference guidelines are published by the International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP). The ICNIRP is an inde-
pendent, non-governmental, international scientific organization, recognized by the
World Health Organization (WHO), established with the aim to assess the health
risks of exposure to NIR frequencies and to harmonize electromagnetic field exposure
standards at an international level. This organization is responsible for publishing
guidelines and recommendations for safe exposure levels in the whole NIR band,
ranging from static fields to visible and ultraviolet radiation [47]. These recommen-
dations represent a scientific guidance and, even if not legally binding, are adopted
as a reference for national regulations worldwide. The human exposure is evaluated
introducing different dosimetry parameters, based on the considered range of fre-
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quencies, that allow to quantify the effect of electromagnetic fields on the human
body according to the physical mechanism underlying their interaction. Threshold
values for the different parameters are estimated considering a certain reduction
factor with respect to the operational adverse health effect threshold, that are the
values for which a certain effect due to exposure to the electromagnetic field has
been detected.
In addition to this, another reduction factor is applied, differently for the case of
occupational and general public exposure. Indeed, the general public cannot be
expected to be aware of exposure guidelines and thus to mitigate risk, an higher
reduction factor is applied. Published guidelines are divided depending on the fre-
quency spectrum and are periodically updated based on research studies. As a
matter of fact, due to the large-scale deployment of 5G systems, guidelines for RF
electromagnetic fields (ranging from 100 kHz to 300 GHz) have been updated in 2020
[45], to examine in depth the mmWave spectrum and its effects on the human body.
More in detail, in this new version, a distinction is made between electromagnetic
field interaction with human body below 6 GHz and above 6 GHz. In both cases,
the only demonstrated potential adverse effect is heating, following discussions car-
ried out in the previous section, but, due to the different frequencies involved, two
dosimetry parameters are introduced. In the following, a detailed description of
these parameters is provided.

1.4.1 Dosimetric Quantity for the Exposure Assessment in

the FR1 Band

As previously discussed, 5G FR1 band involves frequencies below 6 GHz. According
to ICNIRP guidelines the dosimetric quantity that describes the effect of electro-
magnetic fields on human body in this RF spectrum is the Specific Absorption Rate
(SAR). This parameter was already present in the previous version of the guideline,
but was intended up to 10 GHz [48]. With the introduction of the latest 2020 ver-
sion, the local SAR has been replaced above 6 GHz by a new dosimetric quantity. In
both cases, the SAR represents a quantitative measure of RF power absorbed in a
living body [18]. It can be generally defined as the time derivative of the incremental
energy (dW ) absorbed by (dissipated in) an incremental mass (dm) contained in a
volume element (dV ) of given mass density (ρ) [49], with the following expression
[50], [51]:



1. Introduction 34

SAR[
W

kg
] =

d

dt
(
dW

dm
) =

d

dt
(
dW

ρdV
) (1.4)

Moreover, it can also be expressed as the dissipated power (Pdiss) per unit mass
(m) or as a function of the electric field distribution inside the tissue and its prop-
erties (mass density and conductivity (σ)), according to the following expressions
[18], [52]:

SAR[
W

kg
] =

Pdiss

m
=
Pdiss

ρdV
=
σ|E|2

2ρ
=
σ|Erms|2

ρ
(1.5)

where E and Erms are the peak and root-mean-square value of the electric field,
respectively [52]. It should be noted that σ, E, and ρ are all functions of the
position within the tissue exposed. Another expression for the SAR can be obtained
considering a homogeneous non-perfused material (t ≥ 0) [18] :

SAR[
W

kg
] = cp

∆T

∆t
(1.6)

with cp specific heat of the tissue (J/kg/°C), ∆T temperature increase and ∆t

duration of exposure. According to ICNIRP guideline [45], SAR is specified over
different masses to better match particular adverse health effects; SAR10g represents
the power absorbed (per kg) over a 10 g cubical mass, while the whole-body average
SAR represents power absorbed (per kg) over the entire body. More in detail, a 10
g mass is used because, although there can initially be temperature heterogeneity
within that mass, heat diffusion rapidly distributes the thermal energy to a much
larger volume that is well-represented by a 10 g cubic mass. In Table 1.1, SAR
thresholds for human exposure are reported both for the whole body and local SAR
in the case of occupational and general public. It should noted that the whole-body
SAR is still valid up to 300 GHz.

Exposure Scenario Whole-Body
SAR [W/kg]

Local Head/Torso
SAR [W/kg]

Local Limb
SAR [W/kg]

Occupational 0.4 10 20
General Public 0.08 2 4

Table 1.1: SAR limits below 6 GHz according to ICNIRP guidelines. Whole-body
SAR is to be averaged over 30 min while local SAR exposures are to be averaged
over 6 min.

It can be seen that different SAR values are reported, since they derive from
different adverse health effect thresholds resulting from experiments. Moreover, it
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should be noted that the whole body SAR is always averaged over the entire body
mass and 30 min interval, while the local SAR over a 10 g cubic mass and 6 min
interval. Indeed, a whole body average SAR of 4 W/kg is taken as the exposure level
corresponding to the operational adverse health effect threshold for an increase in
body core temperature of 1°C. A reduction factor of 10 is applied for occupational ex-
posure to account for scientific uncertainty, differences in thermal physiology across
individuals and variability in environmental conditions and physical activity levels
[45]. Thus, the basic restriction for occupational exposure becomes a whole body
average SAR of 0.4 W/kg, while a reduction factor of 50 is applied to the general
public, obtaining a SAR restriction for the general public of 0.08 W/kg.

As regards the local SAR, head, torso and limb are considered. For head and
torso guidelines take a SAR of 20 W/kg, as the local exposure level corresponding to
the operational adverse health effect threshold for the head and torso. A reduction
factor of 2 is applied to this value for occupational exposure, thus, obtaining a
restriction of SAR10g equal to 10 W/kg. On the other hand, a reduction factor of
10 is applied for the general public, obtaining a SAR10g of 2 W/kg. For limb, the
guidelines take a SAR of 40 W/kg as the local exposure level corresponding to the
operational adverse health effect threshold. The same reduction factors of head and
torso are applied, obtaining a SAR10g for occupational exposure of 20 W/kg, while
4 W/kg for general public. Finally, it should be noted that when the long axis of the
human body is parallel to the electric field vector, and under plane-wave exposure
conditions (i.e., far-field exposure), whole-body SAR reaches maximal values [48].

1.4.2 Dosimetric Quantity for the Exposure Assessment in

the FR2 (mmWave) and FR3 Bands

As discussed, the exploitation of the mmWave spectrum, has led to an updated
version of ICNIRP guidelines in the RF frequencies, obtaining the actual latest
version of the year 2020 [45]. More in detail, with respect to the previous version, the
main change is the introduction of a new dosimetric quantity above 6 GHz, replacing
the local SAR, that is the Absorbed Power Density (APD) or Sab. It is specified
into the guideline that there is uncertainty with regard to the precise frequency for
the change from SAR to APD, and 6 GHz is chosen because at that frequency, most
of the absorbed power is within the cutaneous tissue and, thus, within the upper
half of a 10 g SAR cubic volume (that can be represented by the 2.15 cm x 2.15
cm surface of the cube). To understand why the APD is introduced, it is necessary
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to define an important electromagnetic parameter, known as the penetration depth
(δ). Specifically, when RF fields interact with the human body, that is from an
electromagnetic point of view a loss medium, a portion of the electromagnetic wave
penetrates into the tissues and exponentially decays from the surface to deeper
regions. This phenomenon is characterized according to the penetration depth, that
can be expressed as follows [53]:

δ =
1

ω

√√√√µ0µ
∗
r ε0ε

∗
r

2

(√
1 +

( σ

ωε0ε∗r

)2
− 1

) (1.7)

with µ0 magnetic permeability of vacuum equal to µ0 = 4π10−7F/m, µ∗
r relative

magnetic permeability that is equal to 1 for human tissues, and σ tissue conductivity.
This expression can be simplified for high loss materials (σ >> ωε∗r), obtaining the
formula (1.8) in which the inverse proportionality between frequency and penetration
depth is very clear:

δ =

√
2

ωµ0µ∗
rσ

(1.8)

This parameter is also defined as the distance from the surface where 86% of
the RF power is absorbed [45]. As can be seen, it depends on the electromagnetic
characteristics of the medium and is inversely proportional to the frequency. In fact,
if human skin is considered, the corresponding penetration depth at 6 GHz is 8.1
mm, while at 60 GHz it is 0.49 mm [45], meaning that the higher the frequency, the
less penetration of the electromagnetic field is obtained into the human body and
the power absorption is confined within very superficial regions, such as the skin.
For this reason, APD is introduced as a new dosimetric quantity. Indeed, differently
from the SAR that evaluates the absorbed power in a volume, the APD represents
the power absorbed per surface area unit [W/m2]. Its expression can be derived
using the Poynting vector definition as [54]:

APD[
W

m2
] =

∫∫
A

Re[E × H*]
ds
A

(1.9)

Where E and H are the electric and magnetic field vectors, respectively, cal-
culated inside the human body, while ds is the integral variable vector with its
direction normal to the integral area A on the body surface. Another expression can
be found if the incident power density (Sinc) is considered:
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APD[
W

m2
] = Sinc(1− |r|2) (1.10)

in which r is the reflection coefficient. It should be noted that in the case of far-
field or transverse electromagnetic (TEM) plane wave, the expression of the incident
power density simply becomes:

Sinc =
|E0rms|2

Z0

= Z0|H0rms|2 (1.11)

with Z0 the characteristic impedance of free space, i.e., 377 Ω. According to
ICNIRP guidelines, restrictions values for APD are reported in Table 1.2.

Exposure Scenario Local
APD [W/m2]

Occupational 100
General Public 20

Table 1.2: APD limits from 6 GHz to 300 GHz according to ICNIRP guidelines.
APD exposures are to be averaged over 6 min.

The guidelines take an absorbed power density of 200 W/m2, averaged over 6
min and a square 4 cm2 surface area of the body, as the local exposure corresponding
to the operational adverse health effect threshold for head, torso, and limb regions.
As in the previous case, a reduction factor of 2 is applied for occupational exposure
and of 10 for the general public. Values are to be averaged over 6 min and a square
4 cm2 surface area of the body. Furthermore, to account for focal beam exposure
from >30 to 300 GHz, absorbed power density averaged over a square 1 cm2 surface
area of the body must not exceed 2 times that of the 4 cm2 basic restrictions for
workers or the general public.

1.5 Reference Levels for Exposure Assessment at

5G Frequencies

The exposure restrictions presented in previous sections are also named "basic re-
strictions" according to the ICNIRP guidelines. As discussed, they relate the exter-
nal RF source directly with the power absorbed inside the human body, providing
a quantification of the electromagnetic field exposure effects. However, both SAR
and APD require the knowledge of physical parameters inside the body to be as-
sessed. Indeed, SAR is related to the electric field distribution or to the temperature
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elevation inside the exposed tissue, as well as the APD according to its definition
should be retrieved at the human skin surface. This definitely means that dosimet-
ric parameters, in the way they are defined, are not easily measurable in vivo for
ethical issues. For this reason, the ICNIRP introduces different quantities that are
more easy to evaluate, named “reference levels” [45]. These quantities are derived
from a combination of computational and measurement studies to provide a more
practical way to assess compliance with guidelines, ensuring the same degree of pro-
tection as the basic restrictions. In this way, the exposure is taken to be compliant
with the guidelines if it is shown to be below either the relevant basic restrictions
or the relevant reference levels [45]. Following a conservative approach, reference
levels have been established so that, even under worst-case exposure scenarios, the
resulting exposure will remain comparable to that defined by the basic restrictions.
In this way compliance with the reference levels leads to exposure levels that are
significantly below those of the corresponding basic restrictions.
The reference level quantities relevant for 5G exposure assessment are incident elec-
tric field strength (Einc) and the incident incident power density (Sinc). It should
be noted that another quantity, the plane wave equivalent incident power density
(Seq), can be considered above 2 GHz, with the expression reported in eq.(1.11).
Indeed, at these frequencies, RF fields generally follow the characteristics of plane
wave or far-field exposure conditions and the incident power density or the equiva-
lent incident power density can be used as reference levels in this frequency region.
Moreover, the reactive near-field exists very close to a RF source in this frequency
region. Indeed, the typical boundary of the reactive near-field and the radiative
nearfield is defined as λ/(2π) (e.g., 8 mm at 6 GHz) [45].
Finally, with the latest version of ICNIRP guidelines, the whole-body reference levels
have been extended from below 6 GHz, up to 300 GHz. The exposure restrictions are
reported in Table 1.3, considering the range between 2 GHz and 300 GHz. As can be
seen, in the Table “NA” signifies “not applicable”, meaning that the corresponding
parameter does not need to be taken into account when determining compliance.
However, since with the assumption of far field exposure the incident power density
and the electric field can be easily related, it is possible to define as limit for the
occupational 137 V/m and for the general public 61 V/m, but only if the far field
assumption is valid.

As discussed, ICNIRP limits are used as a reference in most countries world-
wide. There are some exceptions, such as the United States that adopt their own
independent exposure standards. Indeed, in this case, the reference authority that
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Exposure Scenario Incident E-field
strength; Einc [V/m]

Incident power
density; Sinc [W/m2]

Occupational NA 50
General Public NA 10

Table 1.3: Reference levels for exposure according to ICNIRP guidelines, averaged
over 30 min and the whole body, in the frequency range > 2-300 GHz (unperturbed
rms values).

is the Federal Communications Commission (FCC) [18], a government agency re-
sponsible for regulating telecommunications and establishing safety limits for RF
emissions, relies on other standards such as the IEEE Standard C95.1 [50]. In most
EU countries, even if the limits provided into the guidelines are already conserva-
tive, government institutions implement stricter levels of safety, further reducing the
threshold values compared to the reference levels recommended by the standards.
As a case in point, in Italy the exposure limits in terms of the incident electric
field strength were reduced by a factor of 10 up to 300 GHz for the general public
with respect to ICNIRP guidelines since 2023. A new law no. 214 of 30 December
2023, partially modified exposure restrictions, increasing the reference levels up to
15 V/m to meet the needs of network operators for providing a high-quality service
[55]. This is also in line with what recommended into ICNIRP guideline, in which
it is specified that when "reference level quantities are associated with greater un-
certainty, reference levels must be applied more conservatively" [45]. Additionally,
ICNIRP-based limits are also time-averaged, and some Member States apply more
restrictive limits specifically for long-term or continuous exposure in residential and
sensitive environments.

1.6 Challenges in the Exposure Assessment at 5G

Frequencies

Based on the above considerations, it turns out that the assessment of electromag-
netic field levels generated by new 5G systems can be very challenging, since it may
require to evaluate the human exposure at two different levels:

• population level: assessment of electromagnetic fields in the environment to
ensure that the compliance with reference levels is respected;

• skin level: quantification of the electromagnetic field effects close the human
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body, considering the absorbed power into the tissues and the compliance with
basic restrictions.

As regarding the first point, different technical standards have been introduced,
both at international and European level, with the aim to provide procedures for
accurately measuring and assessing exposure to 5G RF electromagnetic fields. The
most widely used is the IEC standard 62232, which provides methods for the de-
termination of RF field strength, power density and specific absorption rate (SAR)
near BS in the range 110 MHz to 300 GHz [56], [57]. More in detail, the standard
defines methods to evaluate RF electric field strength [V/m] both in situ and in
laboratories, and recognizes numerical simulations as a valid method for RF expo-
sure evaluation, especially when direct measurements are insufficient or need to be
supported by prediction analysis. Among numerical methods, ray-based methods
are considered as a worthwhile technique for far field electromagnetic evaluation in
real propagation scenarios and also for simulations in large scale [58],[59]. However,
due to the base advanced and adaptive techniques employed by 5G BS, both simu-
lations and measurements of their behavior are not straightforward [60]. Moreover,
several ray-based algorithms are currently available and this may lead to different
predictions of electric field levels due to the different algorithms adopted [61].
On the other hand, to assess the effect of electromagnetic field levels close to the
human body, without involving human or animal subjects, equivalent phantoms
mimicking tissues properties represent a very efficient and promising solution [62].
Nevertheless, while up to 10 GHz standardized procedures for the evaluation of
dosimetric quantities have been introduced and widely validated [63], [64], [65] also
through the employment of human phantoms [66], [67], this is not true for frequencies
above 10 GHz. Indeed, due to the recently introduction of the APD as dosimetric
quantity at mmWaves, there is still a lack of methodologies and studies. In addition
to this, it should be noted that for a reliable exposure assessment, human phantoms
should be carefully optimized both from the electromagnetic and thermal point of
view. This aspect increases the need of trustworthy optimization algorithms for an
accurate phantom realization, without waste of materials.

1.7 Research Question

The final aim of this thesis is to assess the electromagnetic field levels generated by
new 5G systems at both population and skin levels, providing reliable methodologies
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for human exposure assessment. Indeed, thesis main objectives are:

• the definition of harmonized and innovative frameworks for human exposure
assessment at population and skin level up to the mmWave spectrum;

• provide reliable tools for the safety-critical design of 5G networks and opti-
mized dosimetry experiments up to the mmWave spectrum;

• investigate and provide information about existing electromagnetic field levels
in the environment up to the mmWave spectrum with a fair degree of reliabil-
ity;

• the design and realization of new innovative phantoms for the assessment of
APD and testing of wireless devices with advanced techniques.

To these purposes, a comprehensive analysis that involves analytical, numerical
and experimental approaches is performed. More in detail, to assess population
exposure, both computational and experimental methods are employed, relying on
ray-based algorithms and measurement campaigns carried out in both FR1 and FR2
bands. To enhance results trustworthiness, this activity involves antenna operators,
which provide detailed information on the BS characteristics, and benchmarking
with external research institutions expert in the field. The comprehensive under-
taken study leads to the definition of harmonized and standardized frameworks
to assess population exposure in several real-life scenarios, providing essential in-
formation on current exposure levels and what to expect from the deployment of
new 5G technologies. Additionally, the same analysis supports the optimized de-
sign of 5G networks to ensure an efficient radio coverage. However, dosimetry at
the skin level is investigated above 10 GHz by means of analytical, numerical, and
experimental approaches. Indeed, analytical models to optimize the design phan-
toms at mmWaves, both from the electromagnetic and thermal point of view, are
developed and numerically validated, introducing fundamental tools for dosimetry
assessment and resulting in the definition of a multi-physics optimization protocol.
The effectiveness of the proposed optimization approach is proven numerically and
experimentally, leading to the realization of a new innovative phantom to test the
performance and safety of wireless devices in the mmWave spectrum. Moreover, a
thorough analysis on phantom design is carried out, providing key information on
the electromagnetic characteristics of materials employed for phantom realization.
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1.8 Thesis Overview

In this Chapter key innovations related to 5G technologies and their implications
on the exposure assessment are discussed, giving an overview of the main challenges
they introduced. The next Chapters are organized as follows:
Chapter 2: an in-depth analysis of the state of the art on ray-based algorithms
and phantoms mimicking human tissues is performed, pointing out the main gaps
currently present in the literature. Moreover, the original contributions of this re-
search are presented.
Chapter 3: the ray-based algorithm employed in this thesis is presented and care-
fully described from the physical point of view. Afterwards, its application for the
population exposure assessment in the FR1 and FR2 band is presented in different
real case scenarios.
Chapter 4: the computational analyses carried out for the exposure assessment are
extensively numerically and experimentally verified. In addition to this, a workflow
for ray-based tools assessment is presented.
Chapter 5: electromagnetic and thermal modeling of solid reflectivity-based phan-
toms at mmWaves is presented. Therefore, analytical models are developed and
numerically validated in different configurations.
Chapter 6: a multi-physics optimization approach is developed and implemented
for the broadband design of reflectivity-based skin phantom at mmWaves. Addi-
tionally, the design, realization and characterization of a new solid phantom for
Over-The-Air (OTA) testing is presented.



Chapter 2

State of the Art

In this Chapter a literature review is presented to introduce the state of the art on
ray-based algorithms employed in human exposure assessment, together with solid
phantoms realized to retrieve the APD. Moreover, the main methods actually pro-
posed in the literature to evaluate APD are discussed. Research gaps are highlighted
with the aim to clarify the overall thesis original contributions.

2.1 Ray-Based Algorithms for the Assessment of

Exposure Reference Levels at 5G Frequencies

The assessment of electromagnetic field levels in the environment generated by new
5G networks can be very challenging. Indeed, differently from previous generations,
5G systems can be characterized by two different electric field levels [60]:

• "always on" electric field level due to broadcast beams that are used to send
control signals for User Equipment (UE) access;

• traffic beams electric field level existing "in the air" only in the presence of a
UE.

The electric field levels, due to the broadcast beams, can be measured by numer-
ous portable automatic measurement systems offered on the market (i.e. spectrum
analyzers, 5G phone with proper software and so on). They are relatively easy to
measure, but their knowledge is not sufficient for the complete assessment of human
exposure. Indeed, traffic beams may have a significant impact on the total electro-
magnetic field levels when multiple users are connected. However, measure electric
field levels generated by traffic beams is not straightforward for 5G technologies due

43
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to the time and space variance of these signals [68]. To this end, different extrap-
olation techniques have been developed [56], trying to estimate the maximum level
of electromagnetic field that a BS can radiate, but due to the unpredictability of
the transmitted power, an accurate exposure assessment may become quite complex
[68]. In this context, ray-based algorithms are increasingly employed in many prop-
agation studies on 5G systems, both in the FR1 band and in the FR2 band, and
overall results demonstrate that the method is a valuable support for the electro-
magnetic field assessment in 5G scenarios [58], [69], [70], [71], [71], [59], [72], [73],
[74], [75], [76], [77]. This is explainable by several reasons [78]:

• high accuracy in simulations for the high frequencies involved in 5G networks.
Indeed, due to the small wavelengths, deterministic models as ray tracing can
accurately follow multi-paths and detailed characteristics of environments;

• accurate modeling of transmission and receiver angle, necessary for massive
MIMO and beamforming techniques, together with future implementations in
5G environments such Reconfigurable Intelligent Surfaces [79];

• the ability to plan radio coverage in large and complex environments, consid-
ering different antenna or environmental parameters, and to implement cali-
bration for accurate description of buildings and other scenario objects;

• the possibility to provide an accurate dataset for the training of neural net-
works models, useful for the establishment of future Digital Twins [80], [81].

Ray-based propagation simulations can be carried out by means of different algo-
rithms. More in detail, following the distinction made in [61], [82], ray-based models
can be differentiated into ray tracing approach and ray launching approach. Below,
a brief description of these methods is provided.

Ray Launching: is a technique for simulating radio wave propagation. In this
approach, the transmitter launches rays separated by a set angular distance across
both azimuth and elevation to cover the simulation environment. Each ray travels
through the scenario and interacts with different objects, giving rise to reflection
and diffraction phenomena. According to the specific implementation, after a cer-
tain number of interactions, the algorithm determines whether a ray reaches the
target receiver, and the rays that intersect the receiver are used to calculate the fi-
nal electromagnetic field distribution. A more detailed description of this technique
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will be provided in the following chapters.

Ray Tracing: is a propagation modeling technique that simulates electromagnetic
wave behavior by computing all significant ray paths connecting the transmitter
to each specific receiver point. For every receiver location, ray tracing systemati-
cally determines a comprehensive set of rays, ensuring that all relevant propagation
mechanisms, including reflections, diffraction, and scattering, are taken into account.
Differently from the ray launching, all the possible propagation paths that connect
the receiver and the transmitter are determined.

Some of the most widespread approaches based on these two methods are briefly
reported below [83], [84], [85], [86], [82], [61].

Image Method: is a point-to-point propagation simulation method based on the
above-discussed ray tracing approach. The algorithm is based on the following
working principle: given the positions of the transmitter, receiver, and reflecting
surfaces, it determines the exact reflection point on each surface that satisfies the
law of reflection by transforming the reflected path into an equivalent straight line.
The intersection of this line with the surface defines the reflection point. The same
process can be extended for multiple reflections, and diffraction can be computed
either by the Geometry Theory of Diffraction or the Uniform Theory of Diffraction
(GTD/UTD) [61], [87].

Shooting and Bouncing Rays (SBR): is a realization of the ray launching ap-
proach. Indeed, a set of rays is launched from the transmitter with a given angular
separation. The launched rays are propagated in the environment up to a maximum
number of interactions with surfaces and are considered to reach the receiver if they
meet a specific reception condition [82]. For each ray multiple bounces are consid-
ered.

Overall, following the classification for path-loss prediction models proposed in
[83], ray-based algorithms can also be defined, together with the finite-difference
time-domain (FDTD) method, as site-specific or deterministic models. In addi-
tion to this, path-loss can be computed by means of semi empirical models, a set
of equations derived from extensive field measurements [83]. An example is rep-
resented by the Walfisch-Ikegami model, a model that considers total attenuation
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as a combination of different basic components, both in Line Of Sight (LOS) and
Non-LOS (N-LOS) [88]. Finally, theoretical models can be employed, physically
derived assuming some ideal conditions. Among these, there are the UTD, GTD
and Knife-Edge diffraction theories [89].
Ray-based techniques are widely used for channel modeling of 5G systems to study
network performances [69], [70], [90], [91], but their use is increasingly spreading
for human exposure assessment. A literature review is carried out by means of the
EMF-portal that summarizes systematically scientific research data on the effects of
electromagnetic fields [92]. More in detail, using together the keywords "ray trac-
ing" "exposure" "5G" and "ray launching" "exposure and "5G" 24 works are found,
starting from the year 2019. Extending the research using only the keywords "ex-
posure" and "5G", 803 studies are present, so among them only the ones referred
to ray-based algorithms are considered from the year 2019, keeping in mind that
the 3rd Generation Partnership Project (3GPP) completed Release 15 in June 2018,
marking the birth of 5G [93]. Therefore, the literature review of ray-based simu-
lation study on human exposure assessment at 5G frequencies is reported in Table
2.1. More in detail, studies are classified considering frequency band, numerical
validation with on-site measurements and comparison with other ray-based tools.
As can be seen, most of the studies are related to the FR1 band, since it has been
the first to be introduced and is currently widespread throughout the territory. On
the other hand, very few works are presented in the FR2 band, also due to the lack
of available operative antennas. Moreover, only two papers analyze the compari-
son between results of different ray tracing tools, and both of them compare two
ray-based algorithms.

2.2 Tissue-mimicking Phantoms for Human Expo-

sure Assessment at 5G Frequencies

As discussed, in the reactive near-field region, reference levels cannot be used to
determine human exposure, and in many scenarios (i.e. simply a person who uses
the phone close to his head) basic restrictions need to be considered. Moreover,
moving to higher frequencies, especially to the mmWave spectrum, increases the
potential to develop wearable antennas, given the short wavelengths [120], [121],
which are intended to come into direct contact with the human body. Therefore, to
assess compliance with new exposure limits, but also wireless device performances
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Reference Frequency band Measurements (y/n) Other tools (y/n)
[76] FR1 y y (2)
[94] FR1 y n
[95] FR1 n n
[96] FR1 n n
[97] FR2 n n
[98] FR1 y n
[98] FR1 n n
[99] FR1 n n
[100] FR1 and FR2 n n
[101] FR2 n n
[102] FR1 n n
[103] FR1 y y (2)
[72] FR1 n n
[104] FR1 n n
[105] FR1 n n
[106] FR1 n n
[107] FR1 and FR2 y n
[108] FR2 y n
[109] FR1 y n
[110] FR1 n n
[111] FR1 and FR2 y n
[112] FR1 y n
[113] FR1 y n
[114] FR1 y n
[115] FR2 y n
[116] FR1 n n
[117] FR1 n n
[118] FR1 and FR2 n n
[119] FR1 n n

Table 2.1: Ray-based simulation studies on human exposure assessment at 5G fre-
quencies.

equivalent tissue-mimicking phantoms represent the most widespread solution [62].
Overall, phantoms are classified in three main categories, considering the degree
of solidity, namely, liquid, semisolid, and solid phantoms. Moreover, due to the
frequency-dependence of tissue properties, they are also divided into narrow band
and broadband phantoms, depending on the target frequency range. Indeed, narrow
band solutions target only a small frequency band of interest, while broadband
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phantoms aim to mimic tissue properties in a wider range of frequencies [122].

2.2.1 Liquid and Semi-Solid Phantoms

Liquid phantoms represent the most easy and less expensive solution. They are
usually prepared as a mixture of different ingredients that in appropriate concen-
trations help to achieve the desired dielectric properties of the tissue. Most of the
proposed liquid phantoms are realized as a mix of water together with sugar and
sodium chloride (NaCl). The water is chosen as the base ingredient since, as previ-
ously discussed, tissues are water-based themselves, while sugar is known to lower
permittivity of the water, and this effect becomes more pronounced as its concen-
tration increases [123], [124]. Differently, NaCl has the function to increase the
conductivity of the solution when mixed with water [125]. These two components
are the most widely used due to their low toxicity and easy accessibility. In addition
to this, Triton X (TX)-100 and diacetin are also proposed to lower the permittivity
of the solution [126], [127]. Liquid phantoms are suitable to perform measurements
inside the phantom, as any probe can move freely, and for this reason are widely
employed for measurements of implantable antennas/sensors and SAR assessment
of body-area devices [126].
On the other hand, semisolid phantoms, also named gel phantoms, while more vis-
cous than liquid phantoms, are less rigid than solid phantoms and represent an
intermediate solution between these two. As for liquids, they are realized by mixing
in appropriate proportions different ingredients, tuning their concentrations until
the target tissue properties are achieved. In addition to this, another step is neces-
sary to thicken the solution. Therefore, a thickening agent (agar, synthetic polymer,
gelatin, or thickening additive) should be added to the liquid mixture, altering its
final density. The mixture is then transferred into a mold with the desired geometric
characteristics that can be either anatomical or conventional shapes. Typically, agar-
based phantoms are the most widely used because of the physical and mechanical
properties of this agent that are similar to those of human tissue. These phantoms
are usually composed by edible materials, such as deionized water, polyethylene
powder (PEP), sodium chloride mixed with agar. Their most widespread applica-
tions include hyperthermia [128], [129], [130] or SAR assessment [131], [132], [67],
[133]. Thanks to the semi-solid structure, these phantoms can also emulate com-
pound tissue, such as skin, fat, gland, and tumor tissue together [134].
Both liquid and semi-solid phantoms are widely established in literature for SAR
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measurements up to 6 GHz [62], [135], and very recently are introduced also for
the APD assessment. Indeed, in [136], [137] a composite phantom emulating skin
reflection coefficient in the frequency range from 24 - 30 GHz is developed. Specif-
ically, the phantom is composed by a skin tissue simulating liquid contained above
a shell. Additionally, in [138] a liquid skin phantom is used for APD assessment in
the range 10 - 60 GHz and in [139] an agar-based phantom is proposed to mimic
skin properties at mmWaves (28 GHz) and to quantify the impact of human body
on the antenna perfomances.

2.2.2 Solid Phantoms

Differently from liquid and semi-solid phantoms, solid phantoms are characterized
by a longer stability, since they overcome main limitations such as dehydration and
deterioration due to invasion of bacteria or mold [140], [62]. As in the previous cases,
they are designed as a mixture of different ingredients to achieve the desired dielec-
tric properties. However, they are not water-based, thus advanced and specialized
materials are employed and the realization process is much more challenging, gener-
ally requiring the doping of a lower-permittivity base (i.e., plastic or silicone) with
conductive and high permittivity additives during the curing process [62]. Some
solutions are proposed in literature, based on the use of different materials.
In [140], [141], [142] a mixture of ceramic and graphite powder bonded with a resin
is employed for the realization of a phantom mimicking brand and muscle tissue at
900 MHz. More in detail, ceramic powder is chosen to control permittivity, while
graphite powder is used to increase phantom conductivity. The phantom is designed
for SAR assessment by means of thermographic techniques with the aim to evaluate
the safety of devices operating in the ultra-high field band, such as portable radios
[140]. Additionally, in [143], a flat solid phantom composed by ceramic powder,
graphite powder, and bonding resin is proposed. More in detail, the phantom is
realized to mimic head properties at 900 and 1950 MHz for SAR assessment. To
overcome the complexity in the realization of ceramic-based phantoms, new solu-
tions are proposed to develop solid conducting plastic phantoms, typically based on
titanium dioxide and carbon black, mixed into a plastic, as the plastic cures [62].
Indeed, titatium dioxide is used to control the permittivity while carbon black to
increase the conductivity. A phantom mimicking human muscle properties, based
on this mixture, is proposed in [144], covering a frequency range between 300 MHz
to 900 MHz and intended to be used in any setting over the microwave spectrum
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requiring a stable, solid, high-loss material that simulates biological tissues. A sim-
ilar composition is proposed in [145], in which a multi-layer phantom is designed
to match the properties of fat and gray matter tissues from 1 MHz to 10 GHz.
Another possible solution is represented by phantoms composed of silicone rubber
and various forms of carbon. This combination allows to match both high and low-
permittivity tissues across a wide frequency band [62]. Indeed, varying the type
of carbon nanotubes in silicone base, in [146] both fat and muscle tissue phantoms
are obtained at 430 MHz and 2.45 GHz and employed for SAR assessment using
a thermograph camera. Moreover, in this study it is specified that the proposed
type of phantom can be used to simulate any arbitrary tissue or group of tissues by
selecting the proper weight ratios of the carbon fibers.
On the other hand, in [147] a muscle phantom in 1 GHz - 6 GHz range composed
by carbon nanotubes and silicone rubber is proposed with the aim to perform ex-
perimental SAR assessment. A similar combination is used in [148] in which a
hand phantom based on carbon-loaded silicones is developed in the frequency range
600-6000 MHz to be involved in SAR assessment. A phantom with the same char-
acteristics is proposed in [100] to mimic human head in the context of 4G long term
evolution bands for smart glasses applications. Two ranges of frequency are targeted
(824–960 MHz and 1710–2690 MHz) for SAR evaluation. Overall, silicone-based
phantoms are also sold by the Switzerland-based company Schmid and Partner En-
gineering AG (SPEAG) [149] for many different applications from low frequencies
(10 MHz) up to higher frequencies (100 GHz). Additionally, in [150], a phantom
mimicking human skin proprieties at 60 GHz band coefficient is presented. The
phantom is composed of carbon nanotubes, silicone rubber, and carbon black and
is used to assess skin temperature rise through thermography. All the presented
phantoms are designed to emulate human tissue electromagnetic properties.
However, another approach is presented in [151], in which a breast phantom mim-
icking the reflection coefficient of the skin is realized to test and validate microwave
breast imaging prototypes. The phantom is developed in a frequency range 1 GHz
- 10 GHz and is based on silicone-carbon combination. Moreover, in [152] a solid
phantom reproducing skin reflection coefficient at 28 GHz is proposed. The phantom
is realized using polyphenylene-ether (PPE), typically used for antenna substrates,
to be used for APD assessment. In addition to this, recently, reflectivity-based
phantoms are introduced also for the exposure assessment at mmWaves. A solu-
tion based on a mix of metallized polydimethylsiloxane (PDMS) filled with carbon
black powder is firstly proposed in [153] and then in other works [154], [155], [156],
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[157], [158], [159], [38]. The phantom is designed, differently from previous solu-
tions, to emulate not the same properties of human tissue, but the same reflection
coefficient at the air/phantom interface as at the air/skin interface properties in the
58 - 63 GHz frequency range to assess the APD. The realization, implementation,
and advantages of this phantom will be discussed further below. In Table 2.2 a
review of solid phantoms in the frequency range 0-100 GHz proposed in literature
are reported, specifying the frequency range, the target tissue parameter that can
be either the complex permittivity (ε) or the amplitude of reflection coefficient (r),
and its application in terms of dosimetry. As can be seen, most of them are realized
at low frequencies for SAR assessment. For some of them in which Not Applica-
ble (NA) is indicated, the specific application for the phantom is not provided in
the study. On the other hand, where ∆T is reported, this means that the phan-
tom is tested to assess the temperature increase, without specify the corresponding
dosimetric parameter.

Reference Frequency range Target Dosimetry
[140], [141],
[142]

900 MHz Muscle ε SAR

[143] 900 and 1950 MHz Head ε SAR
[144] 300–900 MHz Muscle ε NA
[145] 1 MHz–10 GHz Fat and Gray Matter ε NA
[146] 430 MHz and 2.45 GHz Fat and Muscle ε SAR
[147] 1–6 GHz Muscle ε SAR
[148] 600 MHz–6 GHz Hand ε SAR
[100] 824–960 MHz and 1710–2690 MHz Head ε SAR
[150] 60 GHz Skin ε ∆T

[151] 1–10 GHz Skin r NA
[152] 28 GHz Skin r APD
[38], [153],
[154], [155],
[156], [157],
[158], [159]

53–63 GHz Skin r APD

Table 2.2: Solid phantoms proposed in literature around 5G frequency bands.
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2.2.3 Solid Reflectivity-Based Phantoms for APD Assessment

at mmWaves through IR Techniques

As discussed, SAR estimation using phantom mimicking human tissues is a widely
assessed method, supported also by numerous standardized procedures to perform
accurate measurements [63], [64]. Furthermore, a large number of studies are pre-
sented in literature, demonstrating that either liquid, semi-solid and solid phan-
toms allow to accurately assess human exposure below 6 GHz [62], [135]. Overall,
two methods can be employed to measure the SAR by means of phantoms: the
probe and thermography methods. The probe method consists in the electric field
measurement directly inside the phantom to derive the SAR. For this reason, this
technique is limited only to liquid phantoms and sometimes semi-solid phantoms,
since it is necessary to move the probe to obtain the internal field distribution. On
the other hand, thermography or IR method can be used with solid and semisolid
phantoms. Following this approach, an electromagnetic source is used to illuminate
the phantom, and the induced temperature rise is measured to calculate SAR [66].
Differently, for the APD assessment, a standard for the experimental evaluation is
introduced in [65] for frequencies in the range 6 - 10 GHz, in which it is still pos-
sible to derive the APD from SAR measurement systems specified in [64]. More in
detail, it is possible by applying a simple conversion factor. However, for frequen-
cies above 10 GHz, there are no standardized dosimetric testing systems available
for APD assessment [137]. Therefore, following SAR methods, some attempts have
been undertaken to scale the probe in-phantom measurement method to frequencies
above 10 GHz, using liquid phantoms [136], [137], [138], [160] . However, they faced
physical limitations due to prohibitively high losses in biological tissues and the
consequent strong spatial APD gradient in measurements. Indeed, several aspects
should be considered when employing this technique [137]:

• the probe used to determine the electric field distribution needs to measure as
close as possible to the phantom surface (< 1 mm);

• the frequency range has to extend from 10 GHz to 30 GHz with a bandwidth
of > 800 MHz to capture all 5G signals;

• the probe should be able to operate calibrated traceable in the phantom liquid
medium and not disturb the field distribution;



2. State of the Art 53

• isotropic error should be less than 1 dB and linearity error smaller than 0.4
dB over the dynamic range from 1% to 10 times the APD general public limit.

Thus, due to the aforementioned requirements, the probe design options are
limited. Additionally, to perform electric field measurements inside liquid phantoms,
the mixture should be put inside a shell. It has been demonstrated, that the presence
of the shell can lead to an overestimation of electromagnetic field levels [161]. To
overcome these limitations, a new method to retrieve APD is proposed in [154],
[162] based on free space electric field measurement. More in detail, a reflectivity
based solid phantom mimicking scattering characteristics of human skin at 60 GHz
is employed, based on a Carbon+PDMS mixture. According to this technique, the
phantom is illuminated on one side, while the electric field is measured on the back
using a probe, then back propagated in space to retrieve APD at the phantom
surface. Alternatively, the same phantom is proposed to retrieve APD through
temperature-based method [38], [158], [162], [163]. Principles of this technique are
schematically represented in Fig. 2.1. As shown, the antenna under test is placed at
a certain distance from the phantom, designed with the same scattering properties of
the human skin to perturb the antenna in the same way as it would be perturbed by
the presence of the human body. The mmWave energy generated by the antenna is
converted into heat inside the phantom due to dielectric losses and the temperature
increase at the surface S2 is recorded using an IR camera. Indeed, the intensity of the
IR signal emitted is directly proportional to the surface temperature. Finally, the
APD at the evaluation surface S1 is reconstructed from the measured temperature
rise.
It should be noted that the phantom optimization is tailored according to the specific
technique employed. Indeed, for probe measurements in [154] phantom should be
optimized to maximize the through-phantom transmission to ensure a measurable
electric field behind the phantom. On the other hand, for IR based measurements,
phantom should enhance the absorption to accurately convert the absorbed power
into a heat pattern measured by an IR camera [38]. Finally, the use of a solid
reflectivity-based phantom is very promising since can allow accurate assessment
under realistic conditions, as it consider also the antenna/body interaction that may
cause enhancement of user exposure levels and can have strong impact on device
performances [164].
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0 L

Figure 2.1: Schematical representation of the thermal-based APD measurement
approach.

2.3 Research Gaps and Problem Formulation

As argued in previous sections, the assessment of human exposure generated by
new 5G systems can require two different levels of evaluation: at public level and
at the skin level. Indeed, the assessment of reference levels, considering directly
RF fields in the environment, is a widespread approach to monitoring population
exposure at newly installed BS antennas. In this context, as discussed above, ray-
based techniques represent a very promising solution. However, before using them
in real exposure scenarios, it is necessary to ensure high accuracy in simulation re-
sults, especially when different algorithms are employed and may provide slightly
dissimilar electromagnetic field level predictions. Despite in literature this topic has
been faced in several studies, an harmonized framework that allows to perform a
fair comparison of the varying outcomes obtained with different algorithms has not
been introduced so far.
Moreover, as can be deduced from Table 2.1, most of the presented works are carried
out in the FR1 band. This is primarily related to the fact that 5G systems working
in the FR1 band have been first introduced and deployed throughout the territory.
Therefore, considerably more BS antennas are available and operative to carry out
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measurement campaigns and numerical simulations. Conversely, operative 5G net-
works in the FR2 band are not as widely diffused since they have been introduced
quite recently and, due to the high frequencies involved, network design is much
more complex. Moreover, wherever present, measuring and simulating electric field
levels generated by mmWave antennas is very challenging due to the advanced and
adaptive technologies they implement, such as beamforming or beam steering, that
make repeatable measurements not straightforward to perform. In addition to this,
to simulate the real BS behavior is extremely critical, since in many cases accurate
information about the antenna is not provided and even when available, they only
refer to the antenna envelope diagram.
On the other hand, since the exposure assessment with respect only to reference
levels in the near field is not enough, an in-depth research study is also necessary
to assess exposure close to the human body at the skin level. More in detail, as
previously discussed, according to the 5G frequency band considered, two basic re-
strictions have been introduced: SAR and APD. While the SAR assessment is well
established by means of tissue-mimicking phantoms and standardized protocols have
been developed to perform compliant measurements, this is not the same for APD
evaluation. Indeed, standardized dosimetric testing systems above 10 GHz have
not been established so far. Some potential methods are proposed in the literature,
based on electric field or thermal measurements and preliminary results suggest that
solid phantoms are the most suitable solution for APD measurements, since they
overcome main limitations of liquid and semi-solid phantoms.
More in detail, solid reflectivity based phantoms seem to be the most promising
configuration, since they allow taking into account the antenna/body interaction.
Focusing on thermal-based measurements, they are particularly suitable for power
density assessment at mmWaves due to increasing with frequency losses resulting in
a more effective conversion of the electromagnetic energy to heat. However, limited
sensitivity is the major bottleneck of IR-based measurements. Indeed, the APD
is directly obtained from temperature rise, therefore for an accurate reconstruction
it’s essential to enhance the Signal to Noise Ratio (SNR). To this aim, a possible
solution is proposed in [158], in which a spectral frequency-domain filtering of the
thermal noise, using the lock-in technique, is proposed. In this way, the ambient IR
noise can be filtered, and the heat conduction effect can be mitigated. In addition
to this, phantom characteristics play a crucial role in the sensitivity enhancement
of the proposed approach since the temperature increase is strictly related to dielec-
tric losses inside the structure, so phantom configuration should be carefully chosen
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to ensure measurable heating during the exposure. Therefore, it is clear that the
phantom optimization both from the electromagnetic and thermal point of view is
an essential step to perform reliable and accurate APD measurements using IR-
based techniques. However, the optimization process is not straightforward since it
involves several parameters that can also influence each other both from the elec-
tromagnetic and thermal point of view.
In addition to this, due to the recent introduction of 5G systems working at the
mmWaves, studies in literature reproducing solid phantoms at these frequencies are
very limited, as can be seen also from Table 2.2. For this reason, further analysis
is necessary to investigate innovative techniques for phantoms design and develop-
ment. Moreover, most of the works are focused on the realization of phantoms that
emulate skin properties, but another important application for phantom is their
employment in the OTA testing of wireless devices at mmWaves.

2.4 Thesis Original Contributions

Based on previous observations, in this thesis, the following research gaps with
respect to the literature are addressed:

• development of an harmonized and systematic framework for the accurate
assessment of different ray-based algorithms employed in population exposure
evaluation;

• perform an extensive and comprehensive experimental and ray-based investi-
gation on population exposure levels in the FR2 band, near an operative BS
massive MIMO antenna.

• implementation and validation of analytical models for the electromagnetic
and thermal design of solid reflectivity based phantoms is proposed and nu-
merically validated;

• development and implementation of new optimization frameworks for the de-
sign of solid reflectivity-based phantoms employed in APD assessment through
IR techniques;

• estimation of basic materials electromagnetic characteristics for phantom re-
alization;
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• design, development and characterization of a new phantom for OTA testing
through innovative and advanced techniques.



Chapter 3

A Ray-Based Algorithm for the

Assessment of Human Exposure in

5G Scenarios

This Chapter introduces the ray-based algorithm that is employed in this thesis for
all forthcoming population level exposure analyses. A detailed description of the
underlying working principles and theoretical bases is provided. Then, the algo-
rithm is employed in several case studies to assess the electromagnetic field levels in
different environments, ranging from urban to hospital scenarios, in both FR1 and
FR2 bands. The outcomes are compared with safety limits for 5G frequencies, pro-
viding a comprehensive overview on population exposure levels through a statistical
evaluation of computational results.

3.1 Ray-Based Algorithm Description

The ray-based algorithm that will be described in the following sections is imple-
mented in a proprietary tool, named Exact and for this reason it will be referred
with this denomination hereafter. Exact is an academic tool for the radio wave
propagation in urban environments developed by the University of Naples Federico
II [165]. The tool is written in IDL (Interactive Data Language) and it is able
to simulate different propagation scenarios, regardless of size. The tool has been
widely used for simulations in first and second generation system, up to the fourth
generation system, providing valuable and reliable results, also compared to on-site
measurements [166].

58
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3.1.1 Working Principle and Theoretical Bases

Exact ray-based algorithm is implemented by means of the Vertical Plane Launch
(VPL) technique, following the footsteps of the pioneer work by Liang and Bertoni
[167]. Therefore, field computation involves three main steps that are described in
detail below:

• Rays definition;

• Space scanning;

• Electromagnetic modeling.

Rays definition

In the algorithm, rays are fully described by their horizontal and vertical extensions.
In the horizontal plane (HP), the area illuminated by the antenna is divided in
angular sectors (referred to as anxels), whose width dθ, for the sake of simplicity,
can be here assumed constant and is set according to the maximum separation that
the user can define between two rays dr, as shown in Fig. 3.1 (A). In this Figure, the
anxels represent the HP trace of the radiated rays, and provide a discretization of
the scanned area in the HP plane. In the vertical plane (VP), the antenna radiation
diagram defines the ray intensity, see Fig. 3.1 (B). No discretization is provided in
the VP because, as hereafter detailed, the propagation is studied in the VP plane
via closed form equations.

x

y

d𝜃

r

dr
z

r

(A) (B)

Figure 3.1: Definition of anxel in the horizontal plane (A) and in the vertical plane
(B).
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Space scanning

The 3D space is scanned with a two-steps procedure in the HP and in the VP. First,
in the HP, the intersections of each anxel with the urban elements (i.e. buildings
walls and vertexes) are identified and stored in a dynamic database. In Figure 3.2
(A), the light blue area represents an anxel originating from the antenna. The
urban elements belonging to the anxel are stored and ordered by their distance from
the source. Then, the VPs are scanned, by considering the vertical trace set by the
radiation diagram and the urban elements identified in the HP scansion. The vertical
pattern of the ray is modified by the interaction of the field with the buildings. As
an example, in Fig. 3.2 (B) the ray hits the wall w1 that reflects the incident field,
while w2 changes the vertical extension of the ray. The walls w3 and w4 are not hit
by the incident ray, and the wall w5 blocks the propagation of the field.
The interaction between a ray and a building can also be source of diffraction from
the horizontal edges of the wall. According to the UTD [87], when a plane wave
impinges on a vertical wall, a new set of rays departs from each edge and vertex
of the wall. In the HP, each ray can be seen as generated by an image source di,
which is identified and stored, as illustrated in Fig. 3.3 (B). More in detail, this
Figure shows the HP representation of the diffracting sources (d1,. . . dn) position
generated by the field radiated by the primary source (Antenna), placed at distance
r from the edge. When all the anxels from one (j-level) source have been analyzed,
the set of the new found (j+1-level) sources of reflections and diffractions is stored
and the algorithm restarts by scanning them with the same principle.

z

r
w1 w2 w3 w4 w5 w6x

y

w1
w2

w3

w4
w5

w6
r

(A) (B)

Antenna

Antenna

Figure 3.2: Horizontal (A) and vertical (B) space scansion.
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Figure 3.3: Keller cone (A) and visualization of the sources of diffraction in the
horizontal plane (B).

Electromagnetic modeling

The electromagnetic theory that describes reflection, scattering and diffraction phe-
nomena is not straightforward to implement in a numerical tool [87], [168], [169],
[170],[171]. Exact employs only closed form solutions, with a significant computa-
tional time reduction, as detailed in the following. Most of the commercial antennas
radiate a linearly polarized field: hence, a reference coordinate system centered at
the phase center of the antenna is assumed and the field vector radiated by the
antenna (Ei) can be written as:

Ei = êi
E0

kir
e−jki·r (3.1)

where E0 is the field amplitude parameter related to the radiated power, ki is
the electromagnetic wavenumber, êi defines the wave polarization, whose direction
is usually perpendicular or parallel to the plane identified by the vectors ki and r,
r being the vector pointing from the antenna center. Anyway, the tool can manage
each polarization state.
Reflection from buildings is accounted by means of the Fresnel coefficients, in accor-
dance with the hypothesis of flat building walls. More in detail, when an incident
field encounters impedance mismatches, a portion of it is reflected, while the remain-
ing portion is transmitted inside the medium. If a stack of N layers with planar
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boundaries is considered (see Fig. 3.4), each of them characterized by its own relative
permittivity and permeability (ε∗ri, µ∗

ri), according to Fresnel’s laws it is possible to
define reflection (r) and transmission (t) coefficients, for Transverse Electric (TE)
and Transverse Magnetic (TM) polarization, at each interface. Taking into account
the mth plane interface, which separates the m and m+1 homogeneous media, r
and t can be written as [172]:

rTE
m(m+1) =

µ∗
r(m+1)kzm − µ∗

rmkz(m+1)

µ∗
r(m+1)kzm + µ∗

rmkz(m+1)

(3.2)

rTM
m(m+1) =

ε∗r(m+1)kzm − ε∗rmkz(m+1)

ε∗r(m+1)kzm + ε∗rmkz(m+1)

(3.3)

tTE
m(m+1) =

2µ∗
r(m+1)kzm

µ∗
r(m+1)kzm + µ∗

rmkz(m+1)

(3.4)

tTM
m(m+1) =

2ε∗r(m+1)kzm

ε∗r(m+1)kzm + ε∗rmkz(m+1)

(3.5)

Where k0 = ω
√
µ0ε0 = ω/c = 2π/λ is the free-space wavenumber, km =

k0
√
µ∗
rmε

∗
rm is the wavenumber in the mth layer,

kzm =
√
k2m − |k⊥|2 (3.6)

and k⊥ is the projection of the incident wavenumber vector on the plane z = 0.
The electromagnetic diffraction plays a key role in the urban propagation, mainly

in cities where the density of buildings is extremely high. In this ray-based algorithm,
an appropriate formulation of the UTD is used, as detailed in the following. When
a single ray impinges on a vertical edge, the diffracted field is distributed on a cone,
named as the Keller cone, with axes given by the edge, and aperture β equal to the
incident angle, see Fig. 3.3 (A). The diffracted field (Ed) is expressed in terms of a
diffraction coefficient D [170]:

Ed = Ei ·DAe(−jk·rF ) (3.7)

where rF is the vector distance between the edge and the evaluation point, Ei is
the incident field, A is a spatial attenuation factor.

Whenever natural surfaces are under concern, as it is the case to study diffusion
from the rough terrain surrounding the buildings, the use of the fractal geometry
gives a huge improvement to the existing classical models [168]. In Exact algorithm,
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Figure 3.4: Schematic representation of a flat-layered structure with a plane wave
incident on the stratification.

the roughness is provided in terms of the fractional Brownian motion (fBm) model.
The fBm, characterized by only two parameters (the fractal dimension D and the
topotesy T ), is widely considered as the most appropriate model of natural surfaces.
Depending on the surface roughness the field from a natural surface can be evaluated
with different approaches [169]. For instance, for small roughness [169], the scattered
field power density is evaluated, in the frame of the small perturbation model, as,
[168],[169]:

∣∣⟨E2
q ⟩
∣∣2 = 4Ai|k2cosθ2cosθ2βpq|2

2πR
· S0

ηαxy
(3.8)

where Ai is the illuminated area, θ1 is the incident angle, θ2 is the scattered angle,
βpq is a coefficient that depends on the polarization incidence and scattering angles
and complex dielectric constants [168], ηxy is a parameter dependent on incident
and scattered wavenumbers, S0 is a spectral parameter dependent on both D and
T [168], α = 8− 2D.
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3.1.2 Input settings and parameters

The algorithm requires as input the most relevant elements for propagation, such
as buildings and topography as well as all parameters about transmitting antenna.
Buildings are described only by vertex position and heights. In Exact they are mod-
eled as prisms with walls perpendicular to the ground and their base polygons are
accepted of any, however irregular, shape. Their relative permittivity and conduc-
tivity, as well as that of the ground, are stored and can be set by the user for each
individual object present in the simulated scenario. More in detail, for each element
present in the scenario it is necessary to define:

• Real part of wall relative permittivity (εrw);

• Imaginary part of wall relative permittivity (εiw);

• Effective indoor specific attenuation factor (αw);

• Real part of glass relative permittivity (εrg);

• Imaginary part of glass relative permittivity (εig);

• Wall thickness;

• Glass thickness;

• Percentage of window area in the wall (% window);.

These parameters can be set independently by the user, or it is also possible to
select a specific type of area (residential, historical or office) with default geometrical
and dielectric characteristics, reported in Table 3.1.

Characteristic Residential Area Historical Area Office Area
εrw 5.50 5.50 5.50
εiw 0.03 0.03 0.03
αw [dB/m] 0.80 0.80 0.80
εrg 4.00 4.00 4.00
εig 0.02 0.02 0.02
Wall thickness [m] 0.35 0.50 0.35
Glass thickness [m] 0.02 0.02 0.04
% window 0.10 0.10 0.35

Table 3.1: Default dielectric characteristics of buildings in different areas.
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The complex permittivity of terrain used for reflection, diffraction and rough
surface scattering calculation is defined as follows:

ε∗r(f) = ε∞ − j
σ

2πfε0
(3.9)

Where ε∞ = ε∗r(f → ∞), and f is the frequency.
As for buildings, also for the terrain it is possible for the user both to set custom

properties or to select the default values proposed by the tool for different terrain
types, reported in Table 3.2.

Constants Downtown Suburban Agricultural and Vegetated Land
ε∞ 5.00 4.00 8.75
σ 0.01 0.01 0.17

Table 3.2: Default dielectric characteristics of the terrain.

Antenna description is provided by means of its position and altitude, radiated
power, polarization and 3D radiation diagram. The 3D radiation diagram is de-
scribed by considering the projection of the radiation diagram onto the horizontal
and vertical planes. More in detail, the vertical projection refers to planes passing
by the secant of the angular sectors identified in the horizontal plane projection.

3.1.3 Calculation output

In this algorithm, the field is computed on a regular grid with a pixel dimension
chosen by the user. The resulting field evaluated in each point of this output grid
is formed by the contribution of direct, reflected and diffracted field. Due to the
random nature of the urban environment and on the output pixel dimension with
respect with the electromagnetic wavelength, the field phases have to be modeled
as uniformly distributed random variables. In fact, a coherent contributions’ sum
would cause a wrong interference fringes effect in the output electromagnetic field
map; then an incoherent contributions’ sum is performed in this tool.
The computation stops when for each single ray the field intensity decreases below
a threshold value (which will be discussed in the following chapters) independently
set by the user and no limits are set for the number of possible reflections and
diffractions. This characteristic represents a remarkable added value of the algorithm
compared to the existing ones, in which usually the maximum number of reflections
and diffractions is limited. Indeed, using this approach, only contributions that have
a significant impact on the propagation are evaluated. The threshold value can be
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appropriately set, in accordance to the goal of the prediction.
The overall performances of the algorithm, in terms of precision and computational
time, are related to the choice of the anxel width, the input power and the field
threshold. In this thesis, the main outputs of the tool that will be considered are
intensity maps of electric field [V/m] and received power [dBm] (see Fig. 3.6 (B)),
but it is possible to perform other analysis, i.e. best server evaluation (see Fig. 3.5
(B)), indoor coverage prediction (see Fig. 3.6 (C)), power density distribution and
evaluation of pulse delay and spreading information. It should be noted that if a
point in the intensity map lays in an area occupied by a building, the computed
value refers to the electromagnetic field at a given height over the building roof. If
a point in the intensity map lies in an area free from buildings, the computed value
refers to the field evaluated at the same height over the ground.

Terrain Height [m] Antenna position 1

Antenna position 2

(A) (B)

Figure 3.5: Visualisation of urban scenario with corresponding terrain height (A)
and example of best server evaluation with two different antenna positions (B). The
antenna height is 47 m.

3.2 Assessment in the FR1 Band

In this section the ray-based algorithm previously described is employed for exposure
assessment in the FR1 band, specifically at 3.7 GHz, in three different types of
scenario: urban, suburban, and hospital environment. For each of these cases, the
exposure levels are evaluated considering the following metrics: maximum (max),
50th percentile (50p), 95th percentile (95p), average and standard deviation (STD)
of the electric field.
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Terrain Height [m] (A) (B)

Power [dBm]

(C)

Power [dBm]

Figure 3.6: Visualisation of urban scenario with corresponding terrain height (A);
power intensity map [dBm] (B); indoor evaluation in the building pointed with the
white arrow at different evaluation plane; reported power levels [dBm] are computed
inside the building with specific αw (C).

3.2.1 Suburban scenario

The scenario selected for the first analysis consists of a very small portion (80 m x
84 m) of a suburban area located in Napoli (Italy), characterized by the presence
of 4 buildings [173]. Its representation is depicted in Fig. 3.7, in which the antenna
position is marked in yellow, while the buildings considered for the simulation are
outlined in green and blue color.

In this scenario, a standard 5G Active Antenna System (AAS) New Radio (NR)
system operating at 3.7 GHz has been placed, operating with the envelope antenna
diagram shown in Fig. 3.8. Using the envelope antenna diagram represents a “worst
case scenario” since the exposure is evaluated taking into consideration all the pos-
sible beams and the instantaneous irradiation produced by a single beam in the
event of traffic; this approach, that will be proposed also in future analysis, cer-
tainly leads to an overestimation of the global exposure. However, this information
is usually the only one available about the 5G antennas, and represents also the
best choice to compare numerical simulation results with respect to on-site mea-
surements of broadcast beam, which is static and not dynamically beam formed like
traffic beams.

The simulations have been carried out considering two different 5G NR deploy-
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Figure 3.7: Suburban scenario situated in Napoli (Italy); in yellow antenna position
is marked; simulated buildings are outlined in green and blue. © 2026 IEEE

(A) (B)

Figure 3.8: 5G NR envelope antenna diagram at 3.7 GHz; (A) horizontal radiation
pattern; (B) vertical radiation pattern.

ments [174]:

• Macro-cellular system (see Table 3.3 for details);

• Small cell system system (see Table 3.3 for details).

Building materials are set as residential area (see Table 3.1), while their heights
are reported in Table 3.4. Characteristics about the simulated scenario have been
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Parameter Macro cell Small cell
Frequency 3.7 GHz 3.7 GHz
Antenna 5G AAS – envelope 5G AAS – envelope

BS Height 20 m 3 m
BS location 450479.77, 4511481.38 450479.77, 4511481.38

Beam pointing 110° 110°
Power 1 W 0.01 W

Downtilt 6° 0°
Simulation plane Horizontal Horizontal

Simulation plane height 1.5 m from the ground 1.5 m from the ground
Pixel dimension 1 m x 1 m 1 m x 1 m
Map dimensions 80 m x 84 m 80 m x 84 m

Table 3.3: Simulation parameters for macro cell and small cell scenarios. © 2026
IEEE

extrapolated using OpenStreetMap [175] and Google Earth map [176], and its vi-
sualization in Exact tool is shown in Fig. 3.9. Ray launching analyses have been
carried out considering one single diffraction and a threshold for rays propagation
equal to -135 dBm for both macro and small cell configuration.

1

2

3

4

Figure 3.9: Simulated scenario for ray launching simulations; in red antenna in the
case of macro cellular scenario is marked.

Building Height [m]
Building 1 10
Building 2 10
Building 3 8
Building 4 3

Table 3.4: Building heights.
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Macro cell scenario

Simulation output in the case of macro-cell scenario is reported in Fig. 3.10. The
output shows the electromagnetic field levels at a receiver height of 1.5 meters from
the ground. If the points in the intensity map lay in the area occupied by a building,
the output value refers to the electromagnetic field at 1.5 meters over the building
roof. If a point in the intensity map lies in an area free from buildings, the output
value refers to the field evaluated at the same height over the ground. Statistical
analysis of ray launching results is reported in Table 3.5. As can be seen, 95p and
max values are far below exposure limits for popoluation, both considering ICNIRP
and actual Italian regulations.

(A) (B)

Figure 3.10: Electric field levels for macro cellular scenario; (A) V/m and (B)
dBmV/m. © 2026 IEEE

50p 95p max Mean STD
0.68 1.56 2.49 0.71 0.59

Table 3.5: Statistical analysis of numerical results for macro cell scenario. All values
are given in V/m.

Small cell scenario

On the other hand, the electric field levels obtained from the simulations for small
cell are reported in Fig. 3.11. As in the case of macro cell scenario, the output
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shows the electric field levels at 1.5 meters receiver height. Statistical analysis of
computational results is reported in Table 3.6. As can be seen, 95p and max values
are also in this case far below exposure limits for population, both considering
ICNIRP and actual Italian regulations. Moreover, as expected, electric field levels
are lower than the macro cell scenario, since this configuration is intended to serve
small areas.

(A) (B)

Figure 3.11: Electric field levels for small cellular scenario; (A) V/m and (B)
dBmV/m. © 2026 IEEE

50p 95p max Mean STD
0.084 0.45 1.79 0.14 0.18

Table 3.6: Statistical analysis of numerical results for small cell scenario. All values
are given in V/m.

3.2.2 Urban Scenario

A different urban scenario is selected, located near a 3.7 GHz BS antenna in Rome
(Italy). Its representation is reported in Fig. 3.12, in which the antenna position
is marked in yellow and is characterized by the radiation shown in Fig. 3.13. Five
buildings are present in the scenario, with the height characteristics reported in Ta-
ble 3.7 and simulated as residential area. The final simulated scenario is depicted
in Fig. 3.14 while details about simulation parameters are reported in Table 3.8.
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Computational analyses have been carried out considering one single diffraction and
a threshold for rays propagation equal to -135 dBm. Results in terms of electric
field levels in V/m and dBmV/m are shown in Fig. 3.15. The output depicts the
electromagnetic field levels at a receiver height of 1.5 meters from the ground. As
in the previous case, following the rationale of the tool, the output values of points
in the intensity map that lay in the area occupied by a building refers to the elec-
tromagnetic field at 1.5 meters over the building roof. On the other hand for points
in the intensity map that are located in areas free from buildings, the corresponding
simulated values refer to the field evaluated at the same height over the ground.
Statistical analysis on electric field levels (see Table 3.10), proved that both 95p and
max are below exposure limits for population, both considering ICNIRP and actual
Italian regulations and this result will be confirmed by experimental analysis carried
out in the following Chapter.

Figure 3.12: Urban scenario situated in Rome (Italy); in yellow antenna position is
marked.

Building Height [m]
Building 1 8
Building 2 7
Building 3 6
Building 4 18
Building 5 18

Table 3.7: Building heights.
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(A) (B)

Figure 3.13: Antenna diagram at 3.7 GHz; (A) horizontal radiation pattern; (B)
vertical radiation pattern.

2 3

1

4
5

Figure 3.14: Simulated scenario for ray launching simulations in Rome (Italy); in
red antenna position is marked.
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(A) (B)

Figure 3.15: Electric field levels; (A) V/m and (B) dBmV/m. © 2026 IEEE

Parameter Value
Frequency 3.7 GHz
Antenna 5G - envelope

BS Height 22.1 m
BS location 299858.67, 4636959.48

Beam pointing 270°
Power 22 W

Downtilt 6°
Maximum Gain 22.9 dBi
Simulation plane Horizontal

Simulation plane height 1.5 m from the ground
Pixel dimension 1 m x 1 m
Map dimensions 229 m x 217 m

Table 3.8: Simulation parameters for Rome scenario.

50p 95p max Mean STD
0.32 4.92 6.35 1.39 1.7

Table 3.9: Statistical analysis of numerical results for Rome scenario. All values are
given in V/m.
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3.2.3 Hospital scenario

The hospital scenario selected for this simulation study is the Department of Haema-
tology of “Ospedale Maggiore di Parma”, situated in Parma (Italy) and depicted in
Fig. 3.16 [177]. In this environment, assessing electric field levels plays a crucial
role for two main reasons: first, the continuity and quality of service is essential to
provide reliable digital healthcare services and, second, in hospital environments,
where several medical devices work by means of electromagnetic fields, potential
interferences also need to be considered. In this context, 5G non-public networks
represent a promising solution for healthcare ecosystem and for this reason, the
European Regulation EU 2020/1070 [178] allows the installation with a simplified
authorization procedure of low operating power access points in limited areas, known
as Small Area Wireless Access Point (SAWAP). This simplified procedure can be
applied to class E2 with Equivalent Isotropic Radiated Power (EIRP ) ≤ 2 W and
class E10 with EIRP ≤ 10 W small cell deployments, defined in the IEC 62232 Eu-
ropean standard [56]. Therefore, ray launching analyses are carried out in this real
hospital-case scenario, assuming the installation of 5G non-public network working
at 3.7 GHz in two different configurations:

• Class E10 small cell with 40 dBm (10 W EIRP) antenna input power and
4-meter-high BS antenna;

• Class E2 small cell with 33 dBm (2 W EIRP) antenna input power and 2-
meter-high BS antenna.

The antenna envelope diagram employed in this analysis is the one presented in
Fig. 3.13.
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Figure 3.16: Hospital scenario situated in Parma (Italy); in yellow antenna position
is marked

As shown in Fig. 3.16, the hospital department consists of three buildings with
different heights (see Table 3.10), simulated with the electromagnetic characteris-
tics of a residential area. All details about simulation parameters are reported in
Table 3.11, while the final simulated scenario is shown in Fig. 3.17. Ray launching
simulations have been carried out considering one single diffraction and a thresh-
old for rays propagation equal to -135 dBm for both SAWAP configurations. This
threshold is chosen since lower power values are not relevant for radio coverage stud-
ies or for assessing human exposure. Moreover, this threshold represents the typical
sensitivity of the equipment used to carry out measurement campaigns.

Building Height [m]

Building 1 5
Building 2 6
Building 3 6

Table 3.10: Building heights.
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Parameter Class E10 Class E2

Frequency 3.7 GHz 3.7 GHz
Antenna 5G AAS – envelope 5G AAS – envelope

BS Height 4 m 2 m
BS location 603371.2208, 4961750.8984 603371.2208, 4961750.8984

Beam pointing 0° 0°
EIRP 10 W 2 W

Downtilt 0° 0°
Simulation plane Horizontal Horizontal

Simulation plane height 1.5 m from the ground 1.5 m from the ground
Pixel dimension 1 m x 1 m 1 m x 1 m
Map dimensions 149 m x 139 m 149 m x 139 m

Table 3.11: Simulation parameters for E10 and E2 small cell class.

1

2 3

Figure 3.17: Simulated scenario for ray launching simulations in hospital environ-
ment; in red antenna position is marked.

E10 Class

Electric field levels obtained in the case of SAWAP E10 small cell class are shown in
Fig. 3.18 in V/m (A) and dBmV/m (B). As in previous cases, the field is evaluated at
1.5 meters receiver height. Statistical analysis on electric field levels has been carried
out (see Table 3.12), demonstrating that both 95p and max are below exposure limits
for population, both considering ICNIRP and actual Italian regulations. In this case,
compliance with the electromagnetic compatibility limits defined by IEC 60601-1-
2 [179] for general electronic medical equipment is also considered, with both the
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95th percentile and max values remaining below the specified thresholds (3 V/m for
professional healthcare facility environment).

(A) (B)

Figure 3.18: Electric field levels for E10 small cell class; (A) V/m and (B) dBmV/m.

50p 95p max Mean STD
0 0.60 2.08 0.10 0.24

Table 3.12: Statistical analysis of numerical results E10 small cell class in the hos-
pital scenario. All values are given in V/m.

E2 Class

On the other hand, electric field levels obtained in the case of SAWAP E2 small cell
class are shown in Fig. 3.19 in V/m (A) and dBmV/m (B). As in previous cases,
the field is evaluated at 1.5 meters receiver height. Statistical analysis on electric
field levels has been carried out (see Table 3.13), demonstrating that both 95p and
max are below exposure limits for population, both considering ICNIRP and actual
Italian regulations. This is also true if the mean value and the STD are considered.
Furthermore, as for the E10 configuration, the compliance for electromagnetic com-
patibility with medical devices is considered and the 95p is still below these limits (3
V/m for professional healthcare facility environment). The maximum value in this
case is at the limit, but this value is obtained only in close proximity to the antenna,
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where medical devices should not be present, according to the chosen configuration.
Nevertheless, this information should be carefully considered if the antenna posi-
tion has to be changed. Overall, these results highlight the importance of robust
ray-based algorithms that can accurately model electromagnetic field distributions,
which is essential for the safe deployment of new 5G networks, particularly in critical
environments, like hospitals.

(A) (B)

Figure 3.19: Electric field levels for E2 small cell class; (A) V/m and (B) dBmV/m.

50p 95p max Mean STD
0 0.33 3.97 0.06 0.16

Table 3.13: Statistical analysis of numerical results E2 small cell class in the hospital
scenario. All values are given in V/m.

3.3 Assessment in the FR2 band

Moving to higher frequencies, specifically from the FR1 band to the FR2 band, in-
creases the complexity in 5G network design. Indeed, as discussed in previous chap-
ters, higher frequencies lead to an increase in signal attenuation and, consequently,
the necessity of accurate planning the installation of 5G BS in the environment
becomes even more relevant. For this reason, in this section a ray-based study is
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proposed in the FR2 band, specifically at 27 GHz, in different real case scenarios.
First, a real complex scenario is considered in which a 27 GHz massive MIMO BS is
actually located. Then, in the previously presented hospital scenario, the installa-
tion of a 5G non-public network working in the FR2 band is studied and compared
with the solution at 3.7 GHz in terms of human exposure assessment.

3.3.1 Complex Urban Scenario

The first location under study is an urban area in Turin (Italy) city, depicted in
Fig. 3.20, where a 27 GHz massive MIMO BS is actually installed [180]. The an-
tenna covers three different sectors, identified as PCI4, PCI5 and PCI6, where PCI
stands for Physical Cell Identity. It can be seen that the selected scenario, although
complex, is mainly composed of buildings, making it suitable for the following ray
launching analysis. Moreover, the antenna is located near an hospital, and this
aspect makes even more interesting to investigate the field levels in nearby areas.
Hospital position is highlighted in yellow in Fig. 3.21 where the simulation scenario
is presented. The cartographic data for simulations, together with the antenna
radiation pattern and other characteristics of the scenario have been provided by
Vodafone, that is the antenna operator. As done in previous analysis, the antenna
envelope diagram is considered, since this represents the "worst-case" scenario for
human exposure assessment, and also because this is the information that usually
can be obtained about the 5G massive MIMO BS pattern. More in detail, horizontal
and vertical radiation patterns are shown in Fig. 3.22.

Figure 3.20: Urban scenario situated in Turin (Italy); antenna position is marked
in yellow.

The overall simulated scenario covers an area of about 500 m x 600 m and
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is shown in Fig. 3.21. The scene is composed by 230 buildings, characterized by
different heights, which in this case will not be reported due to their large number.
As in previous cases, for building materials the residential area characteristics are
chosen. Detailed antenna characteristics (i.e. input power, height, tilt..) have been
provided directly by the mobile operator (Vodafone) and are reported in Table 3.14,
together with simulation parameters.

Figure 3.21: Simulated scenario of Turin (Italy); in red antenna position is indicated;
hospital position is highlighted in yellow.

(A) (B)

Figure 3.22: Massive MIMO antenna envelope diagram at 27 GHz; (A) horizontal
radiation pattern; (B) vertical radiation pattern. © 2026 IEEE
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Parameter Value
Frequency 27 GHz
Antenna massive MIMO antenna

BS Height 33.5 m
BS location 395517.19, 4988683.86

Beam pointing (PCI4, PCI5, PCI6) 85°, 150°, 310°
Power 0.002 W

Downtilt (PCI4, PCI5, PCI6) 5°, 5°, 3°
Maximum Gain 26.98 dBi
Simulation plane Horizontal

Simulation plane height 1.5 m from the ground
Pixel dimension 1 m x 1 m
Map dimensions 500 m x 600 m

Table 3.14: Simulation parameters for Turin (Italy) scenario.

Ray launching analyses have been carried out considering one single diffraction
phenomena and a threshold for rays propagation equal to -135 dBm.

PCI4 results

Results of ray launching simulations for PCI4 are shown in Fig. 3.23. In this case,
together with the electric field levels in V/m, also the power levels in dBm are
reported, as this information will be useful for future analysis. It is already clear
from this figure that field levels are very low, and this point is confirmed by looking at
the statistical analysis on electric field in Table 3.15. Indeed, the 95p and max value
are far below exposure limits for population and for medical devices compatibility.
However, it should be noted that this result is not representative of the real exposure
scenario, since only the “always on” electric field levels due to broadcast beams,
used to send control signals for UE access, are considered. Thus, the contribution
of traffic beams electric field levels existing “in the air” only in the presence of a
UE is not simulated. Nevertheless, this point is neither straightforward to simulate
nor to measure, and obtaining repeatable results is also challenging. Therefore, in
light of what is recommended by the IEC 62232 standard [56], measurements are
usually performed by considering control signals, which allows the comparison with
numerical simulations based on the antenna envelope diagram and also to carry out
repeatable measurement campaigns.
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(A) (B)

Figure 3.23: (A) Electric field levels [V/m] for PCI4 cell; (B) Power levels [dBm].

50p 95p max Mean STD
0 0.024 0.15 0.004 0.01

Table 3.15: Statistical analysis of numerical results in PCI4 scenario. All values are
given in V/m.

PCI5 results

Results of computational analyses for PCI5 are shown in Fig. 3.24 both in terms
of electric field [V/m] (A) and power levels [dBm] (B). As in previous case, the
electric field levels are far below exposure limits for population, and this outcome is
confirmed by the statistical analysis reported in Table 3.16.
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(A) (B)

Figure 3.24: (A) Electric field levels [V/m] for PCI5 cell; (B) Power levels [dBm].

50p 95p max Mean STD

0 0.011 0.25 0.003 0.012

Table 3.16: Statistical analysis of numerical results in PCI5 scenario. All values are
given in V/m.

PCI6 results

Finally, results of simulations for PCI6 are shown in Fig. 3.25 both in terms of
electric field [V/m] (A) and power levels [dBm] (B). As in previous cases, the electric
field levels are far below exposure limits for population, and this outcome is again
confirmed by the statistical analysis reported in Table 3.17.
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(A) (B)

Figure 3.25: (A) Electric field levels [V/m] for PCI6 cell; (B) Power levels [dBm].

50p 95p max Mean STD

0 0.01 0.13 0.0022 0.066

Table 3.17: Statistical analysis of numerical results in PCI6 scenario. All values are
given in V/m.

3.3.2 Hospital Scenario

The same hospital scenario presented in section 3.2.3 and visualized in Fig. 3.16 is
considered for the following analysis [181]. In this case, a 5G non-public network
operating at 27 GHz is assumed to serve the area. Indeed, as previously discussed,
moving to higher frequencies leads to an increase in the signal attenuation, but in the
same time, the signal is present over a larger bandwidth, allowing the transmission
of a greater amount of data with higher rate. In light of this, the FR2 band is
particularly suitable for the installation of 5G non-public network in small areas,
like hospitals, in which an optimal quality of network service is necessary. The
two configurations E2 and E10 are considered for the small cell, with the antenna
envelope diagram shown in Fig. 3.22. The same scenario parameters are set for
simulations (see Table 3.14). Ray launching analyses are carried out considering
diffraction phenomena and rays propagation with a threshold of -135 dBm.
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E10 Class

Results of ray-based analysis for E10 Class configuration are shown in Fig. 3.26
in terms of electric field distribution in V/m (A) and dBmV/m (B). As can be
seen, spatial distribution of the field is completely different from the 3.7 GHz case
(Fig. 3.18), since with the envelope diagram of a 27 GHz antenna, the different
lobes of the pattern contribute significantly to the rays propagation. Moreover, the
electric field levels are much lower with respect to the FR1 band, due to the higher
frequencies involved. More in detail, statistical analysis reported in Table 3.19,
shows that 95p and max values are far below exposure limits for population and
medical devices compatibility. Moreover, these values are much lower with respect
to the 3.7 GHz scenario, as expected.

(A) (B)

Figure 3.26: Electric field levels for E10 small cell class at 27 GHz; (A) V/m; (B)
dBmV/m.

50p 95p max Mean STD
0 0.21 0.44 0.03 0.07

Table 3.18: Statistical analysis of numerical results E10 small cell class at 27 GHz
in the hospital scenario. All values are given in V/m.
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E2 Cell

Results for E2 Cell configuration are reported in Fig. 3.27. As in previous case, the
electric field levels are slightly higher than E10 scenario, but still under safe limits.
This is again confirmed by the statistical analysis in Table 3.19.

(A) (B)

Figure 3.27: Electric field levels for E2 small cell class at 27 GHz; (A) V/m; (B)
dBmV/m.

50p 95p max Mean STD
0 0.22 0.83 0.03 0.09

Table 3.19: Statistical analysis of numerical results E2 small cell class at 27 GHz in
the hospital scenario. All values are given in V/m.

3.4 Concluding Remarks

In this Chapter, assessment of the population exposure, as well as radio coverage,
to 5G antennas has been carried out both in the FR1 and in the FR2 band. The
study explored several scenarios, covering both standard urban areas and sensitive
environments such as hospitals. The propagation of electromagnetic fields has been
accurately modeled employing a ray-based algorithm, whose underlying principles
are comprehensively described from both physical and numerical implementation
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perspectives. Results show that, for all the considered scenarios, the electric field
levels remain below the exposure limits set by the ICNIRP guidelines and cur-
rent Italian regulations. In the hospital scenario, compliance is also ensured when
considering the electromagnetic compatibility limits for general medical electrical
equipment according to IEC standards. This outcome holds for both FR1 and FR2
bands, with notably lower field levels observed for FR2 antennas, in line with all
the theoretical observations previously discussed. Overall, analyses carried out in
this Chapter demonstrate that ray-based algorithms can be a flexible method to
assess compliance with exposure limits for 5G applications, allowing to compute
the spatial distribution of the electromagnetic field in many types of environments.
Indeed, simulations were performed considering different scenarios in terms of size,
complexity and topology. Furthermore, electromagnetic predictions identified some
potentially critical areas exhibiting electric field levels close to safety limits, while
highlighting, at the same time, regions with limited radio coverage. Understanding
this aspect is fundamental for the safe and efficient planning of 5G networks, par-
ticularly in the FR2 band, where telecom operators face the challenge of high signal
attenuation.



Chapter 4

Experimental and Numerical

Analysis of Ray-Based Algorithms

for the Assessment of Human

Exposure

In this Chapter numerical and experimental analyses of the presented results about
ray launching simulations are carried out. Numerical investigation is performed with
the collaboration of three independent laboratories, employing four different more
ray-based tools. To compare their algorithms, a systematic workflow is proposed
in this thesis that takes into consideration all the relevant metrics for a reliable
assessment in 5G scenarios. The method is then applied to verify algorithm results
in the different scenarios evaluated in the previous Chapter. In addition to this, an
experimental assessment in the FR1 band is carried out, considering a measurement
campaign presented in literature. On the other hand, an extensive measurement
campaign is performed for the analysis in the FR2 band with the contribution of
the antenna operator and is here introduced. Results will demonstrate that, despite
some discrepancies, the ray launching algorithm is accurate enough for both exposure
and coverage assessment in 5G scenarios.

4.1 Assessment Workflow

As discussed in previous chapters, when different ray-based algorithms are employed
in the analysis of a particular scenario, a direct comparison of their results is not
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straightforward. Indeed, the computation rationale underlying each specific tool
leads to several outcomes that may require a complex interpretation for their assess-
ment. Since with the advent of new 5G technologies, carrying out a measurement
campaign has grown increasingly complex due to the lack of definite standards and
the challenges in these type of measurements due to the variability of 5G signals,
assessment of ray algorithm results with the help of a numerical comparison is be-
coming a promising practice. Moreover, several ray-based tools have been introduced
together with 5G systems, so these reasons reinforce the need to define a systematic
framework for comparing their results. Thus, in this section, an assessment workflow
for ray-based tool comparison is proposed. A schematic overview of the method is
reported in Fig. 4.1 [182] and can be summarized as follows:

• First, a common scenario should be identified in terms of coordinates of the
buildings and transmitting BS position. Simulate on a common scenario means
map of the same dimensions and use of the same technical parameters for the
transmittig BS (antenna diagram, BS height and position, transmitted power,
pointing, downtilt) and for the receiver. Simulations should be carried out at
1.5 m from the ground following CEI 211-7 [183] indications; the map size may
vary depending on the scenario considered. Particular care is needed in select-
ing its size since, as will be demonstrated in the following sections, it should
be slightly larger than the area of actual interest to avoid the loss of reflections
or diffraction contributions from objects placed at the edges. Indeed, differ-
ences between measurements and simulations can arise when contributions
from buildings near boundaries are neglected.

• As a second step, the envelope diagram of the 5G BS should be considered,
which in most cases for 5G systems is the only information available about
the antenna and, as previously discussed, represents the worst case in terms of
human exposure. Moreover, the envelope diagram is suitable for the compar-
ison with on-site measurements performed on control signals, improving their
repeatability as suggested by the standards [56].

• When possible, simulations should be performed choosing the same pixel di-
mensions. This will simplify comparisons among tool’ results. Otherwise, for
tools in which it is possible only to compute the field values at specific points
in space, a direct comparison should be made in the same locations.

Finally, the following metrics are proposed for the comparison of the results:
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• Electric field/Power Density distribution: fundamental both for coverage eval-
uation, for setting optimized antenna parameters and for the analysis of the
impact of different environmental factors on radio signal propagation.

• Percentiles and cumulative distribution function (CDF) analysis: helpful to
assess the compliance with exposure limits and the quality of the service in
the area of interest. Moreover, these outcomes can be directly compared with
ICNIRP reference levels, in accordance with standard recommendations [56].

• Electric field/Power Density levels in selected points: valuable support in defin-
ing the set of locations to perform real exposure measurements and to have
a quantitative evaluation of signal attenuation due to possible environmental
obstacles. Moreover, for the specificity of 5G systems, punctual evaluation can
lead to assess also on-site measurement techniques and to calibrate 5G signal
measurement equipments.

More in detail, regarding the points selected for direct comparison, the selection
criterion is based on the following aspects:

• Outdoor scenarios;

• Position in Line Of Sight (LOS) with the BS;

• Critical areas (e.g. areas located at the corner of buildings) or areas which re-
quire particular attention due to their characteristics (e.g. points near metallic
structures);

• Points where on-site electric field measurement activities were also carried out
(if present).

The agreement between tools is considered satisfying if the differences are in the
order of 15-20% [68], since this error can occur during measurements due to the
presence of random environmental contributions. All these proposed metrics are
suitable for the assessment in 5G scenarios, since the variables taken into consider-
ation are directly comparable with exposure limits and on-site measurements. In
the following sections, the presented workflow will be applied to the different sce-
narios simulated in Chapter 3, proving to be a valuable support for ray-based tools
validation.
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Definition of common scenario

Employment 5G antenna 

envelope diagram

Run simulations with the same 

pixel dimensions 

Comparison metrics:

E-field distribution CDF Percentiles E-field levels in 

selected points

Figure 4.1: Proposed systematic workflow for ray tracing tools assessment.

4.2 Numerical Analysis in the FR1 band

Scenarios in the FR1 band presented in previous chapter are investigated in this
section from the numerical point of view. More in detail, the proposed assessment
workflow is applied to all oncoming analysis, involving one more ray-based tools
independently used by another laboratory: Armonica. Some details about this tools
are provided:

Armonica is a proprietary ray tracing tool of the Ugo Bordoni Foundation, an
Italian institution highly specialized in telecommunication systems and reference
organization on behalf of the Italian Parliament, for the assessment of electromag-
netic field levels in the environment. The tool is developed in cooperation with the
University of Bologna to support ARPA (Italian Regional Environment Protection
Agency) activity in electromagnetic field monitoring. This tool comprises a graphic
interface for data input/output and results visualization and electromagnetic com-
putation modules. The graphic interface, developed in Windows, comprises various
windows and menus that allow to input data to characterize the transmission site
(position, antenna pattern, power, tilt, etc.) and to choose the computation to be
performed (minimum volume of respect related to exposure levels or field levels).
Results can be obtained either as data in a spreadsheet or in graphic form on the
video interface. Electromagnetic computation may be carried out either with a sim-
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ple free space formula or with a 3D ray-tracing algorithm, following as for Exact the
rules of geometric optics, the theory of diffraction and scattering. The ray-tracing
modules allow precise evaluations both in near field and in far field conditions. This
ray-tracing algorithm was validated in the COST 231 Action [184], by comparing
it both with other tools developed by various other participating institutions and
measurements carried out in Munich, Germany. The performed analysis confirmed
that the tool is accurate enough to perform reliable estimates of E-field levels up to
the 28 GHz frequency band.

4.2.1 Suburban Scenario Analysis

Results obtained in the suburban scenario presented in Fig. 3.7, are here compared
with simulations carried out by means of Armonica at FUB laboratory (Bologna
subdivision). As already mentioned, the proposed workflow approach has been ap-
plied for the analysis. Thus, following the different steps presented in Fig. 4.1, the
same scenario is set for simulations, considering coordinates of buildings, BS po-
sition, antenna diagram, height, power and all parameters reported in Table 3.3.
Moreover, the same envelope diagram of 3.7 GHz NR antenna presented in Fig. 3.13
is used to perform computational analyses. The same pixel dimension is chosen for
the comparison, equal to 1 m x 1 m and field values are evaluated at 1.5 meters
from the ground, as previously discussed. The principle difference arisen between
the two tools is in the management of indoor propagation. Indeed, Armonica is able
to perform a ray tracing analysis considering the indoor propagation, while in Exact
only an attenuation factor can be accounted from outdoor to indoor propagation, as
discussed in the previous chapter, and the field can be computed at different heights
inside the building without following the ray tracing rules. For this reason, some
strategies are implemented to perform a fair comparison between tool results. In
any case, the results of indoor propagation in Armonica are reported since they can
provide important information on the overall field distribution in the scenario.

Macro Cell Scenario Analysis

Electric field distributions obtained with Armonica tool in the macro cell configura-
tion are reported in Fig. 4.2. More in detail, in Fig. 4.2 (A) results computed with
the indoor contributions are shown, while Fig. 4.2 (B) illustrates electric field values
neglecting these contributions, assuming building materials as metallic to perform
simulations in the almost same Exact operating conditions. The reported legend for
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the electric field levels [V/m] is the same for both situations and is fixed inside the
tool. As can be seen, despite a different visualization, the same electric field trend
is recognizable compared to that of Exact, presented in Fig. 3.11, mainly in terms
of spatial distribution. However, this information is not sufficient for an accurate
comparison, and for this reason, following the proposed systematic workflow, other
metrics are considered.

(A) (B)

Figure 4.2: Ray tracing results of Armonica in terms of electric field levels for
macro cell scenario; simulations are carried out (A) with indoor contributions and
(B) without indoor contribution; the electric field [V/m] legend is the same for (A)
and (B). © 2026 IEEE

Therefore, analysis in terms of percentiles is carried out. To solve the difference
between tools in the indoor propagation management, percentiles are compared in
these two configurations:

• Exact : neglecting the electric field values that fall within the building perime-
ter since as explained in previous chapter, those values are referred to the field
computed at 1.5 meter height from the roof.

• Armonica: assuming building material as metallic, with the final configuration
shown in Fig. 4.2 (B).

To prove the importance of these assumptions, the percentiles obtained with
the default settings of the tools are also reported. These configurations will be
referred as "buildings" and "no buildings" for sake of simplicity. Moreover, for a
more accurate comparison, beyond the 50p and 95p percentiles, also 60p, 70p, 80p,
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Percentile Armonica
(buildings)

Exact
(buildings)

Armonica
(no buildings)

Exact
(no buildings)

50p 0.21 0.68 0.49 0.43
60p 0.35 1.00 0.80 0.93
70p 0.55 1.21 0.90 1.22
80p 0.81 1.34 0.99 1.34
90p 1.01 1.49 1.12 1.49
95p 1.11 1.56 1.35 1.55
99p 1.28 1.89 1.77 1.64
max 1.98 2.49 2.25 2.20

Table 4.1: Statistical analysis of the electric field levels for Armonica and Exact in
macro cell scenario. All values are in V/m.

90p, 99p and max value of the electric field are considered. Results are shown in
Table 4.1.

As can be seen, putting tools in the same operating condition is essential. In-
deed, by looking at percentiles of Armonica and Exact with buildings, differences
between results are much higher with respect to the configuration without consider-
ing indoor contributions. This final configuration, that is the optimal one to verify
Exact results, leads to differences between the tool percentiles of about 0.06 V/m
for the 50p, 0.2 V/m for the 95p and 0.05 V/m for the max value, demonstrating
a very good agreement between the results. In addition to this, also the empirical
CDFs (E-CDFs) trends are shown with and without buildings in Fig. 4.3 (A) and
in Fig. 4.3 (B) respectively. By comparing the two configurations, a noticeable im-
provement in the E-CDFs trends is found neglecting indoor contributions. Moreover,
the maximum values obtained with the two tools are much more in accordance and
this is a fundamental aspect for the assessment of exposure levels.

Finally, a set of locations has been selected for the punctual comparison, con-
sidering 10 points distributed in different positions around the BS [185]. More in
detail, each point is characterized by its angular position with respect to the north,
considering the origin in the BS position, and by its distance from the BS. A repre-
sentation of the point distribution in space is shown in Fig. 4.4, while corresponding
coordinates are reported in Table 4.2.
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(A) (B)

Figure 4.3: E-CDFs computed for the macro cell scenario (A) with buildings and
(B) without buildings.

Figure 4.4: Spatial distribution of the selected points for punctual analysis with
respect to the BS; the distances are not shown in scale. © 2026 IEEE
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Point N. Radial Angle [°] Distance [m]

1 0 60
2 45 80
3 45 30
4 90 70
5 110 83
6 110 50
7 110 20
8 130 47
9 130 10
10 150 30

Table 4.2: Coordinates of selected points in suburban scenario. © 2026 IEEE
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Figure 4.5: Comparison between the electric field levels [V/m] in the selected points
for micro cellular scenario.

As can be seen, good agreement is found in the electric field trends and in the
specific electric field values. Differences can be noted in some points; this aspect may
be attributable to the fact that, for the purposes of this analysis (and for achievement
of greater alignment between tools), simulations with Armonica have been carried
out considering buildings made of metal to eliminate the indoor contribution, while
Exact considers buildings with a relative permittivity typical of residential areas.
Despite these differences, the results are comparable.
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Small Cell Scenario Analysis

On the other hand, results obtained with Armonica in the case of small cell config-
uration are shown in Fig. 4.6 and, as in the previous case, electric field levels are
reported both with indoor contributions 4.6 (A) and without indoor contributions
(B), following the same rationale of macro cell scenario. In this case, the comparison
of electric field distributions of Armonica and Exact is not straightforward consider-
ing only their default outputs. An easier comparison can be carried out by looking
at Fig. 4.6 (B) and Fig. 3.11 (A), since due to the antenna altitude the electric field
distribution at locations corresponding to buildings is not visible in Exact. However,
as for macro cell configuration, this information is not sufficient to verify tool’s re-
sults, and for this reason, the statistical analysis on electric field levels, considering
both E-CDFs and percentiles is carried out.

(A) (B)

Figure 4.6: Ray tracing results of Armonica in terms of electric field levels for small
cell scenario; simulations are carried out (A) with indoor contributions and (B)
without indoor contribution. The electric field [V/m] legend is the same for (A) and
(B). © 2026 IEEE

As can be seen from Table 4.3, again neglecting indoor contributions is a fun-
damental step for tools comparison. Indeed, differences became much lower in this
configuration for higher percentiles, with discrepancies of 0.05 V/m for the 50p, 0.09
V/m for the 95p and 0.37 V/m for the max values. To confirm this, also empiri-
cal CDFs trends are shown in Fig. 4.7 for the case studies with buildings (A) and
without buildings (B). As in the previous case, neglecting indoor contribution leads
to a better agreement in the higher electric field levels, and this is a fundamental
aspect for a reliable exposure assessment. Finally, the punctual comparison has been
carried out in the same locations reported in Table 4.2. Results of the comparison
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Percentile Armonica
(buildings)

Exact
(buildings)

Armonica
(no buildings)

Exact
(no buildings)

50p 0.06 0.08 0.11 0.16
60p 0.09 0.17 0.14 0.19
70p 0.13 0.20 0.17 0.23
80p 0.20 0.26 0.21 0.28
90p 0.28 0.35 0.28 0.38
95p 0.37 0.45 0.39 0.48
99p 0.66 0.84 0.75 0.89
max 1.03 1.79 1.42 1.79

Table 4.3: Statistical analysis of the electric field levels for Armonica and Exact in
small cell scenario. All values are in V/m.
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Figure 4.7: E-CDFs computed for the small cell scenario (A) with buildings and (B)
without buildings.

are shown in Fig. 4.8.
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Figure 4.8: Comparison between the electric field levels [V/m] in the selected points
for small cellular scenario.
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In this case, with respect to the macro cell scenario, discrepancies are slightly
lower and results are still in good agreement in terms of electric field trends and
punctual values.

4.2.2 Hospital Scenario Analysis

In this section, results obtained in the hospital scenario "Ospedale Maggiore di
Parma" (see Fig. 3.16) are analysed with respect to the outcomes of Armonica tool.
More in detail, since Armonica is able to perform indoor simulations, additionally,
an optimization analysis for the antenna position is carried out. Indeed, as already
discussed, this aspect should be carefully considered, especially in critical environ-
ments such as hospitals, to provide optimal service quality and to ensure, at the
same time, compliance with population exposure limits and medical device compat-
ibility requirements. For this reason, results obtained by Armonica tool with the
same antenna described in Fig. 3.8 and simulation parameters of Table 3.11, are
reported considering indoor ray tracing contributions both for E2 (Fig. 4.9 (A)) and
E10 (Fig. 4.9 (B)) configurations. After several analysis carried out at FUB labo-
ratory, the optimal antenna position for E2 small cell configuration was identified
with the BS located at the coordinates reported in Table 3.11. In this position,
a coverage of 1 mV/m in the selected scenario is ensured, maintaining the electric
field levels in both indoor and outdoor environments below the exposure limits for
the public and below the limits for interferences with medical devices. As matter of
fact, test simulations performed with a non-optimized base station position showed
as result a sub-optimal coverage and two buildings not sufficiently served by the BS.
An example of coverage in the case of a non-optimized antenna position compared
to the optimized configuration is shown in Fig. 4.10 (A) and (B), respectively.
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(A) (B)

Figure 4.9: Armonica electric field levels [V/m] in hospital scenario for (A) E2 small
cell configuration and (B) E10 small cell configuration.

E-field  ≥ 1 mV/m

E-field  < 1 mV/m

(A) (B)

Figure 4.10: Coverage of 1 mV/m for non optimized (A) and optimized (B) antenna
position; in green and red colors field values below and greater than 1mV/m are
shown.

For this reason, Exact assessment is carried out considering the optimized con-
figuration of E2 small cell. As previously discussed, for a better comparison between
tool results, Armonica simulations are carried out assuming building materials as
metallic and same simulation parameters reported in Table 3.11. Results are shown
in Fig. 4.11, and it can be seen that a good agreement is found in terms of the electric
field distribution with respect to Exact outcomes presented in Fig. 3.27 (A). More-
over, E-CDFs are reported in Fig. 4.12 and demonstrate an almost perfect agreement



4. Experimental and Numerical Analysis of Ray-Based Algorithms for the
Assessment of Human Exposure 102

between tool results at all percentiles. That’s why specific values of percentiles and
punctual comparison are not reported.

Figure 4.11: Electric field levels [V/m] computed by Armonica in hospital scenario
for E2 small cell configuration without considering indoor contributions.

     

             

 

   

   

   

   

 

 
  

 
 

        

     

Figure 4.12: E-CDFs for Armonica and Exact in hospital scenario in FR1 band
without building contributions.

4.3 Experimental Analysis in the FR1 band

As regarding the Rome scenario described in section 3.2.2 and visualized in Fig. 4.8,
an experimental analysis is presented in this section [186]. More in detail, this sce-
nario has been selected since a measurement campaign has been carried out in 2020
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[68] near the BS antenna with the traffic diagram shown in Fig. 3.13. All detailed
information about antenna characteristics and measurements have been provided
by Vodafone, that is the antenna operator, and by the University of Cassino and
Southern Lazio that collects the experimental results. In addition to this, a further
ray tracing algorithm is considered for the assessment beyond Exact and Armonica,
with simulations carried out independently by the FUB laboratory (Rome subdivi-
sion). More in detail, Matlab 5G Toolbox is employed, since it is a commercial ray
tracing tool widely used for simulations in 5G scenarios [187], [188], [189]. Thus, a
brief description of the tool is provided.

Matlab 5G Toolbox is a ray tracing tool to configure, simulate, measure and an-
alyze end-to-end 5G NR communication links. In particular, this tool can import
a real built-up map by an Open Street Map file and use these 3D environments to
simulate a real scenario using a ray tracing propagation model, computing multiple
propagation paths. Path loss and phase shift are calculated either by SBR method or
the image method. In particular, for each ray, electromagnetic analysis is performed
considering horizontal and vertical polarizations of the signal along the propaga-
tion path, including free-space loss, reflection losses, and diffraction losses (Fresnel
equation, uniform theory of diffraction, geometric angle, and complex permittiv-
ity of materials). These capabilities support research and development in wireless
communication, offering a detailed approach to studying interference, coverage and
network performance in diverse deployment scenarios.

Since now three different ray tracing algorithms are involved, before proceeding
with further analysis, their main features are summarized in Table. 4.4. As can be
seen, due to the specific features of the tools, the indoor propagation management
is different. Indeed, for Exact and Armonica this point has already been discussed
in the previous section, while for Matlab the indoor propagation is not considered
in the tool while outdoor simulations are performed. Moreover, the tools work with
different stopping criteria: for Exact, this has been explained in Chapter 3, for
Matlab it is based on the number of reflections and diffraction set by the user, while
for Armonica, this information is not provided. Finally, Exact and Armonica are
proprietary tools, mainly used for research purposes, while Matlab is a commercial
tool.
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Exact Armonica Matlab
Ray tracing model VPL 3D ray tracing SBR

User-defined stopping criteria Yes (electric
field threshold) No Yes (number of

reflections/diffractions)

Outdoor to indoor Partial (near
building perimeter) Yes No

Type Academic Academic Commercial

Table 4.4: Comparison between ray-based tools main features. © 2026 IEEE

4.3.1 Description of the Measurement Campaign

The measurement campaign has been carried out considering different test condi-
tions, but ray-based simulations are compared specifically with the electric field
levels measured in the point marked in red and referred as point "A" in Fig. 4.13.
In the same picture, antenna position is indicated in green color.

Figure 4.13: Measurement site. The 5G antenna and equipment positions are high-
lighted in green and red respectively. © 2026 IEEE

In this location a customized UE terminal is placed, to perform high-data down-
load. In this way, the BS antenna is forced to transmit continuously at the maximum
power. Two different devices have been used to perform selective channel power
measurements: a Keysight signal analyzer (MXAN9020A) and a Rohde & Schwarz
(FSP30) spectrum analyzer. In Table 4.5 results of the measurement activity are
reported with uncertainties at 95p.

Equipment Electric Field [V/m]
Keysight signal analyzer 1.72± 0.29
R&S spectrum analyzer 1.89± 0.45

Table 4.5: Electric field [V/m] measured in point "A".
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4.3.2 Numerical Analysis

The location of the measurement point visualized in the simulation environment is
marked in red in Fig. 4.14. As can be seen, it is located in LOS with respect to the
BS position and it is approximately 50 meters away from the antenna. Therefore,
the contributions of reflection/diffraction from other distant buildings should not be
significant in that point. For this reason, it is considered sufficient to model the five
buildings present in Fig. 4.14 that are closest to the measurement point. According
to the proposed workflow, the same simulation environment is considered for the
three tools involved with the same settings reported in Table 3.8. Moreover, for
Matlab tool, 10 reflections and one single diffraction are considered.

Figure 4.14: Simulated scenario; the 5G antenna and measurement point positions
are highlighted. © 2026 IEEE

Following the first step of the assessment workflow, electric field distribution
is computed at 1.5 meter height from the ground for each tool. In addition to
Exact results shown in Fig. 3.15, field distributions for Armonica and Matlab are
reported in Fig. 4.15 (A) and Fig. 4.15 (B) respectively. As can be seen, in Armonica
the output is only available in V/m, while in Matlab the electric field is shown
in dBµV/m, making a direct comparison between these tools not straightforward.
However, each of them can be compared with Exact. More in detail, Armonica
electric field distribution can be compared to Fig. 3.15 (A) in which Exact output
is shown in V/m. By looking at these two representations, it can be observed that
a good agreement is found both in terms of field levels and distribution. On the
other hand, with Exact it is also possible to display the field in dBmV/m, as shown
in Fig. 3.15 (B), so comparing this outcome with Matlab results, a good agreement
is found again in the electric field distribution, even if a direct comparison of field
levels cannot be performed due to the different scales.

Therefore, to go deeper into the analysis, the other metrics are considered. First,
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(A)

(B)

Figure 4.15: Electric field distribution at 1.5 meters height from the ground obtained
with Armonica (A) and Matlab (B) tool. © 2026 IEEE

the percentiles are reported in Table 4.7. As can be seen, in this particular sce-
nario tool comparison is not straightforward. The worst case is represented by the
configuration of Exact results considering the building contributions, since greater
discrepancies are found both for lower and higher percentiles. Indeed, neglecting the
electric field levels in the location of buildings leads to a better agreement between
tool results, since these values, as already discussed, are computed at 1.5 meters
from the top of roofs. With this new configuration, Exact and Armonica results are
in very good agreement for higher percentiles. Indeed, the difference is only 0.09
V/m at the 95th percentile and 0.3 V/m for the maximum value. On the other hand,
a good agreement is also found for low percentiles (from 50p to 70p) between Exact
and Matlab. This is even more clear by looking at Fig. 4.16, in which E-CDFs are
shown for the three tools. As can be seen, from 0p up to 40p Exact, Armonica and
Matlab trends are aligned, while from 50p up to 70p the best agreement is found
between Exact and Matlab, and for higher percentiles Armonica and Exact tend
towards the same maximum electric field values.

Finally, the comparison between simulated electric field values in the measure-
ment point is reported in Table 4.7 for the three tools involved.



4. Experimental and Numerical Analysis of Ray-Based Algorithms for the
Assessment of Human Exposure 107

Percentile Exact
(with buildings)

Exact
(without buildings) Armonica Matlab

50p 0.32 0.16 0.75 0.21
60p 0.98 0.23 1.21 0.31
70p 2.17 0.64 1.65 0.49
80p 2.91 1.91 2.07 0.85
90p 4.48 2.61 2.59 1.26
95p 4.92 2.96 2.87 1.52
99p 5.65 3.26 3.34 2.01
max 6.35 5.38 5.69 3.85

Table 4.6: Statistical analysis of the electric field levels for Exact with and without
building contributions, Armonica and Matlab in Rome scenario. All values are in
V/m.

       

             

 

   

   

   

   

 

 
  

 
 

      

        

     

Figure 4.16: E-CDFs for Armonica, Exact without building contributions and Mat-
lab. © 2026 IEEE

Ray tracing simulation Electric Field [V/m]
Exact 1.80
Armonica 1.86
Matlab 1.92

Table 4.7: Electric field [V/m] simulated in the measured point "A".

From the data analysis, accordance between the three simulated values emerges,
as well as a good agreement, within the limits of the experimental errors, with the
measured data. Measurements carried out with the Keysight spectrum analyzer in
point "A" provided electric field values ranging between 1.43 and 2.01 V/m, while
those carried out with the R&S spectrum analyzer fall within the range 1.44 – 2.34
V/m; the values simulated in the same point "A" with the three selected tools are
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all included within the two aforementioned ranges. Indeed, the location of point
A is suitable for an outdoor comparison, as its position is far from buildings, and
so, differently from a comparison on the entire simulation area, unaffected by the
differences in indoor scenarios management by the three involved tools.

4.4 Numerical Analysis in the FR2 band

Following the same rationale of the FR1 band, the assessment workflow is applied in
the FR2 band to assess Exact results in the hospital scenario presented in previous
chapter. More in detail, numerical analysis is carried out with the help of FUB
laboratory that employs Armonica tool, together with an optimization study for
the antenna position, essential in healthcare environments. Moreover, a comparison
between coverage and exposure in FR1 and FR2 band is discussed.

4.4.1 Hospital Scenario Analysis

Armonica simulations are carried out following the same settings reported in Ta-
ble 3.11 and used for Exact simulations, together with the antenna envelope diagram
shown in Fig. 3.22. By exploiting the possibility to simulate indoor propagation in
this tool, it was verified that the optimized position found for the FR1 band in E2
small cell configuration (see Table 3.11) is still the optimal one for the antenna at
27 GHz. For this reason, the numerical analysis is carried out considering this opti-
mal configuration. Ray tracing simulations are performed with and without indoor
contributions, and are shown in Fig. 4.17 (A) and (B), respectively. As can be seen,
comparing this last case study with Exact outcomes in Fig. 3.27 a good agreement
is found in terms of electric field distribution, but in addition to this, E-CDFs are
computed and shown in Fig. 4.18. As in the case of FR1 band simulations, an almost
perfect agreement is found for all percentiles.

4.4.2 Hospital Scenario Comparison between FR1 Band and

FR2 Band

Since simulations in FR1 and FR2 bands are carried out in the same scenario, with
the same antenna position, it is interesting to compare these results both for cov-
erage and exposure assessment. Moreover, the final aim of these simulations is also
to investigate the impact of 5G non-public networks in healthcare environments.
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(A) (B)

Figure 4.17: Armonica computed electric field levels [V/m] in hospital scenario in
the FR2 band (A) with indoor propagation and (B) without indoor propagation.

             

             

 

   

   

   

   

 

 
  

 
 

        

     

Figure 4.18: E-CDFs for Armonica and Exact in hospital scenario in FR2 band
without building contributions.

Therefore, comparing their performances is useful to identify the most suitable solu-
tion for real-world applications. For these reasons, in Fig. 4.19 the obtained E-CDFs
in the case of FR1 and FR2 BS are overlapped.

The comparison between these two case studies highlights several key insights:

• Optimized Antenna Position: the selected location for the base station still
remains the optimized one also moving to higher frequency, as the selected
scenario is relatively small and in line with the coverage area that can be
obtained in the mmWave spectrum, typically with cell dimensions of about
100 m x 100 m [190];

• Compliance with Safety Standards: the electric field levels are still under the
exposure limits for workers and public [45]. Compliance with the electromag-
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Figure 4.19: Comparison between E-CDFs obtained for FR1 and FR2 band scenario.

netic field marginal value for general electronic medical equipment specified in
IEC 60601-1-2 [179] is guaranteed;

• Coverage Challenges at Higher Frequencies: a coverage of 1 mV/m is still
guaranteed in the whole scenario, while the 10 mV/m coverage is lower in
the FR2 band scenario, as can be expected due to the different propagation
characteristics of the frequency bands involved.

Moreover, as can be seen from Fig. 4.19, electric field levels are much lower for
the FR2 case with the respect of the FR1, although coverage is equally guaranteed
for the 85% of the scenario. Indeed, in Table 4.8 coverage percentages obtained in
the two scenarios considered for 1 mV/m and 10 mV/m thresholds are summarized
and it is clear that coverage of 1 mV/m is guaranteed both for FR1 and FR2, while
considering 10 mV/m coverage, the efficiency of the FR2 system is slightly lower.
This is also shown in the FR2 band coverage maps, for 1 mV/m and 10 mV/m,
in Fig. 4.20 (A) and (B) respectively. This result was not easily predictable and
highlights the need for accurate tools, able to design and optimize 5G non public
networks before their deployment.

Frequency band 10 mV/m coverage 1 mV/m coverage
FR1 93.7% 99.9%
FR2 85.1% 99.5%

Table 4.8: Comparison of coverage percentage in FR1 and FR2 scenarios.
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E-field  ≥ 1 mV/m

E-field  < 1 mV/m

E-field  ≥ 10 mV/m

E-field  < 10 mV/m

(A) (B)

Figure 4.20: FR2 band coverage map in hospital scenario for (A) 1 mV/m coverage
and (B) 10 mV/m coverage.

4.5 Experimental Analysis in the FR2 Band

In this section, an experimental analysis in Turin scenario described in chapter
3 is carried out. More in detail, to verify tool results an extensive measurement
campaign has been carried out with Vodafone, that is the antenna operator, near a
27 GHz BS. In this case, computational results are compared with a large number of
measurement points, together with two more different ray tracing tools to provide
a thorough and comprehensive assessment of algorithms results.

4.5.1 Measurement Campaign

A measurement campaign has been conducted in Turin (Italy) in collaboration with
Vodafone near a BS in which three 27 GHz massive MIMO antennas are employed,
each covering a section of 120° around the site. As previously described, the con-
sidered area is subdivided into three cells, identified as PCI4, PCI5 and PCI6 and
highlighted with different colored arrows in Fig. 4.21.

Measurements have been performed in walk-testing mode using a Mobile Network
Scanner. This approach allowed for the collection of detailed signal data while
moving through the environment, providing a realistic insight into network coverage.
The measurement set-up is illustrated in Fig. 4.22 and consists of the following
components:
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Figure 4.21: Measurement campaign scenario in Turin (Italy). BS position and
served sectors are shown with colored arrows; PCI4 (yellow), PCI5 (green) and
PCI6 (cyan).

• Rohde&Schwarz TSMA6B Mobile Network Scanner [191];

• Rohde&Schwarz TSME30DC ultracompact downconverter for the 24 GHz -
30 GHz input band;

• Omni-directional antenna, 26 GHz - 40 GHz band, with a maximum external
diameter of 46 mm;

• Laptop running Rohde&Schwarz Romes software.

For the walking test, the instrument, equipped with a GPS antenna to record
geographical information and a battery backup, was placed in a backpack, as shown
in Fig. 4.23.

4.5.2 Computational Analysis

Besides Exact, three more algorithms are considered for the numerical analysis: Mat-
lab, Aster and Sionna. For Matlab a brief description has been provided in previous
sections, while Aster and Sionna are described further below:

Aster is a propagation model developed by Forsk [192]; it is mainly designed for
dense urban environments with high resolution geo raster/vector data, but it can
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Figure 4.22: Measurement set-up.

Receiver Antenna

BTS

Scanner + 

Downconverter

Figure 4.23: Measurement set-up for walk-testing. BS and measurement equipments
are circled in red.

also be used for urban, suburban and rural areas with various/different geo data.
The propagation modeling features are based on two major components:
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• vertical diffraction over rooftops based on Walfisch Ikegami model [193] and
multiple knife-edge Deygout method [194];

• horizontal diffractions and reflection below rooftops based on ray launching.

The tool is able to simulate 5G network in mmWave scenario within the range
5 GHz to 60 GHz, considering also the vegetation diffraction and through loss, the
atmospheric absorption and the rain attenuation. Additionally, the model incorpo-
rates automatic calibration features to adjust its parameters based on measurement
data collected on site, optimizing its accuracy.

Sionna is an open-source library for link- and system-level simulation that includes
a GPU-accelerated ray tracing engine [85]. The ray tracing module is based on
path tracing with multiple interactions between the rays and the surrounding 3D
environment, allowing for multiple reflections and transmissions at dielectric inter-
faces. High-resolution 3D scenes, built for example from OpenStreetMap data and
modeled in Blender, can be imported and combined with realistic antenna radiation
patterns and polarization. Sionna operates in the mmWave band and supports di-
rectional antenna arrays, enabling the analysis of site-specific propagation effects,
coverage, and exposure in complex urban scenarios. Similar to Matlab, the Sionna
functionality is implemented via the SBR method, modeling each propagation path
as a cascade of scattering processes occurring along the 3D scene, including specular
reflections, refractions, diffractions, and diffuse scattering.

Main characteristics of algorithms involved in the following analysis are summa-
rized in Table 4.9.

Tool Type Ray Tracing Model
Exact Academic VPL
Matlab Commercial-under license SBR
Aster Commercial-under license Walfisch-Ikegami + Knife Edge (Deygout) +

horizontal ray launching
Sionna Open Source SBR

Table 4.9: Tools main characteristics.

Simulations have been performed considering all the settings reported in Ta-
ble 3.14. The simulated scenario for Exact is the one reported in Fig. 3.21, while
for all the other tools it is retrieved directly from OpenStreetMap. This means that
some buildings located at the edges of the measurement area are not considered in
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Exact scenario, while are modeled in the other tools. This point will be subject of
further considerations in computational results. With regard to the input antenna
radiation diagram, the radiation pattern envelope reported in Fig. 3.22 was used
for each of the three massive MIMO antennas of the BS. Simulations are performed
considering diffraction phenomenon for each ray-based tool, while for the number of
reflections: 10 are set for Matlab and Sionna, and 8 for Aster. For Exact it is not
necessary to set this parameter, since, as explained, the number of reflections are
automatically generated according to the chosen threshold that in this case is set
as -135 dBm, considering the same sensitivity of the measurement equipments. All
these settings are summarized in Table 4.10. Moreover, differently from other tools,
Aster requires a calibration procedure before performing propagation analyses and
for this reason a portion of measured data are used as input for the calibration.

Tool N. of Interactions
Exact 1 diffraction; for reflections no limits and procedure stops

when for each ray the field level goes below -135 dBm
Matlab 1 diffraction; 10 reflections
Aster 1 diffraction; 8 reflections
Sionna 10 (diffraction + reflections)

Table 4.10: Parameters for ray-based simulations.

4.5.3 Experimental Results

Measurements have been performed following different routes for each cell, as shown
in Fig. 4.24) in which the discrete measurement points along the routes are denoted
by colored circles according to the specific PCI. The number of measurement points
for each cell site were: 4673 for PCI4, 4371 for PCI5 and 5681 for PCI6 respectively,
for a total of 14725 points. During measurements, the receiving antenna was kept
at a proper distance from the operator’s body to mitigate any body induced signal
perturbation (see Fig. 4.23). The mobile network scanner recorded the average power
of the Resource Elements (REs) of the Secondary Synchronisation Signal (SSS).
Due to the lower walking speed compared to the sampling rate of the scanner,
some consecutive samples shared identical geographical coordinates. To remove
duplicates, SSS-Reference Signal Received Power (SSS-RSRP) values corresponding
to the same location were averaged. Moreover, as reported in [191], the measurement
uncertainty level of the scanner is lower than 1.5 dB. In addition to this, some studies
with a similar setup quantifies the overall error source as 2.39 dB [195]. However,
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these uncertainties are too small to be visualized into the following figures and for
this reason will not be reported.
Received power (PRX) in dBm recorded during the walk are shown in Fig. 4.25 for
cells PCI4, PCI5 and PCI6, respectively. For a better understanding of results, a
moving average filter with a window size of 20 samples has been applied to raw data.
It should be noted that the lower measured power is never below -140 dBm, since this
value is close to the sensitivity of the equipments (-135 dBm). Raw measurement
data are also shown in terms of E-CDF for a direct comparison with exposure limits
in Fig 4.26 (A) [dBm] and (B) [V/m]. For completeness, also percentiles from 50p to
max are reported in Table 4.11 [dBm] and Table 4.12 [mV/m]. From data analysis,
it emerges that all values for the different PCI considered are far below limits for
human exposure and compliance with medical devices, since the maximum level of
electric field is measured for PCI4 and is around 0.03 V/m. This is true also if all
the PCI are considered together, a situation that can reflect the worst case in which
a measurement point falls in the same coordinate of different PCIs. In this case,
the maximum reachable value is around 0.8 V/m, still far from all limits taken into
consideration.

PCI 4 PCI 5 PCI 6

Figure 4.24: Measurement routes for PCI4 (yellow), PCI5 (green) and PCI6 (cyan).

4.5.4 Numerical Results Analysis

For each cell, only measurement points falling within −65° and +65° from the an-
tenna pointing direction are considered for the numerical analysis, since, following
suggestions of the antenna operator, this is in practice the area of interest in which
coverage is intended for each sector. Moreover, compare numerical and experimental
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Figure 4.25: Received power [dBm] measured along different routes for PCI4, PCI5
and PCI6. In green raw data are shown, while in red moving average filtered mea-
surements (Movavg) are reported.
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Figure 4.26: E-CDFs of raw measurement data for PCI4, PCI5 and PCI6 in (A)
power [dBm] and (B) electric field [V/m].

results on the back side of the antenna envelope diagram may lead to some discrep-
ancies due to minor differences that may exist between the real antenna diagram
and the simulated one. On the other hand, considering measurement points in prox-
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Percentile PCI 4 PCI 5 PCI 6
50p -112.69 -118.23 -108.95
60p -109.45 -114.64 -104.62
70p -105.59 -110.01 -100.87
80p -100.88 -106.42 -95.02
90p -89.85 -101.48 -88.17
95p -86.67 -98.56 -85.94
99p -83.45 -94.53 -82.60
max -79.41 -84.43 -80.83

Table 4.11: Statistical analysis of raw measured received power data in Turin sce-
nario for PCI4, PCI5 and PCI6. All values are in dBm.

Percentile PCI 4 PCI 5 PCI 6
50p 0.6 0.3 1.0
60p 0.9 0.5 1.6
70p 1.5 0.9 2.5
80p 2.5 1.3 4.9
90p 8.9 2.3 10.8
95p 12,9 3.3 14.0
99p 18.6 5.2 20.5
max 29.6 16.6 25.2

Table 4.12: Statistical analysis of raw measured electric field data in Turin scenario
for PCI4, PCI5 and PCI6. All values are in mV/m.

imity to the direction of the main lobe increases the robustness of the comparison.
Therefore, in Fig. 4.27 the effective measurement routes considered for the compu-
tational analysis are shown for the different cells. Results are analysed through the
computation of CDFs, percentiles and punctual comparison in measurement coordi-
nates. More in detail, as regards this last metric, the intensity spatial maps at the
measurement points are also compared.

The CDFs visualization is reported in Fig. 4.28 for PCI4, PCI5 and PCI6. As
can be seen, from this first comparison, the overall best agreement between mea-
surements and simulations is obtained with Aster tool, but this was expected due
to the calibration procedure. Concerning the maximum values, for PCI4 and PCI5
the best fit is obtained with Exact tool, while for PCI6 a little overestimation in
power levels is found with this algorithm. On the other hand, an underestimation
can be seen in lower power levels, and this will be the subject of further analysis
below. A similar behavior is detected with Sionna, especially for PCI4 and PCI6,
while Matlab trends are overall close to measured values, except for the PCI4 case.
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PCI 4 PCI 5 PCI 6

Figure 4.27: Selected routes for ray tracing assessment considering measurement
points falling within – 65° , 65° from the antenna pointing direction in the case of
PCI4 (red), PCI5 (green) and PCI6 (cyan).

A more detailed analysis can be carried out considering percentiles for PCI4 (see
Table 4.13), for PCI5 (see Table 4.14) and for PCI6 (see Table 4.15) and looking at
differences between simulated and measured values reported in Table 4.16. Specif-
ically, this last table reports the difference between measurements and numerical
simulations percentiles at 50p, 95p and max, together with the difference between
the mean of overall measurement and simulated percentiles and the STD of this dif-
ference. As can be seen from this last analysis, except for PCI6 case and specifically
for the max value, differences between Exact and measurements are always below 7
dB, that is an acceptable difference considering the complex environment in which
measurements are carried out. Moreover, the overall mean differences between the
Exact and the other tools (see Table 4.17) are usually below 10 dB, while the specific
comparison shows some more pronounced discrepancies with Matlab and Sionna.
These observations are confirmed by looking at Fig. 4.29. All algorithms are in
good agreement with measurements in some areas, but in other zones differences
are evident.
To understand where do these differences come from, both experimental and simu-
lated values are shown in the measurement paths for each cell, with a color visual-
ization proportional to the measured or simulated power intensity. More in detail,
in Fig. 4.30 measured received power is shown for PCI4, PCI5 and PCI6, while
from Fig. 4.31 to Fig. 4.33, computational results are visualized from PCI4 to PCI6,
respectively. Starting from PCI4, as can be seen, simulated points in the central
street, that is almost in LOS with respect to the BS, have the same trend also com-
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pared to measurements, with a slight overestimation for Exact. Main differences
are obtained in narrow streets, especially for Sionna, in which it seems that some
ray contributions are missing. This can be related to minor differences in scenario
reconstruction, or to some errors in the reconstruction of the antenna diagram. Ad-
ditionally, some works reported a cell-dependent mismatch of Sionna [196]. Moving
to PCI5, the agreement between tool results and experimental data is good, ex-
cept for some data placed at the edges of scenario for Exact. Finally, for PCI6,
measurement points located in the center of the square are always comparable with
measurements, except for Sionna in which an overestimation is found. Moreover, as
in the previous case, Exact underestimates power levels at the edges, together with
Sionna. Concerning Exact, since the scenario is reconstructed inside the tool, some
buildings are not considered due to scenario clipping. This condition leads to a loss
of reflections and diffractions at the edges.
To confirm this, in Fig. 4.33 the difference between extended and reduced scenario
in Exact is considered. Simulations are carried out in these two configurations. It is
evident from results that by increasing the number of buildings at the scene borders,
the simulated power levels are much higher and closer to both measurements and
predicted values by other tools.

               

 
  

      

 

   

   

   

   

 

 
  

 
 

    

        

     

     

      

      

               

 
  

      

 

   

   

   

   

 

 
  

 
 

    

        

     

     

      

      

               

 
  

      

 

   

   

   

   

 

 
  

 
 

    

        

     

     

      

      

Figure 4.28: E-CDFs obtained with Exact, Matlab, Sionna and Aster simulations
compared to measurements for PCI4, PCI5 and PCI6.
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Percentile Exact Matlab Sionna Aster Measured
50p -93.04 -99.53 -97.82 -98.67 -97.47
60p -90.94 -96.76 -96.15 -96.11 -92.06
70p -87.43 -95.02 -94.68 -93.30 -89.70
80p -84.57 -92.50 -93.67 -91.55 -87.90
90p -82.23 -89.49 -92.76 -90.3 -85.68
95p -80.99 -88.44 -92.48 -89.05 -84.45
99p -79.15 -86.58 -91.85 -87.40 -82.87
max -78.58 -85.05 -91.23 -86.86 -79.98

Table 4.13: Statistical analysis of simulated and measured electric field data for
PCI4. All values are in dBm.

Percentile Exact Matlab Sionna Aster Measured
50p -98.33 -98.10 -98.49 -102.30 -105.01
60p -95.32 -96.06 -97.83 -100.92 -102.18
70p -92.96 -94.26 -97.34 -98.66 -100.24
80p -91.14 -93.06 -96.89 -96.36 -98.66
90p -89.23 -91.45 -96.10 -94.55 -96.62
95p -88.56 -90.28 -94.17 -93.36 -94.47
99p -87.42 -87.80 -91.99 -91.42 -88.61
max -86.03 -86.19 -91.03 -90.30 -84.43

Table 4.14: Statistical analysis of simulated and measured electric field data for
PCI5. All values are in dBm.

Percentile Exact Matlab Sionna Aster Measured
50p -102.69 -102.32 -102.73 -101.65 -101.02
60p -98.44 -99.18 -90.98 -97.61 -99.48
70p -95.50 -95.69 -83.66 -93.50 -95.26
80p -93.42 -92.88 -78.14 -88.44 -91.83
90p -91.77 -90.31 -75.74 -85.37 -88.30
95p -89.74 -88.89 -73.33 -83.69 -87.55
99p -77.79 -86.55 -70.03 -81.74 -86.76
max -72.57 -84.70 -69.38 -80.83 -84.36

Table 4.15: Statistical analysis of simulated and measured electric field data for
PCI6. All values are in dBm.
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PCI4
Percentile Exact Matlab Sionna Aster

50p -4.44 2.06 0.35 1.20
95p -3.47 3.99 8.03 4.60
max -1.40 5.07 11.25 6.88
mean -2.9 4.16 6.31 4.14
STD 1.17 1.03 3.33 1.57

PCI5
Percentile Exact Matlab Sionna Aster

50p -6.68 -6.91 -6.52 -2.71
95p -5.91 -4.19 -0.30 -1.11
max 1.60 1.75 6.59 5.86
mean -5.15 -4.13 -0.80 -0.29
STD 3.43 3.02 4.2 3.02

PCI6
Percentile Exact Matlab Sionna Aster

50p 1.67 1.3 1.71 0.63
95p 2.19 1.34 14.21 3.86
max 11.79 0.34 14.97 3.53
mean -1.58 0.75 -11.31 -2.72
STD 5.64 0.81 5.81 1.71

Table 4.16: Differences in dB between measured and simulated percentiles of PCI4,
PCI5, and PCI6.
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PCI4
Percentile Matlab Sionna Aster

50p 6.49 4.78 5.63
95p 7.45 11.49 8.06
max 6.47 12.65 8.28
mean 2.33 -9.74 -1.13
STD 0.72 3.17 1.31

PCI5
Percentile Matlab Sionna Aster

50p -0.22 0.16 3.97
95p 1.72 5.61 4.80
max 0.16 5.00 4.27
mean 1.03 4.36 4.86
STD 0.89 2.11 0.70

PCI6
Percentile Matlab Sionna Aster

50p -0.37 0.04 -1.04
95p -0.85 -16.41 -6.05
max 12.14 -3.19 8.27
mean 2.33 -9.74 -1.13
STD 5.13 6.17 5.09

Table 4.17: Differences in dB between Exact tool and simulated percentiles with
Matlab, Sionna and Aster for PCI4, PCI5, and PCI6.
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Figure 4.29: Simulated power levels in dBm compared to measured ones in the
different antenna sectors (PCI4, PCI5, PCI6). Measurement error of around 2.39
dB is not visible.
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Figure 4.30: Measured power levels [dBm] in measurement points for PCI4, PCI5
and PCI6.
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Figure 4.31: Simulated power levels [dBm] for PCI4 in measurement points.
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Figure 4.32: Simulated power levels [dBm] for PCI5 in measurement points.
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Figure 4.33: Simulated power levels [dBm] for PCI6 in measurement points.
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Figure 4.34: Comparison between reduced and extended scenario in Exact. The
added buildings are shown in red.
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4.6 Concluding Remarks

In this Chapter, an in-depth experimental and numerical investigation has been
carried out on the presented ray-based algorithm with the aim to evaluate the ac-
curacy of electromagnetic field predictions in 5G scenarios. Indeed, this represents
a fundamental step to perform reliable analysis on human exposure and, at the
same time, radio coverage assessment. Moreover, the comparison of the algorithm
performances with respect to different existing ray-based tools has been addressed
to highlight its possible limitations and most suitable use cases. The study also
involved three independent institutions, both from innovation centers and compa-
nies, bridging the gap between academic research and industrial applications on 5G
systems. The extensive collaboration has led to the definition of a generic system-
atic workflow that enables a simple verification of algorithms’ predictions, which
can be applied regardless of the employed ray-based method. Results demonstrated
that the implementation of the proposed approach provides an easy and suitable
procedure for the assessment of propagation models in 5G scenarios, allowing, at
the same time, the evaluation of both human exposure and radio coverage metrics.
Moreover, outcomes highlighted that, according to the specific ray-based model con-
sidered, computational analyses may obviously provide different predictions with
acceptable discrepancies for the 5G network design. Indeed, main differences were
found for N-LOS areas, therefore more investigations could allow a better accuracy
in the results. These considerations were extended and supported by undertaking
an extensive measurement campaign in the FR2 band near a massive MIMO an-
tenna located in a complex urban scenario. Comparing measurement results with
different propagation models yielded an extended framework, integrating existing
computational models, and expanding current knowledge on their performance in
a real scenario at mmWaves. Finally, experimental and numerical analyses verified
algorithm predictions presented in Chapter 3, proving that for all the considered
scenarios electromagnetic field levels are below exposure limits for population ac-
cording to ICNIRP and Italian regulations, and are also in compliance with safety
standards defined by IEC for medical equipment interferences.



Conclusions

In this thesis a thorough and comprehensive analysis on human exposure at 5G
frequencies has been presented. The problem of exposure assessment has been ad-
dressed both for population and for dosimetry experiments at the human skin level.
To these purposes, analytical, computational, and experimental approaches have
been adopted, providing a complete overview of the topic. More in detail, ray-based
algorithms have been employed for the evaluation of electromagnetic field levels
generated by 5G systems working in FR1 and FR2 bands, considering a significant
variety of real propagation scenarios. Computational analyses have been supported
by experimental data, and to this end an extensive measurement campaign has been
carried out near a massiveMIMO BS antenna working in the FR2 band and actu-
ally serving a portion of an urban area situated in Italy. Results confirmed robust
predictions by ray-based algorithms and led to the definition of a systematic frame-
work for tool assessment, specifically targeted for human exposure evaluation in the
context of 5G networks. On the other hand, analytical models to support dosimetry
experiments at mmWaves have been developed and validated both numerically and
experimentally. Specifically, an electromagnetic model to design solid reflectivity-
based phantoms has been implemented, showing an almost perfect agreement with
respect to numerical and experimental results. In addition to this, a new solution
of the heat transfer equation for very thin phantoms has been proposed and the nu-
merical validation has demonstrated high accuracy in temperature rise predictions,
compared to other existing models. Both models have been employed to define
a multi-physics optimization approach that is essential for phantom design aimed
at assessing the APD by means of thermographic techniques. The efficacy of the
proposed method has been demonstrated by designing a broadband carbon+PDMS
based phantom that reproduces skin reflection properties in the range 10 - 60 GHz.
Indeed, the phantom has been optimized both from the electromagnetic and thermal
point of view, resulting in an important advancement with respect to the state of
the art in the APD assessment. Finally, all the presented models led to the design,
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realization and characterization of an OTA testing phantom, providing at the same
time important information about electromagnetic properties of the carbon that is
widely employed in dosimetry experiments. Therefore, the main contributions of
this thesis can be summarized as follows:

• definition of a standardized framework for ray-based tool assessment, targeted
to 5G electromagnetic human exposure analysis;

• dissemination and in-depth analysis of an extensive measurement campaign in
the FR2 band performed near a massiveMIMO BS actually operative;

• numerical and experimental validation of an electromagnetic model for solid
reflectivity-based phantoms design;

• development and numerical validation of a new solution of the heat transfer
equation to accurately model the temperature rise inside a thin phantom at
mmWaves;

• introduction of a multi-physics optimization approach for the design of solid
reflectivity-based phantoms employed in dosimetry experiments based on ther-
mographic techniques;

• design of an optimized broadband skin phantom in the range 10-60 GHz for
APD assessment through IR methods;

• analysis and estimation of carbon electromagnetic properties for dosimetry
experiments;

• design, development and characterization of an OTA testing phantom by
means of advanced techniques.

Overall, these results provide significant advancements in the assessment of hu-
man exposure at 5G frequencies both for industry and scientific applications. Indeed,
the proposed assessment workflow defines a standardized procedure to evaluate ray-
based analysis, without the need of time consuming and challenging measurement
campaigns, and this can be extremely helpful for telecom operators to design 5G
networks with the final aim to promote their safe large-scale diffusion. Moreover, the
presented measurement campaign supports the assessment of electromagnetic field
levels in the FR2 band, in which less data are available in the scientific literature
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compared to the FR1 band. On the other hand, analytical models introduced, to-
gether with the multi-physics optimization approach, constitute an important step
forward to the design of solid reflectivity-based phantoms employed for APD as-
sessment at mmWaves. As a matter of fact, their implementation led to the design
of a broadband phantom emulating scattering properties of the human skin, that
can be experimentally reproduced at each frequency in the range 10 - 60 GHz. In
addition to this, experiments carried out on carbon+PDMS phantom allowed to
derive a preliminary rough estimation of carbon electromagnetic properties and this
information can be very helpful to design dosimetry experiments, since this mate-
rial is actually widely employed for phantom realization both for research and sale
purposes. Finally, a phantom that can be adopted in OTA testing to assess perfor-
mances of wireless devices at mmWaves is realized and characterized by means of
innovative techniques, paving the way for new methodologies intended to support
human phantoms realization.
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