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Abstract

This thesis aims to develop a model capable of analysing the behaviour of the electromagnetic field
around a 3.6GHz band 5G active antenna, over time. The model allows for the computation of the trans-
mission power of each individual beam in an active antenna, and from this, making use of established
guidelines, it allows for the calculation of the exclusion zone around it. To achieve realistic results, real-
life scenarios were created, along with several common mobile services. With the aim of maintaining the
realism of the simulation, various sub-models were designed, which realistically and dynamically adjust
the antenna’s environment to better simulate everyday usage. This thesis was made in collaboration with
Huawei, which have relayed real data from base stations using their antennas. Furthermore, in order to
compare with the results from the model and with previous work, on-site measurements were performed.
The procedure for these, and the discussion of results, both simulated and measured, are presented in
this work. This thesis finds a conservative value for the exclusion zone of 6.6m, which is considered safe
in this work’s created scenarios.
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Resumo

Esta tese tem como objetivo o desenvolvimento de um modelo capaz de analisar o comportamento do
campo eletromagnético em redor de uma antena ativa 5G na banda dos 3.6GHz, ao longo do tempo.
O modelo permite a computação da potência transmitida por cada lobo numa antena ativa, tornando
possível, com o auxílio de procedimentos pré-establecidos, calcular a zona de exclusão. Para alcançar
resultados realistas, cenários reais foram criados, juntamente com vários serviços móveis comuns. Com
o objetivo de manter o realismo da simulaçáo, vários sub-modelos foram criados, que realisticamente
e dinamicamente ajustam o ambiente da antena para melhor simular utilização quotidiana da mesma.
Esta tese foi feita em colaboração com a Huawei, que forneceu informação real das estações base
que utilizam as suas antenas. Adicionalmente, para comparar com os resultados do modelo e com
trabalho prévio, medições foram realizadas em estações base. O procedimento para estas, bem como
a discussão de resultados simulados e medidos, são apresentados neste trabalho. Esta tese encontra
um valor conservativo da zona de exclusão igual a 6.6m, que é considerado seguro nos cenários criados
neste trabalho.
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Chapter 1
Introduction

This chapter provides an overview of the work that is done on the thesis. A brief history of mobile
communications is given, followed by a description of the problem under study and the motivation for a
solution. At the end of the chapter, the thesis’ objective is stated and its contents are presented.
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1.1 Overview and motivation

In the early 1980s, the first generation of mobile communications emerged, which used analogue tech-
nology and only permitted voice communications [1]. Over the next four decades, four new generations
of mobile communications would be developed, each with more capabilities, features and techniques
than the previous one. These would be developed to meet the increasing demands of mobile commu-
nications, not to solely make voice communications, as in the first generation, but to use a widespread
and ever increasing array of technology at the disposal of the public.

In the beginning of the 1990s, the 2nd Generation (2G) technology was launched, and with it, the first
digital systems for mobile communications were introduced. For this generation, European Telecommu-
nications Standards Institute (ETSI) developed the Global System for Mobile Communications (GSM)
standard which, besides supporting voice communications (as did the first generation), supports other
services such as Short Message Service (SMS) and Multimedia Message Service (MMS) [1]. Over time,
GSM was further improved upon, and evolved into High Speed Circuit Switched Data (HSCSD), General
Packet Radio Service (GPRS) and finally Enhanced Data rates for Global Evolution (EDGE), upgrading
the network from a purely Circuit Switched (CS) one to a mixture of CS and Packet Switched (PS), with
a maximum throughput of nearly 100 kbps [1]. These improvements laid the foundations for what would
become, in the beginning of the 2000s, the 3rd Generation (3G) technology [1, 2].

The early 2000s brought with it the introduction of smartphones, which offered the public widespread
access to the internet. As such, 3G technology was built with data communications in mind, allowing for
easier and faster mobile internet access from any location in the world. For that reason, 3rd Generation
Partnership Project (3GPP) developed Universal Mobile Telecommunications System (UMTS), which
would later be improved with High-Speed Download Packet Access (HSDPA) and High Speed Uplink
Packet Access (HSUPA), capable of throughputing to a user close to 30 Mbps [1]. Multiple Input Multiple
Output (MIMO) was developed in this technology [3], allowing for increased data rates.

The evolution from 3G to the 4th Generation (4G) technology was not like the previous generation evo-
lution. While UMTS was built upon GSM’s network, and because of that uses a mixture of CS and PS
network, Long Term Evolution (LTE), introduced in 2010, has a purely PS network while still maintaining
interoperability with older generations [1, 4]. Along the decade, it was further improved into Long Term
Evolution - Advanced (LTE-A) and then into Long Term Evolution - Advanced Pro (LTE-A Pro), with a
maximum throughput of around 300 Mbps [1].

During the last decade, mobile data traffic has been exponentially rising due to easier access to user
equipment, a growing number of Internet of Things (IoT) devices and an increase in mobile data use
cases, among other factors. For this reason, and although 4G will remain competitive for several years,
ETSI developed New Radio (NR), the base technology for the 5th Generation (5G) technnology [5]. It
allows for massive and near-instantaneous connectivity among humans, among machines, and between
humans and machines, as well as providing the means for new use cases and services, which were
impossible to accomplish with 4G [6]. In order to build upon LTE’s network, 5G is being released in two
major steps - the Non-Standalone (NSA) architecture, which adds NR BSs to the LTE-A Pro network, and
the Standalone (SA) architecture, which connects the NR BSs to the 5G core network [5]. 5G not only
brings about a network change, it also introduces the use of active antennas [6], which unlike passive
antennas, employ multiple high-gain focused beams to communicate with users (an active antenna is
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shown in Figure 1.1). This allows for much higher data rates than the previous generation, unlocking
several new use cases for mobile telecommunications. Active antennas also introduce Massive Multiple
Input Multiple Output (MaMIMO) - a higher number of transmitters, further increasing the data rate to a
maximum of 10 Gbps, 1 to 2 orders of magnitude greater than LTE. Although in the future 5G will make
use of a new band in mobile communications - the millimeter band (above 6GHz) - early deployment
networks will make use of the 700MHz and 3.6GHz bands, which are the bands studied in the thesis.

Figure 1.1: An active antenna (extracted from [1]).

Despite all the benefits that 5G offers, concerns have been raised regarding the safety of humans due
to the exposure to Electromagnetic Field (EMF) radiation. These concerns are aggravated when it is put
into account that NR uses previously unused frequency bands, particularly the millimeter wave band,
and the aforementioned new technologies, such as active antennas (with beamforming and MaMIMO).
Furthermore, as higher frequencies have shorter range, the NR network will be denser than previous
ones, decreasing the distance between the user and the BS, and therefore increasing the chance of
human exposure to EMF radiation [8, 9].

To ensure that any user of any mobile communications system is not harmed while doing so, worldwide
organisations established entities in charge of defining guidelines to limit exposure to EMF, such as
the International Commission on Non-Ionising Radiation Protection (ICNIRP) [10], whose guidelines are
followed in this thesis. These guidelines stipulate that there should be a zone surrounding any antenna
wherein people should not be present - the Exclusion Zone (EZ), inside which EMF radiation could be
harmful to humans. These guidelines must be followed by telecommunications operators.

The radical changes put forward by the introduction of 5G, particularly the introduction of active anten-
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nas, put in question the applicability of the regular methods and models used to estimate the EZ of older
generation BSs. These assume a constant maximum transmission power and a time-constant radia-
tion pattern [11], which is not adequate when discussing active antennas (because of beamforming and
MaMIMO). Therefore, there is a need to develop a model suitable for the estimation of the EZ around 5G
NR antennas, otherwise a BS deployment can be overly restricted (possibly lowering performance) or not
restricted enough (possibly harming users). This thesis proposes a statistical approach when defining
the EZ of a BS, based on user behaviour and time-dependent parameters.

1.2 Objective and contents

This thesis was developed in collaboration with Huawei [12], and its aim is to develop a model capable of
simulating EMF in the vicinity of 3.6GHz band 5G active antennas BS deployments and determine their
EZ, for various realistic scenarios. For this, realistic telecommunication services and realistic spatial user
distributions were created, and an analysis of their usage of the 5G BS was performed in order to define
the EZ. As an additional objective, this thesis also checks if the results obtained in [13] are realistic, using
on-site measurements on BSs around Lisbon.

This thesis is composed of 6 chapters including the present one. Furthermore, annexes containing
additional information and all references made throughout the thesis can be found at the end of the
document.

Chapter 2 contains the fundamental concepts required to develop the model, from the radio interface to
the services and applications that are used in 5G; from a discussion on active antennas to a theoretical
description of EMF around the BS. The guidelines established by ICNIRP are presented, as well as
the methods that define compliance. Besides this, the chapter explores current methods and models
to estimate an EZ and a discussion on the current state of the art, containing relevant published works
related to the topic of this thesis.

Chapter 3 presents the developed model, defining its inputs, sub-models and required outputs. Realistic
scenarios with realistic user distributions are created and throughouly detailed. In addition to this, realistic
mobile communications services are created and defined. The model’s inner workings, such as user
generation, its temporal behaviour, the calculation of the transmission power and the estimation of the
EZ, are presented and explored. At the end of the chapter, the model goes through some assessment
tests to validate its results.

In Chapter 4, on-site measurements, along with their procedure, are shown. These were performed in
order to compare with the results from the developed model and to compare with the work done in [13].
The visited BSs are described, as are the studied antennas. A discussion on the obtained results is
performed in this chapter.

In Chapter 5, each created scenario is assigned a real location in Lisbon, and they are described in
terms of input parameters for the model. In order to further differentiate the scenarios, each of them
presents a different services’ utilisation share. This chapter also presents and discusses the results
obtained with the model for the different scenarios, from beam transmission power over time to the
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service distribution among users. At the end of this chapter, the value of the EZ in each scenario is
estimated and considerations about its value are done.

Lastly, Chapter 6 presents a summary of the thesis, along with the final conclusions taken from it, and
showcases some suggestions that could be looked into in future work.

At the end of the main body of the thesis, a set of annexes are presented. Annex A contains some
supplementary equations that are referenced throughout the main body of the thesis, Annex B presents a
table with the average download size and required download throughput of somemobile communications
services, Annex C displays the technical specifications of the studied antennas and Annex D showcases
a physical description of the BSs wherein the measurements were conducted.
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Chapter 2
Fundamental concepts and state of the art

This chapter provides the fundamental concepts required to develop the model. It presents a technical
description of all generations of telecommunications, along with the current radio interface state in Por-
tugal. It explores possible services and applications for 5G, together with key parameters for its BSs
deployment and a brief comparison between passive and active antennas. This chapter also presents
and explains the limits and guidelines set by ICNIRP with regard to EMF radiation exposure, while also
discussing the concept of an exclusion zone. In the end of the chapter, the current state of the art is
presented.
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2.1 Radio interface

This section explores the radio interface of GSM, UMTS, LTE and NR, analysing the employed frequency
bands for each techonology as well as discussing its multiple access techniques, duplexing modes and
BS maximum output power.

2.1.1 GSM

Regarding multiple access techniques, GSM employs Time Division Multiple Access (TDMA) with Fre-
quency Division Duplexing (FDD) for the duplexing scheme [2]. The modulation technique used by GSM
can be Gaussian Minimum Shift Keying (GMSK) or 8 Phase Shift Keying (8-PSK) [14]. The assigned
nominal frequency bands in Portugal for GSM are shown in Table 2.1, where each Radio Frequency (RF)
channel is spaced by 200 kHz [2].

Table 2.1: GSM assigned nominal frequency bands in Portugal [1, 15, 16].

Frequency band
[MHz]

Uplink frequency
[MHz]

Downlink frequency
[MHz]

Total frequency
bandwidth [MHz]

900 [885, 915] [930, 960] 60

1800 [1710, 1770] [1805, 1865] 120

According to [17], GSM BSs can be divided into three classes: Normal BS, Micro BS and Pico BS. Power
classes are attributed to each BS class, limiting their maximum and minimum output power. These limits,
per BS class and per frequency band, are shown in Table 2.2.

Table 2.2: GSM power output limits per BS class and per frequency band [17].

Frequency band
[MHz]

Normal BS power
output [dBm]

Micro BS power
output [dBm]

Pico BS power
output [dBm]

900 [33.98, 58.06] [9, 24] [13, 20]

1800 [33.98, 46.02] [17, 32] [16, 23]

2.1.2 UMTS

The 3G technology, UMTS, uses Code Division Multiple Access (CDMA) as a multiple access technique
and FDD as the duplexing method. CDMA allows multiple users to simultaneously share the same chan-
nel with the use of coding schemes. While in Downlink (DL), 3G technology employs Quadrature Phase
Shift Keying (QPSK), 16 Quadrature Amplitude Modulation (16-QAM) or 64 Quadrature Amplitude Mod-
ulation (64-QAM), in Uplink (UL) it makes use of Binary Phase Shift Keying (BPSK), 4 Pulse Amplitude
Modulation (4-PAM) or 8 Pulse Amplitude Modulation (8-PAM) [18].

The assigned nominal frequency bands in Portugal for UMTS are shown in Table 2.3, where each RF
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channel is spaced by 5MHz [3].
Table 2.3: UMTS assigned nominal frequency bands in Portugal [1, 15, 16].

Frequency band
[MHz]

Uplink frequency
[MHz]

Downlink frequency
[MHz]

Total frequency
bandwidth [MHz]

900 [885, 915] [930, 960] 60

1800 [1710, 1770] [1805, 1865] 120

2100 [1920, 1980] [2110, 2170] 120

The mean power level per carrier per BS class is shown in Table 2.4 (BS classes are further discussed in
Section 2.3). Note that there is no value for Macro Cell power output - this is because there is no upper
limit required for its rated output power. In normal conditions, all values present in Table 2.4 can fluctuate
but remain within an interval from −2 dB to 2dB from the shown value [19].

Table 2.4: UMTS mean power level per carrier per BS class [19].

Femto cell power output [dBm]Macro cell
power output

[dBm]

Micro cell
power output

[dBm]

Pico cell
power output

[dBm] With MIMO Without MIMO

- 38 24 17 20

2.1.3 LTE

Unlike previous generations, LTE does not use the same multiple access technique in both UL and DL.
For DL, it makes use of Orthogonal Frequency Division Multiple Access (OFDMA), while in UL it uses
Single Carrier - Frequency Division Multiple Access (SC-FDMA). This distinction is necessary because
SC-FDMA has a lower peak-to-average power ratio than OFDMA, which improves the efficiency of the
transmission and decreases power consumption in end devices [4].

LTE can use BPSK, QPSK, 16-QAM, 64-QAM, 256 Quadrature Amplitude Modulation (256-QAM) or
1024 Quadrature Amplitude Modulation (1024-QAM) [20]. The duplexing method is again FDD. The
assigned nominal frequency bands in Portugal for LTE are shown in Table 2.5.

Table 2.5: LTE assigned nominal frequency bands in Portugal [1, 15, 16].

Frequency band
[MHz]

Uplink frequency
[MHz]

Downlink frequency
[MHz]

Total frequency
bandwidth [MHz]

800 [832, 862] [791, 821] 60

2600 [2510, 2570] [2630, 2690] 120

To allow multiple users to access the available bandwidth, each user is allocated a set of orthogonal
Subcarriers (SCs) with a fixed Subcarrier Spacing (SCS) between them (in the case of LTE with a normal
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Cyclic Prefix (CP), that spacing is 15 kHz), called a Resource Block (RB). A single RB consists of 12 SCs
in the frequency domain and 7 symbols in the time domain (in normal CP configuration) [20].

While UMTS used a fixed channel bandwidth of 5MHz, LTE allows for 6 different channel bandwidths
([1.4, 3, 5, 10, 15, 20] MHz), which allows for flexible bandwidth allocation depending on the number of
users and the services they are using (each different channel bandwidth allocates a different number of
RBs to each user) [4].

The mean power level per carrier per BS class is shown in Table 2.6. Note that there is no value for
a Macro Cell - this is because there is no upper limit required for its rated output power. In normal
conditions, all values present in Table 2.6 can fluctuate but remain within an interval from −2dB to 2 dB
from the shown value [21].

Table 2.6: LTE mean power level per carrier per BS class [21].

Femto cell power output [dBm]Macro cell
power output

[dBm]

Micro cell
power output

[dBm]

Pico cell
power output

[dBm] With MIMO Without MIMO

- 38 24 17 20

2.1.4 NR

This technology uses the same DL multiple access technique that LTE uses: OFDMA. However, for UL,
while LTE makes the sole use of SC-FDMA, NR can use both SC-FDMA and OFDMA [22]. Contrary to
4G, NR supports a variable SCS which is given by

𝑓𝑆𝐶𝑆[kHz] = 15 ⋅ 2𝜇, (2.1)

where 𝜇 is the numerology configuration integer, ranging from 0 to 6. In NR, again contrary to 4G, a RB
is expressed only in the frequency domain, being composed of 12 consecutive SCs, independently of
the SCS [23].

In addition to all modulation schemes that LTE supports, NR can use 𝜋2 Binary Phase Shift Keying
(𝜋2-BPSK) (only in UL and only if transform precoding is enabled in the transmitter) [23]. The assigned
nominal frequency bands in Portugal for NR are shown in Table 2.7. Note that the 3.6GHz band makes
no distinction between DL and UL - this is because this band uses Time Division Duplexing (TDD) as a
duplexing method, and as such, does not require a paired band. For the 700MHz band, the duplexing
method is again FDD [1].

The rated carrier output power per BS class is shown in Table 2.8. In normal conditions, all values present
in Table 2.8 can fluctuate but remain within an interval from −2dB to 2dB from the shown value. Note
that there is no value for a Macro Cell - this is because there is no upper limit required for its rated output
power. Femto Cells are not used in the technology [24].
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Table 2.7: NR assigned nominal frequency bands in Portugal [1, 25].

Frequency band
[MHz]

Uplink frequency
[MHz]

Downlink frequency
[MHz]

Total frequency
bandwidth [MHz]

700 [703, 733] [758, 788] 60

3600 [3400, 3800] 400

Table 2.8: NR rated carrier output power per BS class [24].

Macro cell power output
[dBm]

Micro cell power output
[dBm]

Pico cell power output [dBm]

- 38 24

2.2 Services and applications

The goal of this section is to identify and explore themain services and applications in NR. This technology
allows for new services and use cases, which can be classified into three main usage scenarios [7]:

• Enhanced Mobile Broadband (eMBB) - Mobile broadband addresses the human-centric use
cases for access to services and data. eMBB is an upgrade to the 4G network that provides higher
data rates, higher user mobility and higher traffic capacity. eMBB allows mobile broadband to be
enabled in moving vehicles, allowing for a seamless user experience, and allows it to be enabled in
areas with high user density. This in turn enables new applications such as real-time interactions
and seamless Augmented Reality (AR) / Virtual Reality (VR) experience.

• Ultra-reliable and Low Latency Communications (uRLLC) - This scenario is characterised by
stringent requirements for throughput, latency and availability, for it enables time-sensitive appli-
cations such as autonomous driving (Vehicle to Vehicle (V2V) communication), factory automation
and remote robotic medical surgeries.

• Massive Machine Type Communications (mMTC) - This usage scenario is characterised by a
very large number of interconnected devices over a network, with little to no human interaction.
These devices typically transmit small volumes of data and usually have a long battery lifespan.
This includes IoT services such as smart cities or smart homes.

These use cases are displayed in Figure 2.1. As additional use cases are sure to emerge in the near
future, the technology must have flexibility to adapt. Figure 2.2 maps the key requirements in each
discussed usage scenario. It can be seen that while eMBB presents a vast array of requirements, uRLLC
and mMTC present more specific needs.

In order to measure the overall performance of a particular service, Quality of Service (QoS) parameters
can be quantified, and Table 2.9 describes the mentioned services in terms of these. Four service cate-
gories are defined for previous technologies, and NR still supports them [1]:

• Conversational services - Real-time voice service between two or more humans (for example,
Voice over Internet Protocol (VoIP)). They are very time-sensitive due to human perception.

• Streaming services - Unidirectional real-time data service (for example, video streaming). Also
time-sensitive, though not as much as conversational services.
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• Interactive services - These are characterised by requested bidirectional data flow, usually be-
tween a human and a machine. These can be time continuous or not (for example, web browsing).

• Background services - These are the least time-sensitive services, for they are characterised by
unrequested bidirectional data flow, usually between two machines (for example, reception of e-
mails).

Figure 2.1: Services and applications in NR (extracted from [7]).

Figure 2.2: Key requirements in the three main usage scenarios in NR (extracted from [5]).
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Table 2.9: QoS parameters for each described category [1].

Service category
Parameter

Conversational Streaming Interactive Background
Real-time Yes Yes No No

Symmetric Yes No No No

Guaranteed rate Yes Yes No No

Delay Minimum / Fixed Minimum / Variable Moderate / Variable High / Variable

Buffer No Yes Yes Yes

Bursty No No Yes Yes

Furthermore, both LTE and NR define several priority classes [1]. Each is defined by a unique Channel
Quality Indicator (CQI), which is ameasure sent from the User Equipment (UE) to the network, quantifying
the channel’s quality. It states the maximum expected delay and the Packet Error Loss Ratio (PER) of
the channel. Each priority class can be assigned a Guaranteed Bit Rate (GBR) or a Non Guaranteed Bit
Rate (nGBR) bearer, depending on its QoS parameters.

2.3 Coverage, capacity and interference

This section addresses the coverage and capacity of a BS, as well as the interference caused by the
surrounding environment and other BSs. These three concepts are the main ones to consider when
planning a BS deployment.

The coverage of a BS can be defined as the geographical area wherein it can communicate with users.
Assuming an antenna with an omnidirectional radiation pattern in the azimuthal plane, the coverage of a
BS (in the same plane) is approximately a circle. As per [1], its radius, for a given minimum power level
at the receiver, is given by, using (A.1) and (A.2),

𝑑𝑐𝑒𝑙𝑙[km] = 10𝑃𝐸𝐼𝑅𝑃 [dBm]−𝑃𝑚𝑖𝑛𝑟 [dBm]+𝐺𝑅𝑋 [dBi]−𝐿𝑟𝑒𝑓 [dB]10𝛼𝑝𝑑 , (2.2)

where
• 𝑃𝐸𝐼𝑅𝑃 is the Equivalent Isotropic Radiated Power (EIRP) of the transmitter antenna, given by (A.3);
• 𝑃𝑚𝑖𝑛𝑟 is the minimum power level at the receiver antenna;
• 𝐺𝑅𝑋 is the gain of the receiving antenna;
• 𝐿𝑟𝑒𝑓 are the reference path losses (propagation model dependent);
• 𝛼𝑝𝑑 is the average power decay (propagation model dependent).

As is stated in Section 2.1, there are four types of BS classes considered from UMTS forwards. From
[1], the main differences between these can be found in Table 2.10.
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Table 2.10: Differences between BS classes [1].

BS class Cell type Cell radius [km] PEIRP[dBm] Example of location

Wide area BS Macro
Large > 3 [45, 60]

Top of building
Small [1, 3] [40, 50]

Medium range BS Micro [0.1, 1.0] [30, 45] Mall

Local area BS Pico < 0.1 [22, 33] Office

Home BS Femto < 0.05 [0, 25] Home

The capacity of a BS is defined as the number of users that it can serve with a given QoS (with a given
minimum bit rate). By combining (A.4), (A.5) and (A.6), it is possible to write that the number of users
that can all be served with the same bit rate is given by

𝑁𝑢𝑠𝑒𝑟𝑠 = 𝑁𝑅𝐵𝑁𝑅𝐵𝑆𝐶 𝑁 𝑓𝑟𝑎𝑚𝑒𝑠𝑦𝑚𝑏 𝑁𝑀𝐼𝑀𝑂 log2 (𝑀)[bit]𝑅𝑢𝑠𝑒𝑟 [bit⋅s−1]𝑡𝑓𝑟𝑎𝑚𝑒 [s] , (2.3)

where
• 𝑁𝑅𝐵 is the number of available RBs;
• 𝑁𝑅𝐵𝑆𝐶 is the number of SCs per RB (always 12);
• 𝑁 𝑓𝑟𝑎𝑚𝑒𝑠𝑦𝑚𝑏 is the number of symbols per OFDMA frame (numerology dependent);
• 𝑁𝑀𝐼𝑀𝑂 is the MIMO order;
• 𝑀 is the modulation order;
• 𝑡𝑓𝑟𝑎𝑚𝑒 is the OFDMA frame period (always 10ms);
• 𝑅𝑢𝑠𝑒𝑟 is the bit rate per user.

The propagation of the signal from transmitter to receiver degrades the signal quality due to two main
factors: attenuation and interference. While attenuation comes from the environment in which the signal
propagates and reduces the received signal power, interference comes from other BSs and is responsible
for signal distortion, hampering capacity and limiting coverage [26]. Two different interference sources are
considered: co-channel interference, which is generated by equipment using the same frequency band,
and adjacent channel interference, which is generated by equipment using frequency bands adjacent to
the signal frequency [26].

Network operators split up their entire coverage area into several smaller regions (cells), each covered
by a different BS. Operators allocate different frequency bands to adjacent cells so that adjacent channel
interference is close to zero. In this way, cells can be grouped together in a cluster. Although this fre-
quency distribution lowers Inter Cell Interference (ICI), it does not eliminate it. This problem aggravates
near each cell’s edge, where the received signal power is at its lowest and interference at its highest.
Interference can be reduced by downtilting the BS antenna, using power control and optimising BS de-
ployment sites.

As the noise power and the adjacent channel interference are usually orders of magnitude lower than
co-channel interference, they are assumed to be 0. Interference can then be expressed as the division
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between the power received from the expected BS over the power received from all other BSs [27],

𝐼 𝑖,𝑗[dB] = 10 log10  𝑃𝑇𝑋 ,𝑖[W]𝐺𝑅𝑋𝐺𝑇𝑋 ,𝑖⒧𝜆𝑖[m]4𝜋 ⒭2𝑑−𝛼𝑝𝑑𝑖[m]𝑁𝑗=1𝑃𝑇𝑋 ,𝑗[W]𝐺𝑅𝑋𝐺𝑇𝑋 ,𝑗⒧𝜆𝑗[m]4𝜋 ⒭2𝑑−𝛼𝑝𝑑𝑗[m]
, 𝑗 ≠ 𝑖, (2.4)

where
• 𝑁 is the number of BSs;
• 𝑖 is the BS from which the expected transmission comes;
• 𝑗 represents all other BSs;
• 𝑃𝑇𝑋 is the transmitter output power;
• 𝐺𝑇𝑋 is the transmitter antenna gain;
• 𝜆 is the received transmission wavelength;
• 𝑑 is the distance from the transmitter to the receiver.

2.4 Electromagnetic field radiation

This section addresses EMF behaviour around antennas and presents international safety recommen-
dations in regard to its exposure levels. It also presents active antennas which are used in 5G and
compares them to passive antennas.

2.4.1 Antennas in 5G

Antennas can be divided into two distinct groups: passive antennas and active antennas, with the main
difference between them being that active antennas have the capability to enable scenario-specific beam
management, radiating a focused beam on a UE, while passive antennas have a fixed beam pattern,
statically radiating energy to a large area. Up until LTE, only passive antennas were used in mobile
networks. From 5G onwards, active antennas are being used because 5G services have higher require-
ments in terms of data rates, precise coverage, spectral and power efficiency (among others) [6]. UMTS
introduced MIMO technology, which uses multiple transmitters in the transmitting and/or receiving an-
tenna, exploiting spacial diversity and multiplexing to improve data rates [28]. NR further improves this
technology with MaMIMO, using more transmitters per antenna [29]. With the use of active antennas,
NR also introduces beamforming and beamsteering [6]. Active antennas can generate narrow beams
(beamforming) with varied directivity (beamsteering), as shown in Figure 2.3. Active antennas are merely
phased-array antennas, used to concentrate beam energy on desired coverage areas andminimise inter-
ference to non-desired coverage areas, resulting in a more efficient transmission than passive antennas
[6].

To maximise time and spectral efficiency, Multi User (MU) beamforming is used, which allows a BS to aim
multiple beams simultaneously, increasing each user’s received power compared to passive antennas
[6]. This requires accurate null-steering control on antennas to suppress the interference caused by
resource sharing, as shown in Figure 2.4.
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(a) One array. (b) Two arrays. (c) N arrays.

Figure 2.3: Beam configuration depending on the number of antenna elements in the phased-array
(extracted from [6]).

Figure 2.4: MU beamforming with null steering (extracted from [6]).

2.4.2 Radiation regions

The EMF around an antenna has a complex and non-homogenous behaviour. It is divided into three
regions, represented in Figure 2.5: reactive near-field, radiating near-field (Fresnel region) and far-field
(Fraunhofer region) [30]. No abrupt changes are noted as the boundaries between these regions is
crossed, but there are distinct differences among them.

The reactive near-field region is defined as the region immediately surrounding the antenna from which
the EMF is radiated. In this region, there is a reactive component to the EMF (mainly the antenna itself),
and so the angular field distribution is not known. This implies that there is no way of calculating the
relationship between the electric and magnetic fields in this region. From [30], it can be stated that the
limit of this region is given by

𝑑𝑛𝑓 [m] =⎧⎪⎪⎪⎨⎪⎪⎪⎩
0.62⎷𝐷𝐿3[m]𝜆[m] , 𝐷𝐿 [m] >> 𝜆[m]𝜆[m]2𝜋 , o.w.

, (2.5)
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where
• 𝐷𝐿 is the largest dimension of the transmitting area of the antenna;
• 𝜆 is the wavelength of the transmission signal.

Figure 2.5: EMF regions around an antenna (extracted from [30]).

The radiating near-field region is defined as the region between the reactive near-field region and the
far-field region. Here, a reactive component to the EMF may no longer exist (depends on the BS), so
the electric and magnetic fields are not necessarily in phase. For antennas where 𝐷𝐿 < 0.086𝜆, this field
does not exist. Its upper limit, according to [30], can be defined by

𝑑𝑓𝑓 [m] = 2𝐷𝐿2[m]𝜆[m]
. (2.6)

In the far-field region there are no reactive components to the EMF, and the angular field distribution is
known; it can be approximated as a spherical wave-front. The electric and magnetic fields are in phase,
perpendicular to each other and to the direction of propagation, which extends to infinity [30].

As the observation distance increases from the reactive near-field region up to the far-field region, the
radiation pattern of an antenna changes in shape because of the variation in both magnitude and phase
of the fields. In the reactive near-field region, the radiation pattern is spread out and nearly uniform
because of the reactive component, whereas in the radiating near-field region the pattern begins to form
lobes. Finally, in the far-field region, the radiation pattern has its major and minor lobes well-defined [30],
as can be seen in Figure 2.6.
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Figure 2.6: Evolution of the radiation pattern of an antenna with respect to distance (extracted from [30]).

2.4.3 EMF radiation exposure

With advancements in technology came an increasing concern about the health effects that exposure to
EMF radiation can have on organic matter - more specifically, the human body. Although a lot of studies
have been conducted in this area, experimental studies lack the ability to be compared to realistic EMF
exposure environments. Besides, research on the subject is mostly observational and thus, depending
on the type of study, can be victim to various types of errors and bias [10].

To tackle these concerns, several organisations have established committees (such as the World Health
Organisation (WHO)’s International EMF Project [31]) and defined exposure limits and guidelines (such
as Institute of Electrical and Electronics Engineers (IEEE) [32] and ICNIRP [10]). Throughout this thesis,
the guidelines set by ICNIRP are adopted as EMF radiation exposure limits. These guidelines are limited
in scope from 100 kHz to 300GHz but as mobile telecommunications do not employ frequencies below
the lower or above the upper limits, the document is apt to be a reference for this thesis. All information
presented in this section is based on [10].

Although radiofrequency EMF radiation is not Ionising Radiation (IR), it can still affect the human body
via three effects: nerve stimulation, changes in the permeability of membranes and temperature rise, as
is broken down in Figure 2.7.

Exposure to an EMF can induce electric fields within the body, which in turn can stimulate nerves. This
stimulation is typically reported as a ”tingling” sensation, not a hurting one. As this is not concerning
to human health, and as evidence from neural behaviour research is not sufficiently reliable, exposure
limits are not set with nerve stimulation in mind. This effect only happens with frequencies until around10MHz, after which heating effects predominate and nerve stimulation decreases.
EMF exposure may also cause cell membranes to become permeable, which in turn can lead to other
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Figure 2.7: EMF radiation effects on human body [10].

undesirable cellular changes. However, this effect only occurs with radiation levels far exceeding the
thresholds set for the third effect: temperature rise. As such, there is no need to set restrictions against
changes in the permeability of membranes, as the restrictions set to protect against temperature rise
already protect against this effect.

The main component of an EMF that affects the human body is the electric field. It interacts with polar
molecules, electrons and ions on the human body, generating heat and causing temperature rise. Bi-
ological damage occurs when the level of heating exceeds the body’s capacity to dissipate excessive
energy.

To be able to set restrictions, it is necessary to know how much of the EMF’s power is absorbed by
biological tissues. The guidelines defined by ICNIRP differentiate temperature rise between steady-state
temperature rise (which in turn is subdivided into body core and local temperature), where temperature
increases at a slow rate, allowing heat to dissipate over a larger mass, and rapid temperature rise, where
there may not be sufficient time for heat to dissipate, resulting in larger temperature rises in small regions
of mass. As this thesis is focused on studying the EMF radiation transmited by BSs, rapid temperature
rise is not discussed, as the transmissions from these do not present a heterogeneous temperature
distribution over tissue mass.

Body core temperature rise due to EMF exposure results in harm only when the increase in temperature
is higher than 1 °C. Radiation with frequency below 6GHz penetrates biological tissue, and so, this
exposure is described in terms of power absorbed per unit mass - Specific Energy Absorption Rate (SAR).
Exposure resulting in a whole-body average SAR of approximately 6W ⋅kg−1, within the 100 kHz to 6GHz
range, over at least 1 hour, is required to induce a 1 °C body core temperature rise in human adults. A
conservative position is adopted - it is set that 4W ⋅kg−1 averaged over 30min is the radiofrequency EMF
exposure level corresponding to a body core temperature rise of 1 °C. Radiation above 6GHz is absorbed
mostly superficially, and as such, body core temperature cannot be affected by it. Nevertheless, the same4W ⋅ kg−1 averaged over 30min restriction is used in frequencies from 6 to 300GHz.
SAR can be difficult to measure. For this reason, entities that are more easily evaluated are used, such

19



as incident electric field strength (𝐸𝑖𝑛𝑐), incident magnetic field strength (𝐻𝑖𝑛𝑐), incident power density
(𝑆𝑖𝑛𝑐) and incident energy density (𝑈𝑖𝑛𝑐), measured outside the body. Reference levels that provide an
equivalent level of protection to the exposure restriction levels discussed above (basic restriction levels)
are set in these more accessible units. The reference levels for steady-state temperature rise for time-
averaged exposures of ≥ 6min are shown in Figure 2.8. Table 2.11 shows the same information but for
time-averaged exposures of ≥ 30min, where the absence of a value signifies that it does not need to be
taken into account when determining compliance.

Figure 2.8: Steady-state temperature rise reference levels for time-averaged exposures of ≥ 6min (ex-
tracted from [10]).

Table 2.11: Steady-state body core temperature rise reference levels for time-averaged exposures of≥ 30min (adapted from [10]).

Frequency range Einc[V⋅m−1] Hinc[A⋅m−1] Sinc[W⋅m−2]
]400, 2000] MHz 1.375𝑓0.5[MHz] 0.0037𝑓0.5[MHz] 𝑓[MHz]200
]2, 300] GHz – – 10

Regarding exposure limits, ICNIRP guidelines divide the human population into two categories: occu-
pationally exposed individuals and general public. Occupationally-exposed individuals are defined as
adults who are exposed under controlled conditions associated with their occupational duties. The rest
of the human population is defined as general public. Only the values for the general public are presented
in this thesis.

The degree of adequacy of the imposed reference levels depends on whether the measured EMF is
within the far-field, radiative near-field or reactive near-field regions (Section 2.4.2). As power decays
over distance, the guidelines have more conservative rules for exposure in the near-field region than
in the far-field region. In order to be compliant with the guidelines, from 400MHz to 2GHz, compliance
depends on whether the measurement is made in the far-field region. If it is, only one of the entities
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between incident electric field strength, incident magnetic field strength and incident power density has
to be below the given reference level. If it is not, both the electric and magnetic field strength must be
below the reference levels. From 2 to 300GHz, compliance depends on whether the measurement is
made in the reactive near-field region. If it is, reference levels are treated as inadequate, and in this
case, compliance with the basic restriction levels must be proved. If the measurement is made in the
radiative near-field or far-field regions, compliance is proven if the incident power density is below the
given reference level.

There might be cases in which a person is subjected to an EMF with different radiation frequencies,
such as being served by BSs from different generations of telecommunications. In this case, exposure
effects are additive, and in order to prove compliance with the reference levels for steady-state body core
temperature rise effects, the incident electric and magnetic fields strength and the incident power density
should follow

30MHz𝑖=0.1MHz⒧𝐸𝑖𝑛𝑐,𝑖[V⋅m−1]𝐸𝑅𝐿𝑖𝑛𝑐,𝑖[V⋅m−1] ⒭2 + ⒧𝐻𝑖𝑛𝑐,𝑖[A⋅m−1]𝐻𝑅𝐿𝑖𝑛𝑐,𝑖[A⋅m−1] ⒭2
+ 2GHz𝑖>30MHzmax⒧𝐸𝑖𝑛𝑐,𝑖[V⋅m−1]𝐸𝑅𝐿𝑖𝑛𝑐,𝑖[V⋅m−1] ⒭2, ⒧𝐻𝑖𝑛𝑐,𝑖[A⋅m−1]𝐻𝑅𝐿𝑖𝑛𝑐,𝑖[A⋅m−1] ⒭2, 𝑆𝑖𝑛𝑐,𝑖[W⋅m−2]𝑆𝑅𝐿𝑖𝑛𝑐,𝑖[W⋅m−2] + 300GHz𝑖>2GHz

𝑆𝑖𝑛𝑐,𝑖[W⋅m−2]𝑆𝑅𝐿𝑖𝑛𝑐,𝑖[W⋅m−2] ≤ 1, (2.7)

where
• 𝐸𝑖𝑛𝑐,𝑖 is the incident electric field strength at frequency 𝑖;
• 𝐻𝑖𝑛𝑐,𝑖 is the incident magnetic field strength at frequency 𝑖;
• 𝑆𝑖𝑛𝑐,𝑖 is the incident power density at frequency 𝑖;
• 𝐸𝑅𝐿𝑖𝑛𝑐,𝑖 is the incident electric field strength reference level for frequency 𝑖, given in Table 2.11;
• 𝐻𝑅𝐿𝑖𝑛𝑐,𝑖 is the incident magnetic field strength reference level for frequency 𝑖, given in Table 2.11;
• 𝑆𝑅𝐿𝑖𝑛𝑐,𝑖 is the incident power density reference level for frequency 𝑖, given in Table 2.11.

2.5 Exclusion zone

Electromagnetic radiating elements, such as antennas, may sometimes form regions around them in
which the established EMF human exposure thresholds, discussed in Section 2.4.3, are exceeded.
These zones form an EZ and they should be physically delimited to protect the general public from
EMF. Some relevant parameters, such as the characteristics of BS installation and of the antenna itself,
are essential for the estimation of an EZ and specific procedures are required for the evaluation of EMF
around BSs. As discussed in Section 2.4.2, EMF behaviour is not the same in each radiation region.
Hence, having an accurate propagation model is necessary to accurately estimate the EZ around a BS.

The range of an EZ may be obtained through measurements, by running complex simulations or by
applying propagation models [33]. As measurements and simulations are time-consuming and BS de-
pendent, applying a selection of adequate propagation models is the most practical solution. 7 models
are mentioned in [33], with their respective validity ranges shown in Table 2.12. In order to calculate the
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EZ range, the model with the highest validity range should be used first. If the calculated power density
at that range is below the threshold value, a model with a smaller validity range must be used.

Table 2.12: Validity range of each propagation model [33].

Validity range [m]

Propagation
model

0
λ
2

λ 2λ 3λ
DL

2

4λ
θ3dBG(θ,ϕ)DL

4π
2DL

2

λ

Far-field X X X X X X X ✓

Far-field
approximation

X X X X X ✓ ✓ ✓

Far-field gain
based

X X X X ✓ ✓ ✓ ✓

Gain based X X X ✓ ✓ ✓ ✓ ✓

Synthetic based X X ✓ ✓ ✓ ✓ ✓ ✓

Cylindrical EZ X ✓ ✓ ✓ ✓ ✓ ✓ ✓

Hybrid ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

If an antenna is omnidirectional, its radiation regions are considered to be spherical. Otherwise, the
direction of the lobe with the highest gain is used as reference, while in the other directions, a correction
factor depending on the radiation pattern of the antenna in study is applied [33]. Figure 2.9 represents a
generic directional antenna EZ.

Figure 2.9: Generic directional antenna EZ (extracted from [33]).
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2.6 State of the art

As 5G introduces active antennas with new technology, namely MaMIMO and beamforming (Section
2.4.1), existing EMF measuring methods used in previous technologies may not be suitable anymore.
In [11], two methods for exposure measurement are presented, however, both these measurements
methods are performed in the far-field region only. As higher frequencies have shorter range, the NR
network will be denser (it will havemore BSs per unit area) than the previous technologies’ networks. This
may intensify the level of EMF radiation, possibly surpassing the restriction levels discussed in Section
2.4.3 [8, 9]; it will also reduce the distance between BSs and users, making it necessary to develop a
method to estimate the behaviour of EMF in the near-field. In [34], a discussion of 5G technology and the
consequent human exposure to EMF radiation is made, although no model for measuring it is provided.

Beamforming allows for very high-gain directional beams, leading to an increase in amount of EMF in
a specific direction, something that did not happen previously. MaMIMO systems are also capable of
delivering more energy that the previous MIMO systems [9].

Up until NR, the traditional approach in designing an EZ was conservatively assuming the same power
in all directions and averaging the measurements of EMF radiation over several minutes (this is the
case in [35]). Because of these two reasons, [36] puts forward the idea that this approach is over-
conservative, and presents a statistical approach to determine an EZ, stating that, even with MaMIMO,
the obtained EZ is smaller compared to the traditionally-obtained one. These results are corroborated in
[37] and [38], where the EMF exposure found in BSs with MaMIMO is much below the value assuming a
constant maximum power transmission with a fixed beam. The authors of [37] reached this conclusion by
evaluating network based measurements in addition to on-site field strength measurements. The authors
of [38] found that in an interval over 24h, the maximum time-averaged power per beam was found to be
below the theoretical maximum and lower than what was predicted by the existing statistical models.

Another method of determining an EZ is presented in [39], considering factors such as usage of TDD
and spatial distribution of users. Its results show that the time-averaged realistic maximum power is just7 - 22% of the theoretical maximum power, which in turn leads to a smaller EZ than the ones calculated
through other models.

In [40], it is shown that some existing BSs may be unable to accommodate 5G technology since they are
already transmitting enough EMF radiation (with other telecommunications technologies) to be over or
very close to the restrictions set in [10].

It is noteworthy to refer that there is literature focused on studying 5G EMF exposure from UEs and their
compliance with restrictions, such as [41, 42, 43]. In [44], a method for measuring power density in an
antenna’s near-field is presented, and in [45], a system for measuring a 5G mobile terminal near-field in
the 18 - 50GHz range is presented, along with obtained results. Contrary to this thesis, these studies
only take frequencies above 6GHz into consideration.
In [46], a model for estimating the EZ of a 5G BS is proposed, although it considers that the antennas are
continuously radiating at maximum power, which, as previously discussed, leads to over-conservative
results. The objective of this thesis is specifically addressed in [13], but the author could not compare
the obtained simulated results with on-site measurements, in order to validate the model. Furthermore,
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the simulation was performed with the antenna transmitting at full power. Nevertheless, it found that NR
deployment can increase the EZ of existing BSs up to 170% of its original diameter.
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Chapter 3
Model description and assessment

This chapter presents the developed model and sub-models to calculate the EZ, along with the creation
of realistic scenarios and 5G services. It details how the model obtains the transmission power of each
beam and the compliance distance over time, and how from these the EZ is obtained. The model is also
validated through assessment tests.
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3.1 Model configuration

In this section, the model developed to estimate the EZ around 5G BSs is presented with its inputs and
required outputs, along with their description. This information is consolidated in Figure 3.1, which also
presents the various sub-models. A flowchart detailling a single run of the model is shown in Figure 3.2,
where the displayed blocks are further explained along this chapter.

Figure 3.1: Model configuration.

The inputs required by the model can be divided into three categories:
• Environmental parameters, which represent the characteristics of the environment in which the
BS is inserted, such as its installation height and the height of its building;

• Operator parameters, refering the specifications of the BS, including transmiting parameters (gain,
radiation pattern, numerology value, ...) and the antenna’s physical characteristics (number of
elements, azimuth and elevation range, mechanical tilt, ...);

• User parameters characterise user-related parameters (number of users, user height and losses,
reception gain) and service-related parameters (number of services, their download size and usage
duration, ...), as well as additional parameters to simulate realistic scenarios.

As the active antennas used in 5G BSs have beamforming capabilities, their maximum EIRP can be
significantly higher compared to passive antennas. However, since these beams are not always on nor
always at their maximum transmission power, using the maximum EIRP to estimate the EZ, as is made
with passive antennas, leads to over-estimated values [36]. As such, the estimation of the EZ must be
made on a timed-averaged EIRP, taking into account the mobility of users as well as the characteristics
of the provided service. For these reasons, a temporal sub-model and a beamforming sub-model are
required. In order to verify compliance with restrictions, the EMF behaviour around the antenna must be
known, and for that, an EMF sub-model, which includes a propagation model, is also required.

The required output from the model is the beam transmission power over time, which allows one to
calculate the time-variant compliance distance, and from there estimate the EZ distance around the BS.
As additional outputs, the model can also show the power density received by each user, the RB usage,
distribution of services and number of users over time, which yield further information that can be used
to better estimate the EZ value.
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Figure 3.2: Flowchart representation of a run of the developed model.
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3.2 Scenarios’ description

To simulate realistic usage of a 5G BS, realistic usage scenarios need to be created. These contain
fictitious users, distributed in Line of Sight (LOS) to the antenna and making use of various services. If
a user is in LOS to the BS, a focused beam is employed. If the user is not in LOS, the BS may transmit
simultaneously using multiple beams. Maximum exposure is caused by the focused beams, and so,
users in this simulation are always within LOS to the BS. Four User Distribution Scenario (UDS) are
defined in [39], which spatially distributes users in elevation and azimuth. This thesis adapts these UDS,
as they are necessary to realistically simulate beamforming and the energy distribution behaviour of the
antenna. Each of the four adapted UDS represents a realistic user spatial distribution, and all have the
property that the integral of their spatial probability density function (𝑤) over the scan range is equal to 1
(in this thesis, the scan range is from −60° to 60° azimuth and from −15° to 15° elevation).

3.2.1 Street and bus stop

With the goal of simulating a scenario where an antenna covers a street with a sidewalk parallel to the
antenna’s building, the street and bus stop scenarios are created. These follow the UDS shown in Figure
3.3. In these scenarios, a Dirac delta function is used to only allow users to be at the sidewalk’s elevation
- although this approach is not realistic, it yields an acceptable approximation to the desired simulation
scenarios. The street scenario represents a uniformly distributed density of users over the azimuth at the
sidewalk’s elevation angle, as can be observed in Figure 3.4 and Figure 3.5. Its user probability density
is described by

𝑤(𝜓) = 32𝜋𝛿𝜓 + tan−1⒧ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m]𝑑𝑠𝑡𝑟𝑒𝑒𝑡 [m] ⒭, (3.1)

where
• 𝜓 is the elevation angle;
• 𝛿 is the Dirac delta function;
• 𝑑𝑠𝑡𝑟𝑒𝑒𝑡 is the street width;
• ℎ𝑎 is the antenna’s height;
• ℎ𝑏 is the building’s height;
• ℎ𝑢𝑠𝑒𝑟 is the user’s height.

The bus stop scenario represents a cosine weighted distributed density of users over the azimuth at the
sidewalk’s elevation angle, mimicking a bus stop in the sidewalk, where users are more likely to be. It is
also represented by Figure 3.4 and Figure 3.5, and its user probability density is described by

𝑤(𝜓,𝜙) = 34 cos⒧3𝜙2 ⒭𝛿𝜓 + tan−1⒧ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m]𝑑𝑠𝑡𝑟𝑒𝑒𝑡 [m] ⒭, (3.2)

where 𝜙 is the azimuth angle.
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(a) Street scenario (uniform line). (b) Bus stop scenario (Gaussian line).

Figure 3.3: Plot examples of the UDS (adapted from [39]).

The users’ distance to the antenna’s perpendicular varies between 𝑑𝑠𝑡𝑟𝑒𝑒𝑡 and 𝑑𝑚𝑎𝑥, with the latter being
given by

𝑑𝑚𝑎𝑥 [m] = 𝑑𝑠𝑡𝑟𝑒𝑒𝑡 [m]
cos(𝜙𝑚𝑎𝑥) , (3.3)

as represented in Figure 3.5 (the antenna’s azimuth limits (𝜙𝑚𝑎𝑥) can be found in Annex C). The sidewalk
length is considered to cover the entire azimuth range of the antenna, so that users can be present
from the minimum azimuth value to its maximum. From Figure 3.4 and Figure 3.5, one can obtain the
expression to calculate the distance from the antenna to the user in these scenarios:

𝑑𝑙𝑖𝑛𝑒𝑢𝑠𝑒𝑟 [m] = ⎷⒧ 𝑑𝑠𝑡𝑟𝑒𝑒𝑡 [m]
cos(𝜙𝑢𝑠𝑒𝑟)⒭2 + (ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m])2. (3.4)

As the users are always in LOS to the antenna, the only combinations of street width and building height
that are evaluated are those that result in a user elevation in the antenna’s elevation range. Figure 3.6
shows how the user elevation changes with respect to the street width, for various values of building
height. From Figure 3.6, and by verifying the antenna’s elevation range in Annex C, not all combinations
of street width and building height result in a user elevation inside the antenna’s range. The equation
that describes Figure 3.6, accounting for the antenna’s mechanical tilt, is

𝜓𝑙𝑖𝑛𝑒𝑢𝑠𝑒𝑟 = − tan−1⒧ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m]𝑑𝑠𝑡𝑟𝑒𝑒𝑡 [m] ⒭ − 𝛾. (3.5)
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Figure 3.4: BS vertical sketch in the street and bus stop scenarios.

Figure 3.5: BS horizontal sketch in the street and bus stop scenarios.
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Figure 3.6: User elevation with respect to the street width, for various values of building height (ℎ𝑎 =5.5m, ℎ𝑢𝑠𝑒𝑟 = 1.8m, 𝛾 = −13°).
3.2.2 Residential building

This scenario is designed to mimic a situation where a residential building exists in front of the building
that hosts the BS. The users’ spatial distribution follows the uniform plane UDS shown in Figure 3.7 - it
has a uniformly distributed density of users over the azimuth and elevation, as described by

𝑤 = 9𝜋2 . (3.6)

In this scenario, users are present in the side of the residential building facing the BS, anywhere from a
user’s height up to the residential building’s height, as is exemplified in Figure 3.8. There are multiple
residential buildings, and besides all having the same height, they are considered to cover the entire
azimuth range of the antenna, so that users can be present from the minimum to the maximum azimuth
value (as can be observed in Figure 3.9).

The minimum elevation that a user can be is as shown in (3.5), as the minimum height that users can
be present in this scenario is the same as in the street and bus stop scenarios. However, because the
residential building can be taller than the BS, the elevation range in which a user can be is

− tan−1⒧ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m]𝑑𝑠𝑡𝑟𝑒𝑒𝑡 [m] ⒭ − 𝛾 ≤ 𝜓𝑢𝑛𝑖𝑢𝑠𝑒𝑟 ≤ tan−1⒧ℎ𝑟𝑏 [m] − ℎ𝑏 [m] − ℎ𝑎 [m]𝑑𝑠𝑡𝑟𝑒𝑒𝑡 [m] ⒭ − 𝛾, (3.7)
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keeping in mind that only situations where the user is in LOS are studied.

Figure 3.7: Residential building scenario (uniform plane).

Figure 3.8: BS vertical sketch in the uniform plane scenario.
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Any user’s distance to the antenna’s perpendicular varies between 𝑑𝑠𝑡𝑟𝑒𝑒𝑡 and 𝑑𝑚𝑎𝑥 (as given in (3.3)).
Knowing this, and analysing Figure 3.8, it is possible to calculate the distance from the antenna to any
user with

𝑑𝑢𝑛𝑖𝑢𝑠𝑒𝑟 [m] = 𝑑𝑠𝑡𝑟𝑒𝑒𝑡 [m]
cos(𝜙𝑢𝑠𝑒𝑟) cos(𝜓𝑢𝑛𝑖𝑢𝑠𝑒𝑟 + 𝛾) . (3.8)

Figure 3.9: BS horizontal sketch in the uniform plane scenario.

3.2.3 Demonstration

This scenario is designed with the intent of replicating a high concentration of users at one point which
gradually lowers along the elevation and azimuth, such as a demonstration of people on the street. It is
based on the UDS shown in Figure 3.10; it has a cosine weighted distributed density of users over the
azimuth and squared cosine weighted distribution over the elevation, as described in

𝑤(𝜓,𝜙) = 9𝜋 cos2⒧6𝜓 + tan−1⒧ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m]𝑑𝑓𝑝[m] ⒭⒭ cos⒧3𝜙2 ⒭, (3.9)

where 𝑑𝑓𝑝 is the distance to the Gaussian waveform focal point. As in previous scenarios, users can be
present from the minimum azimuth value to the maximum, as shown in Figure 3.11, and all users are at
a user’s height, as shown in Figure 3.12. The users’ elevation range is
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− tan−1⒧ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m]𝑑𝑑𝑒𝑚𝑜𝑚𝑖𝑛 [m]
⒭ − 𝛾 ≤ 𝜓𝑑𝑒𝑚𝑜𝑢𝑠𝑒𝑟 ≤ − tan−1⒧ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m]𝑑𝑑𝑒𝑚𝑜𝑚𝑎𝑥 [m]

⒭ − 𝛾, (3.10)

where
• 𝑑𝑑𝑒𝑚𝑜𝑚𝑖𝑛 is the minimum distance along the ground that a user can be;
• 𝑑𝑑𝑒𝑚𝑜𝑚𝑎𝑥 is the maximum distance along the ground that a user can be.

Figure 3.10: Demonstration scenario (Gaussian plane).

Figure 3.11: BS horizontal sketch in the uniform Gaussian scenario.

In this scenario, the distance from the antenna to any user is given by
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𝑑𝑑𝑒𝑚𝑜𝑢𝑠𝑒𝑟 [m] = ℎ𝑎 [m] + ℎ𝑏 [m] − ℎ𝑢𝑠𝑒𝑟 [m]sin(𝜓𝑑𝑒𝑚𝑜𝑢𝑠𝑒𝑟 + 𝛾) . (3.11)

Figure 3.12: BS vertical sketch in the uniform Gaussian scenario.

3.3 Services description

As well as scenarios, services based on common daily usage of mobile telecommunications need to
be created, as the transmission power (and therefore the EZ) is proportional to the required bandwidth.
Table 3.1 shows each created service’s minimum recommended throughput, and whether it is real-time
or not (non real-time services are not exclusive, meaning several can be active in a given user at a time;
real-time services are exclusive). Each non real-time service has its download size defined by a normal
distribution [47], and so the average download size (together with its standard deviation) is shown in Table
3.1. Contrary to these, real-time services have their access time defined by an exponential distribution
[48], with Table 3.1 showing the average access time for each service (more information can be found in
Annex B). While the minimum recommended throughput can be used to calculate the transmission power
from the antenna, access times and download sizes allow one to determine exposure time. Services are
distributed among users according to a defined usage share for each scenario (Chapter 5), with each
following that
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𝑁𝑠𝑒𝑟𝑣𝑛=1 𝑆𝑛 = 100%, (3.12)

where
• 𝑁𝑠𝑒𝑟𝑣 is the number of different services;
• 𝑆𝑛 is the share of each service in each scenario.

Table 3.1: Created mobile services.

Service Download size
(average, std.
deviation)

[MB]

Minimum
recommended
throughput
[Mbit⋅s−1]

Average
access time

[min]

References

Web
browsing

(2, 1) 4.0 – [49, 50, 51]

Video
download

(500, 400) 5.0 – [50, 52]

Large file
download

(5000, 3500) 10.0 – [50, 51]Non

E-mail (0.075, 0.010) 1.0 – [53, 50]
real-time

Online chat (0.020, 0.005) 1.0 – [54, 55, 50]
Video

conference
– 4.0 54 [50, 56, 57, 58]

Gaming – 7.0 60 [50, 59, 60]
Video

streaming
– 5.0 75 [61]

Augmented /
Virtual reality

– 50.0 38 [62, 63]

Real-time

Audio
streaming

– 0.4 30 [50]

When making use of one or more services, users do not change their location and they remain in the
simulation until their service is complete (which depends on the download size and user throughput
for non real-time services or on the access time for real-time services). During simulation, new users
are generated at a fixed period as detailed in Figure 3.13. First their services are randomly selected,
making sure that each user only has one real-time service, then their location is also randomly selected,
according to the UDS of the scenario that is being simulated. At last, the distance from the BS to the
user is calculated as shown in Section 3.2.

To advance time in the simulation, themodel calculates, for each value of 𝑡, howmuch time is left on every
service for every user, while removing services that have ended and removing users with no services.
Knowing this, the next value of 𝑡 is the closest ending time for a service, unless that is greater than the
period of new user generation (𝑡𝑢𝑠𝑒𝑟). Each 𝑡𝑢𝑠𝑒𝑟 seconds, new users are generated (up to a quarter
of the difference between the maximum number and current number of users, arbitrarily). The model
also assures that the number of users is always higher or equal than the minimum number of users, as
reported in Figure 3.14.
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Figure 3.13: User generation.
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Figure 3.14: Temporal behaviour of the simulation.
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3.4 Transmission power

As mentioned in [64], there are two types of beams: broadcast beams, for synchronisation and control,
and service beams, for user data transmission. The latter presents a much higher transmission power
than the former, and so, only service beams are considered in the EZ calculation.

In order to estimate an EZ around the BS, the transmission power of each beam must be determined.
This analysis must be made on a per-beam basis, because beams are only active if there are users in it
to be served, and they are independent of one another. As the studied antenna is an active antenna, a
beamforming sub-model must be created in order to realistically simulate its MU beamforming behaviour.
Beams are fixed in space, with only their transmission power varying [64, 65]. The coverage area of each
beam is shown in Figure 3.15, with the centre of each beam’s area being the point of maximum gain. In
order to calculate a user’s required transmission power, onemust know the gain at the user’s coordinates.
According to [1], the general expression for the electric field strength over distance can be written as

𝐸(𝑃𝑇𝑋 , 𝜙, 𝜓, 𝑑)[V⋅m−1] = 𝑉𝑀 (𝑃𝑇𝑋)[V]𝑓𝜙𝜓(𝜙,𝜓)𝑓𝐸(𝑑)[m−1], (3.13)

where 𝑉𝑀 is the antenna maximum transmission voltage, described by

𝑉𝑀 [V] = 30𝑃𝑇𝑋 [W]𝐺𝑚𝑎𝑥𝑇𝑋 , (3.14)

where
• 𝑃𝑇𝑋 is the transmission power;
• 𝐺𝑚𝑎𝑥𝑇𝑋 is the maximum transmission gain (Annex C),

𝑓𝜙𝜓 is the normalised antenna radiation pattern at (𝜙, 𝜓), given by
𝑓𝜙𝜓(𝜙,𝜓) = 𝐺𝑇𝑋(𝜙,𝜓)𝐺𝑚𝑎𝑥𝑇𝑋 , (3.15)

and 𝑓𝐸 is the electric field strength behaviour with respect to distance, given by
𝑓𝐸 [m−1] = 1𝑑[m] , 𝑑[m] ≥ 𝑑𝑓𝑓 [m], (3.16)

where 𝑑𝑓𝑓 is given by (2.6). Still according to [1], in the far-field, the radiation pattern of a beam can be
approximated by

𝐸(𝑃𝑇𝑋 , 𝜙, 𝜓, 𝑑)[V⋅m−1] = 𝐸𝑚𝑎𝑥(𝑃𝑇𝑋 , 𝜙, 𝜓, 𝑑)[V⋅m−1] cos𝑐𝜓(𝜓[°] − 𝜓0[°]) cos𝑐𝜙(𝜙[°] − 𝜙0[°]), (3.17)
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where

cos𝑐𝜓⒧𝜃𝑣3𝑑𝐵2 ⒭ = 1√2 ≡ 𝑐𝜓 = − log10(2)2 log10cos⒧𝜃𝑣3𝑑𝐵2 ⒭ (3.18)

and

cos𝑐𝜙⒧𝜃ℎ3𝑑𝐵2 ⒭ = 1√2 ≡ 𝑐𝜙 = − log10(2)2 log10cos⒧𝜃ℎ3𝑑𝐵2 ⒭ , (3.19)

in which
• 𝜙0 is the azimuth angle of the centre of beam;
• 𝜓0 is the elevation angle of the centre of beam;
• 𝐸𝑚𝑎𝑥 is the value of the electric field at coordinates (𝜙0, 𝜓0);
• 𝜃𝑣3𝑑𝐵 and 𝜃ℎ3𝑑𝐵 are the vertical and horizontal beamwidths, respectively (Annex C).

Figure 3.15: Beams’ spatial location.
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From (3.13) and (3.17), the transmission gain at each point in space is given by

𝐺𝑇𝑋(𝜙,𝜓) = 𝐺𝑚𝑎𝑥𝑇𝑋 cos𝑐𝜓(𝜓[°] − 𝜓0[°]) cos𝑐𝜙(𝜙[°] − 𝜙0[°])2. (3.20)

As both beams and users (whilst making use of the BS) are fixed in space through time, users are
aggregated into beams according to their coordinates, as shown in Figure 3.16.

Figure 3.16: Flowchart representation of the creation of beams.

According to [1, 66], a relation between the received Signal to Noise Ratio (SNR) and the throughput per
RB can be written for different modulation schemes, which allows one to calculate how many RBs are
necessary for each user, given their required throughput and SNR. In this work, the SNR of one SC is
assumed to be equal to the SNR of one RB. To calculate the SNR of a single SC received by the UE,
one must follow

𝜌𝑁 [dB] = 𝑃𝑅𝑋(𝜙,𝜓, 𝑑𝑢𝑠𝑒𝑟 , 𝑓)[dBm] − 𝑁 [dBm], (3.21)

where
• 𝑃𝑅𝑋 is the received power;
• 𝑁 is the noise power.

To calculate the received power, one can use
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𝑃𝑅𝑋(𝜙,𝜓, 𝑑𝑢𝑠𝑒𝑟 , 𝑓)[dBm] = 𝑃𝑆𝐶 [dBm] + 𝐺𝑇𝑋(𝜙,𝜓)[dBi] + 𝐺𝑅𝑋 [dBi] − 𝐿𝑢𝑠𝑒𝑟 [dB] − 𝐿0[dB], (3.22)

where
• 𝑃𝑆𝐶 is the transmission power per SC;
• 𝐺𝑅𝑋 is the reception gain;
• 𝐿𝑢𝑠𝑒𝑟 are the user reception losses;
• 𝐿0 is the path loss in free space propagation, given by (A.7).

The noise power, according to [1], is calculated with use of

𝑁 [dBm] = −174 + 10 log10(𝑓Δ[Hz]) + 𝐹[dB], (3.23)

where
• 𝑓Δ is the frequency interval over which to measure noise, which in this case is equal to the SCS;
• 𝐹 is the system’s noise figure.

This thesis relies on the extrapolation of data done in [66]. The extrapolated expressions provide the best-
fit curve to experimental values collected by 3GPP with the support of several manufacturers [67]. As
these calculations do not take into account the inclusion of control and synchronisation data, the coding
rate must be accounted for. This value depends on the quality of the channel, which is not controlled by
neither the UE nor the BS, and so each modulation scheme is assigned the average coding rate value
from among the possible ones in [68] - this information is shown in Table 3.2. Furthermore, it must be
noted that the extrapolated expressions are determined for a 2x2 MIMO system with a numerology of
0, and as such, they must be adapted. The studied antenna has a system with a numerology of 1, and
although it has an 8x8 MIMO system, common UE nowadays have a 4x4 or 2x2 MIMO system; 4x4 is
considered in this thesis [69, 70].

Table 3.2: Average coding rate for each studied modulation scheme [68].

Modulation scheme Average coding rate
QPSK 1 / 3
16-QAM 1 / 2
64-QAM 7 / 10
256-QAM 8 / 10

With this information it is possible to write the relation between the received SNR and the throughput
per RB in different modulation schemes, taking into account the MIMO order, the SCS and the average
coding rate. The equation that describes RB throughput with respect to the received SNR in 256-QAM
is taken from [1], as the experimental values collected in [67] are not performed for this modulation. This
relation can be written as, for different modulation schemes,
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𝑅𝑀−𝑄𝐴𝑀𝑅𝐵 [Mbit⋅s−1] =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

9.3680514.0051 + 𝑒−0.577897𝜌𝑁 [dB]
, 𝑀 = 40.1904530.0926275 + 𝑒−0.29583𝜌𝑁 [dB]
, 𝑀 = 160.09858150.0220186 + 𝑒−0.24491𝜌𝑁 [dB]
, 𝑀 = 640.1210.0179 + 𝑒−0.1989𝜌𝑁 [dB]
, 𝑀 = 256

. (3.24)

Knowing (3.24), it is possible to plot each modulation’s throughput per RB over different values of SNR,
as shown in Figure 3.17. For any given value of SNR, the system adjusts its modulation scheme to the
one that yields the highest throughput per RB, which is also represented in Figure 3.17.

Figure 3.17: RB throughput as a function of SNR, for 4x4 MIMO and 𝜇 = 1, with average coding rate
values.

Each user’s required transmission power is calculated by means of the sub-model presented in Figure
3.18, using their location relative to the antenna and their required throughput as inputs. The throughput
required by each user is calculated by summing the minimum recommended throughput of each used
service (Table 3.1). Knowing this and the throughput per RB allows one to calculate the number of
required RBs for each user with

𝑁𝑅𝐵 =  𝑅𝑢𝑠𝑒𝑟 [Mbit⋅s−1]𝑅𝑅𝐵(𝜌𝑁 )[Mbit⋅s−1], (3.25)

where
• 𝑅𝑢𝑠𝑒𝑟 is the user required throughput;
• 𝑅𝑅𝐵 is the highest throughput per RB at the user’s SNR, given by
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𝑅𝑅𝐵 [Mbit⋅s−1] = max{𝑅𝑄𝑃𝑆𝐾𝑅𝐵 (𝜌𝑁 ), 𝑅16−𝑄𝐴𝑀𝑅𝐵 (𝜌𝑁 ), 𝑅64−𝑄𝐴𝑀𝑅𝐵 (𝜌𝑁 ), 𝑅256−𝑄𝐴𝑀𝑅𝐵 (𝜌𝑁 )}. (3.26)

As explained in [1], the power to use in NR link budget calculations is the power transmitted per SC.
In order to calculate a user’s transmission power, at first, the maximum value for this is considered:
the maximum antenna beam power in a single RB (which always has 12 SCs; Section 2.1.4). As this
is the maximum possible power applied to a SC, it yields the maximum received power in (3.22), and
consequently themaximum throughput per RB at the user’s distance, which gives theminimum number of
RBs for this user (taking into account the gain losses due to the user’s position with (3.20) and due to the
user absorption). After calculating the minimum number of required RBs, if the transmission throughput
to the user (𝑅𝑇𝑋 ) surpasses the required one, the transmission power to the user (𝑃𝑢𝑠𝑒𝑟) is lowered until
the transmission throughput matches the required throughput or until the transmission power is equal
to the power of one element (𝑃𝑒𝑙𝑒). As the studied antenna has 192 elements, the power per element
is considered to be the antenna’s maximum transmission power equally distributed over all elements
(Annex C). When the transmission throughput is not higher than the required one, the same process
is applied in reverse, comparing to see if the transmission throughput is lower than the required one,
while not allowing for any user to require more power than the maximum power per beam (𝑃𝑚𝑎𝑥𝑏𝑒𝑎𝑚). This
sub-model yields the transmission power to each user, along with their required number of RBs and their
transmission throughput.

Knowing the beams’ user composition and the power each user requires, it is possible to calculate each
beam’s transmission power, as it is the sum of the required power from all users that are in that beam.
To prevent an unrealistic BS power usage, some physical layer verifications are performed, as shown in
Figure 3.19. These stop users from using too many RBs and/or power, assuring that each beam does
not exceed its maximum power and that the antenna is transmitting at least the minimum transmission
power (𝑃𝑚𝑖𝑛𝑇𝑋 ) [71]. These verifications yield the transmission power of each beam and the number of
required RBs per user.

3.5 Compliance distance and exclusion zone

Knowing each beam’s transmission power over time, and in order to compare with the values shown in
Figure 2.8, one must obtain an expression to find the power density over distance of each beam, and
calculate, for each moment in time, at which distance its value equals the maximum defined by ICNIRP
guidelines [10] - this is denominated as the compliance distance. As per [1], in the far-field, where the
angular field distribution is known (Chapter 2), the electric field strength can be related to the power
density level with

𝑆[W⋅m−2] = 𝐸2
[V⋅m−1]𝑍0[Ω] , (3.27)

where 𝑍0 = 120𝜋 is the free space impedance. Through use of (3.27), one can state that
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Figure 3.18: Flowchart representation of the steps to calculate any user’s throughput, required RBs and
power from the BS.
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Figure 3.19: Flowchart of the physical layer verifications.
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𝐸𝑙𝑖𝑚[V⋅m−1] = 𝑆𝑙𝑖𝑚[W⋅m−2]𝑍0[Ω], (3.28)

where 𝑆𝑙𝑖𝑚 is the maximum allowed power density value, and 𝐸𝑙𝑖𝑚 is taken from (3.13) by assuming

𝐸𝑙𝑖𝑚 = 𝐸𝑑=𝑑𝑐𝑜𝑚𝑝 , (3.29)

where 𝑑𝑐𝑜𝑚𝑝 is the compliance distance. This makes possible to write that, again using (3.13),

𝑑𝑐𝑜𝑚𝑝(𝜙,𝜓)[m] = 𝑉𝑀 (𝑃𝑇𝑋)[V]𝐸𝑙𝑖𝑚[V⋅m−1]
𝑓𝜙𝜓(𝜙,𝜓). (3.30)

Through analysis of (3.30), it can be observed that the compliance distance, for each elevation and
azimuth value, is only dependent on the directivity (𝑓𝜙𝜓(𝜙,𝜓)) and on the transmission power (𝑃𝑇𝑋 ). As
such, one is able to discover the maximum possible compliance distance with

𝑑𝑚𝑎𝑥𝑐𝑜𝑚𝑝(𝜙,𝜓)[m] = 𝑑𝑐𝑜𝑚𝑝(𝜙,𝜓)[m]𝑃𝑇𝑋=𝑃𝑚𝑎𝑥𝑇𝑋 , 𝑓𝜙𝜓=1. (3.31)

In the near-field region, the angular field distribution is not known (Chapter 2), and therefore the electric
field strength cannot be related to the power density as per (3.27). For this reason, the model only
considers valid values of the compliance distance that are greater than the near-field radius given by
(2.6). With (3.30) it is possible to know that the square of transmission power and the compliance distance
are proportional to each other. As such, there is a transmission power limit below which the EZ cannot
be calculated, but the latter must necessarily have a lower value than the EZ for the transmission power
limit. As a conservative measure, the model states that the EZ is equal to the near-field radius when the
transmission power is below this limit. Using (3.30) and (3.14), the transmission power limit can be found
with

𝑃 𝑙𝑖𝑚𝑇𝑋 (𝜙,𝜓)[W] = ⒧𝐸𝑙𝑖𝑚[V⋅m−1]𝑑𝑓𝑓 [m]𝑓𝜙𝜓(𝜙,𝜓) ⒭2 130𝐺𝑚𝑎𝑥𝑇𝑋 . (3.32)

Knowing the compliance distance over time makes it possible to estimate the value for the EZ. The
model is run multiple times for the same scenario, and from each run it saves each beam’s broadside
compliance distance over time,

𝑑𝑏𝑒𝑎𝑚𝑠𝑐𝑜𝑚𝑝 = {𝑑𝑐𝑜𝑚𝑝,1(𝑡), 𝑑𝑐𝑜𝑚𝑝,2(𝑡), ..., 𝑑𝑐𝑜𝑚𝑝,𝑛(𝑡)}, (3.33)

where 𝑛 is the number of beams. From these, the model is able to calculate the absolute maximum
broadside compliance distance,
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𝑑𝑎𝑏𝑠𝑐𝑜𝑚𝑝 = max{𝑑𝑏𝑒𝑎𝑚𝑠𝑐𝑜𝑚𝑝 (𝑡)}, (3.34)

which is the maximum value that any beam had at any given time, and the maximum average broadside
compliance distance (the maximum average over time from among all beams in each run),

𝑑𝑎𝑣𝑔𝑐𝑜𝑚𝑝 = max{𝑑𝑐𝑜𝑚𝑝,1, 𝑑𝑐𝑜𝑚𝑝,2, ..., 𝑑𝑐𝑜𝑚𝑝,𝑛}, (3.35)

where 𝑑𝑐𝑜𝑚𝑝,𝑛 indicates the average compliance distance value for beam 𝑛. This allows one to calcu-
late the Probability Distribution Function (PDF) and the Cumulative Distribution Function (CDF) of these
parameters, and to retrieve 𝑝-percentile values from the latter, which are used to define the EZ - this is
summarised in Figure 3.20, and is further discussed in Chapter 5.

The computation of the EZ in this thesis assumes NR as the only active mobile telecommunications
system in the BS. As such, multiband exposure is not addressed - a comparison of NR against previous
technologies is made in [13].

Figure 3.20: Flowchart representation of the EZ calculation.
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3.6 Model assessment

In order to discover if the results yielded by the model are realistic, a set of empirical tests are designed,
with their description shown in Table 3.3. These are designed to test unlikely but possible scenarios,
such as an over usage situation (Test ID 1) or no usage at all (Test ID 2). A worst case situation is also
tested in Test ID 3 and the physical properties of the model are tested in Test ID 4.

Table 3.3: Validation tests.

Test ID Test description
1 Increase the average number of users by a factor of 3 and verify that the system behaves

within its limits
2 Have no users making use of the system and verify that the BS does not transmit anything
3 Verify that the compliance distance increases with transmission power
4 Place the maximum number of users at the BS’s maximum range, making use of the

service with the highest throughput requirement (Table 3.1) and verify that the system
behaves within its limits

By observing Figure 3.21, which represents the system in an over usage situation (Test ID 1), one can
conclude that the system behaves within its limits in this situation, although all beams have the transmis-
sion power near the maximum and the RB allocation is close to 100% (the number and colour of each
beam is in accordance with Figure 3.15). Because of this, the compliance distance is also close to its
maximum value in all beams. As an additional parameter, the number of serviced users can be seen to
be less than their total number, as is expected in an over usage situation.

Test ID 2 completed with expected results - no users means no transmission power from the BS, which
implies that there is no EZ, which is what the model states.

To execute Test ID 3, (3.30) is plotted for several values of transmission power (maintaining the directivity
value). The resulting compliance distance can be seen in Figure 3.22, and as expected, it increases with
transmission power.

Figure 3.23 shows the system under Test ID 4, a worst case situation (where again the number and colour
of each beam is in accordance with Figure 3.15). In it, it can be seen that not all users are serviced -
this is because each requires too many RBs (their allocation is near the maximum). In spite of this,
beams are not at the maximum transmission power, they are only near it. This is because while each
user requires a lot of RBs, the transmission power to them is not high - their throughput requirements
are met nonetheless. The transmission power of the beams varies over time because when users have
the same number of RBs and their sum is over 100%, the model withdraws a RB from a random user,
which deservices some users. There is no change in the number of users nor in the RB share because
of the average access time of the service with the highest throughput requirement (Table 3.1).

These results validate the values presented by the model.
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(a) Beam power over time. (b) Compliance distance for each beam, over time.

(c) Percentage of allocated RBs over time. (d) Number of users over time.

Figure 3.21: System in an over usage situation.

Figure 3.22: EZ distance with respect to the transmission power, along the direction of maximum gain.
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(a) Beam power over time. (b) Compliance distance for each beam, over time.

(c) Percentage of allocated RBs over time. (d) Number of users over time.

Figure 3.23: System in a worst case situation.

51



52



Chapter 4
On-site measurements

This chapter presents the analysis of the obtained on-site measurements, together with their procedure
and a discussion on the obtained results. A comparison to previous work and to the developed model is
made.
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4.1 On-site measurements procedure

Besides developing the model to calculate the EZ around an active antenna, this thesis also has as an
objective the analysis of the behaviour of the EMF around it, and determine if the simulation performed in
[13] approximates reality. To do so, and to compare with the results from the developed model (Chapter
3), on-site measurements were performed. Two BSs around Lisbon were visited. Their description is
presented in Annex D, and maps of the measurements made around them are shown in Figure 4.1 and
Figure 4.2. The NOS Telecomunicações (NOS) BS is equipped with a NOKIA AirScalexxxx antenna [72]
and the MEO Telecomunicações (MEO) BS is equipped with a Huawei AAUxxxx antenna [71]. As stated
in Section 2.4.2, the near-field region surrounding an antenna has a limit distance given by (2.6). In the
Huawei antenna, 𝐷𝐿 >= 0.086𝜆, where𝐷𝐿 is the diagonal of a subarray (Annex C). The largest dimension
of the NOKIA antenna is not known, although it should not be significantly different from Huawei’s. In
addition to this, it is known that the NOS BS is working in the frequency interval [3.61, 3.71]GHz and that
the MEO BS is working in the frequency interval [3.71, 3.8]GHz. This information allows one to calculate
the upper limit of this region for a single beam for the Huawei antenna: 𝑑𝑓𝑓Huawei ∈ [3.4, 3.6]m; 𝑑𝑓𝑓NOKIA is
assumed to be equal. This, together with Figure 4.1 and Figure 4.2, leads to the conclusion that every
measured point is outside the near-field region of their respective antennas’ beams. As in the near-
field region the electric and magnetic fields are not necessarily in phase to each other, power density
cannot be derived as per (3.27). For this reason, coupled with no knowledge at the time of measurement
of what field the measurements were being done in, the electric field strength was measured, and not
power density.

Figure 4.1: NOS BS horizontal sketch, along with the measurement points.

As the objective of the on-site measurements was to retrieve information in order to be able to describe
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the EMF behaviour around the antenna, a channel with a time-constant, load-independent transmission
power must be measured (otherwise, characterising the electric field strength over distance is impossible
as the transmission power could vary in between measurements). For this reason, a static broadcast
beam was measured: the Secondary Synchronisation Signal (SSS) in the Synchronisation Signal Block
(SSB) [64]. These measurements were carried out only in the frequency of the SSB, which is defined for
each individual system. In each measurement point, the electric field strength was measured for 1min.
Since these values are not to be compared with ICNIRP guidelines [10], it was not necessary to measure
for 30min. The equipment used for all on-site measurements was the Narda SRM-3006 field strength
analyser [73] with a probe antenna capable of measuring EMF frequencies up to 6GHz [74]. Details of
the measurement procedure and guidelines can be found in [75, 76]. The probe is, at all times, 1.1m
from the ground.

Figure 4.2: MEO BS horizontal sketch, along with the measurement points.

4.2 On-site measurements results and discussion

Computer simulations were made in [13] to simulate the behaviour of the EMF both in the far-field and
in the near-field. However, the simulation produced results that were obtained by measuring along the
direction of maximum gain of the antenna, which is very difficult to perform on-site, and cannot be done
with measurements on the terrace of the BS. For this reason, the performed on-site measurements do
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not suffice to prove or disprove the simulation performed in [13]. Furthermore, straight lines along the
terrace of the BS may not be aligned with the direction of the any beam’s maximum gain; along straight
lines on the floor, several beams may be measured, as exemplified by Figure 4.3 and Figure 4.4 (which
are exaggerated to better exemplify this). This shows that the performed on-site measurements are not
adequate for comparison with results from the model either. One would need to measure the electric field
strength along the direction of maximum gain of any single beam, which is difficult to perform on-site, in
practise.

Figure 4.3: Vertical BS sketch with a straight line across the terrace.

Figure 4.4: Horizontal BS sketch with straight lines across the terrace.

Nonetheless, the measurements can be useful to determine if there is any correlation between distance
from the antenna and the electric field strength. Measurement point examples are shown in Figure
4.5, and from them it can be stated that the electric field strength is not continuous over time. This
can be explained by the way the Huawei AAUxxxx antenna spatially distributes the SSB channel. As
exemplified in Figure 4.6, this channel is periodically transmitted throughout the antenna’s coverage
range [64]. Because of this, any arbitrary point in space does not have a time-constant electric field
strength, and so, the performed on-site measurements do not suffice to describe the behaviour of the
EMF around the antenna; one would need to know the period of the SSB’s spatial distribution and assure
that no power control methods are in place.
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(a) MEO BS measurement point 0. (b) MEO BS measurement point 16.

(c) NOS BS measurement point 7. (d) NOS BS measurement point 21.

Figure 4.5: Measurement point examples.

Figure 4.6: SSB beams spatial distribution (extracted from [64]).

However, even without knowing the spatial distribution of the SSB, one can average the obtained results
along a straight line and check whether any pattern emerges. As several measurements are made along
straight lines from the antennas (Figure 4.1 and Figure 4.2), it is possible to plot the electric field strength
along them: from every point of measurement in the same straight line, the maximum, average and
minimum values were recorded. Examples of these results are shown in Figure 4.7 and Figure 4.8, and
these imply that there is not any obvious correlation between the strength of the electric field and the
distance from the antenna. In Figure 4.7b the electric field strength seems to increase with distance,
while in Figure 4.8c it seems to decrease with respect to it.
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(a) 0° straight line. (b) 43.34° straight line.

Figure 4.7: NOS BS electric field strength over distance.

(a) −25.59° straight line. (b) 23.49° straight line.

(c) 0° straight line.

Figure 4.8: MEO BS electric field strength over distance.

These measurements show that it is very difficult to analyse the behaviour of the EMF around a working
production BS, whether due to the impossibility of measuring along any beam’s maximum gain, or due
to the nature of the site itself, or even due to the spatial distribution of the SSB. In order to retrieve any
valid conclusion, these measurements should be conducted in a controlled environment.
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Chapter 5
Model results

This chapter details the created scenarios in terms of input parameters to the model. The results from
the model are shown and some conclusions are drawn up from them.
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5.1 Scenarios’ parameters

Real user statistics from antennas with the highest average RB usage were provided by Huawei [77].
From these, it is possible to obtain information about the number of active DL UEs over four days, which
is presented in Table 5.1 (active users are those that are actively communicating with the BS, not just
connected to it). As growth in 5G usage is expected to rise over the coming years [6], the maximum
number of active UEs is considered as average in the simulation. The created services shown in Table
3.1 do not have the same usage share in all scenarios - that is shown in Table 5.2. The values are
arbitrary and just serve to differenciate the scenarios further.

Table 5.1: Statistics on the number of active DL UEs in one sector of the BS, over four days [77].

Day 1 Day 2 Day 3 Day 4
Maximum 39 36 33 32
Average 22 20 18 18
Minimum 1 2 1 1

Table 5.2: Services’ utilisation share in different scenarios.

Services’ utilisation share [%]
Service Street Bus stop Residential

building
Demonstration

Web browsing 15 17 20 11
Video

download
5 5 5 5

Large file
download

2 1 5 1
Non

E-mail 4 7 15 7

real-time

Online chat 30 30 9 30
Video

conference
2 1 15 2

Gaming 7 9 2 15
Video

streaming
5 9 13 11

Augmented /
Virtual reality

5 6 9 6
Real-time

Audio
streaming

25 15 7 12

In Chapter 3, realistic usage scenarios are defined. Each of them can be defined by a list of input
parameters that are fed into the model. The default input parameters are shown in Table 5.3, and most
can also be seen in Annex C, as they are tailored to replicate the studied antenna. Each scenario is based
on a real location around Lisbon, as stated in Table 5.4, and each changes or adds some parameters
in order to realistically represent itself. Regarding the demonstration scenario, as the number of people
should be higher than usual, the minimum and maximum number of users is increased by a multiplier of
2.
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Table 5.3: Default input parameters.

Parameter
category

Parameter Default value

Antenna height (ℎ𝑎) [m] 5.5

Street width (𝑑𝑠𝑡𝑟𝑒𝑒𝑡) [m] Defined per scenarioEnvironmental

Building height (ℎ𝑏) [m] Defined per scenario

Elevation and azimuth range (𝜓, 𝜙) [°] (±15, ±60)
Mechanical tilt (𝛾) [°] -13

Numerology (𝜇) 1

MIMO order (𝑁𝑀𝐼𝑀𝑂) 4

Transmit gain (𝐺𝑇𝑋 ) [dBi] 25

Bandwidth (𝐵𝑊 ) [MHz] 90

Total number of elements and per beam (𝑁𝑒𝑙𝑒, 𝑁𝑏𝑒𝑎𝑚𝑒𝑙𝑒 ) (192, 24)

Beamwidth (𝜃𝑣3𝑑𝐵 , 𝜃ℎ3𝑑𝐵) [°] (20, 10)

RB cutoff [%] 60

DL time allocation [%] 75

Operator

Power range (𝑃𝑚𝑖𝑛𝑇𝑋 , 𝑃𝑚𝑎𝑥𝑇𝑋 ) [W] (15, 240)

Receiver gain (𝐺𝑅𝑋 ) [dBi] 0

Number of users (𝑁𝑚𝑖𝑛𝑢𝑠𝑒𝑟𝑠, 𝑁𝑚𝑎𝑥𝑢𝑠𝑒𝑟𝑠) (5, 40)

New user period (𝑡𝑢𝑠𝑒𝑟) [s] 1

User height (ℎ𝑢𝑠𝑒𝑟) [m] 1.8

User losses (𝐿𝑢𝑠𝑒𝑟) [dB] 3

Noise figure (𝐹) [dB] 5

Services’ average download size Table 3.1

Services’ average access time Table 3.1

Services’ minimum throughput Table 3.1

User

Services’ utilisation share Table 5.2

Table 5.4: Created scenarios and the real locations they simulate.

Created scenario Real location BS building
height [m]

Added parameters

Street Avenida Infante Dom Henrique 10 𝑑𝑠𝑡𝑟𝑒𝑒𝑡 = 68m
Bus stop Basílica da Estrela 15 𝑑𝑠𝑡𝑟𝑒𝑒𝑡 = 48m

Residential building Avenida Fontes Pereira de Melo 30
𝑑𝑠𝑡𝑟𝑒𝑒𝑡 = 23mℎ𝑟𝑏 = 50m

Demonstration Jardim do Arco do Cego 18

𝑑𝑓𝑝 = 54m
(𝑑𝑑𝑒𝑚𝑜𝑚𝑖𝑛 , 𝑑𝑑𝑒𝑚𝑜𝑚𝑎𝑥 ) = (10, 130) m

(𝑁𝑚𝑖𝑛𝑢𝑠𝑒𝑟𝑠, 𝑁𝑚𝑎𝑥𝑢𝑠𝑒𝑟𝑠) = (10, 80)
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In order to compare with ICNIRP limits shown in Figure 2.8, a single run of the model, as detailed in
Chapter 3, consisted of 6min of nominal operation (besides the first minute, which is ignored for themodel
to reach nominal operation). While each run of the first two scenarios takes around 2 s to complete, each
run of the residential building scenario takes around 7min and each run of the demonstration scenario
takes from 10min to 45min to complete. For this reason, the simulation of the street, bus stop and
residential building scenarios consisted of 1000 runs, while the simulation of the demonstration scenarios
consisted of 186 - this information is contained in Table 5.5. All plots in this chapter refering to the same
scenario are of the same run.

Table 5.5: Number of runs and run duration in each scenario’s simulation.

Scenario Number of runs Run duration [s]
Street 1000 2

Bus stop 1000 2
Residential building 1000 420
Demonstration 186 [600, 2700]

5.2 Beam transmission power over time

The beam transmission power over time in each scenario is shown in Figure 5.1, where the number and
colour of each beam is in accordance with Figure 3.15. As seen in Figure 5.1, the street and bus stop
scenarios only have 4 active beams - this is a consequence of the user distribution in these scenarios
(Section 3.2). Furthermore, Figure 5.1 shows that beams from the same antenna can have very differ-
ent levels of transmission power, and that they are rarely near their maximum value of 14.8 dB (all 24
elements in a beam radiating at maximum power). As an additional metric, Figure 5.1 also shows that,
in any given 6min period, it is likely that no beam is off - this is because the average access time of real-
time services, shown in Table 3.1, is usually greater than the simulation run time; each beam fluctuates
around a median value over the course of the run for the same reason. As the demonstration scenario
has an higher minimum and maximum number of users, beams are closer to their maximum transmission
power.

Knowing the transmission power of all beams, and each beam’s user composition, it is possible to cal-
culate the power density each user receives with the help of (3.13) and (3.27). Recalling Figure 2.8 and
observing Figure 5.2 (where each line represents a different user), it can be stated that users are always
subjected to a power density level under the imposed limit. It is also of note that the power density level
received by each user does not fluctuate a lot - this is again because the average access time of real-time
services, shown in Table 3.1, is usually greater than the simulation run time. Another point to retrieve
from Figure 5.2 is that users are subjected to power density changes even if they do not alter their ser-
vice; as beams serve multiple users, a change in one service in one user may impose a transmission
power change in the beam, thereby affecting all users that are serviced by it. One further observation
from Figure 5.2 is that the average power density received by users in the residential building scenario
is greater than in other scenarios, in spite of having nominal beam transmission powers (Figure 5.1) and
the same number of users as the street and bus stop scenarios (Figure 5.6). This can be explained by
the users’ distance distribution in this scenario; in fact, knowing (3.4), (3.8) and (3.11), and using the
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(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.1: Beam transmission power over time in the different scenarios.

values shown in Table 5.4, it is possible to calculate the minimum and maximum user distance in each
scenario, which is presented in Table 5.6. Figure 5.3 reveals how received power density decreases
with an increase in user distance, for a few values of transmission power and a fixed directivity (making
use of (3.13) and (3.27)). Table 5.6 and Figure 5.3 confirm that user distance in the residential building
scenario is indeed lower than in other scenarios, and that this causes the noticed increase in the average
received power density.

5.3 Service distribution, number of users and RB usage

It is possible to plot how services are being requested by users, recalling that the values shown in Table
5.2 are arbitrary. Real-time services of a run in each scenario are shown in Figure 5.4 and non real-time
services are shown in Figure 5.5.
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(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.2: User received power density over time in the different scenarios.

Table 5.6: Minimum and maximum user distance to the BS in each scenario.

Scenario Minimum user distance [m] Maximum user distance [m]

Street 68.1 136.1

Bus stop 48.2 96.1

Residential building 23.0 47.6

Demonstration 46.2 131.8

Analysing Figure 5.4 reveals that almost every user makes use of a real-time service (their sum closely
resembles the number of users, shown in Figure 5.6), and that once a user requests a real-time service, it
is likely that its access time surpasses the simulation run time (the number of any real-time service tends
to stay the same or increase). Increasing the simulation run time does not change this - as new users
are constantly generated, the sum of real-time services tends to approach the number of users. This is
why no beam is ever off and why their transmission power fluctuates around a median value (Figure 5.1).
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Figure 5.3: Power density with respect to distance, with 𝑓𝜙𝜓 = 1.

(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.4: Number of real-time services over time in the different scenarios.
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(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.5: Number of non real-time services over time in the different scenarios.

Figure 5.5 showcases the fact that two of the non real-time services defined in Chapter 3 - file and video
download - are the only services that always have more than one user simultaneously. This is because
these two services possess download sizes much greater than the rest of the non real-time services.
For this reason, they require more time to complete (depending on the throughput), and the user may
continue using the service all throughout the run - this is more evidenced in Figure 5.5a and Figure
5.5c. On the other non real-time services, a different behaviour can be observed - these have smaller
download sizes, so they are completed rapidly - they rarely have more than two users making use of it
simultaneously. For this reason, these services only slightly alter the beam transmission power, as can
be stated from a comparison with Figure 5.1.

Observing both Figure 5.4 and Figure 5.5 leads to the conclusion that real-time services affect the beam
transmission power much more than non real-time services, because of their constant use of the BS.
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(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.6: Number of users over time in the different scenarios.

Besides this, the amount of RBs used throughout the simulation run can be plotted, as shown in Figure
5.7. This reflects whether the BS nominal operation is near its maximum capacity or not, which depends
on the scenario and service requests. While the street, bus stop and residential building scenarios
have their nominal operation at around 40% RB usage, the demonstration scenario presents a nominal
operation close to 60% - this is due to the increase in the number of users that is done in this scenario.
These values show that the BSs have capacity to handle more users than what the simulation presents.

5.4 Broadside compliance distance over time

The broadside compliance distance, defined as the compliance distance in the direction of maximum gain
of the beam, is retrieved from the beams’ transmission power (as stated in Section 3.5). An example of
the broadside compliance distance in each scenario is shown in Figure 5.8. As can be deduced from
(3.30), the broadside compliance distance only depends on the transmission power (because (𝑓𝜙𝜓 = 1)).
As such, the broadside compliance distance curve and the beam transmission power curve are identical,
only being shifted in the y-axis. In cases where the transmission power is lower than the limit power to
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(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.7: Used RB share over time in the different scenarios.

calculate a compliance distance (shown in (3.32) - this value is 5.15W for the studied antenna), it is equal
to the far-field radius of the beam (which is 3.6m for the studied antenna, given by (2.6)). Through (3.31)
it is possible to calculate that, for the studied antenna, the maximum broadside compliance distance is
8.69m.

As expected, Figure 5.8 reveals that the demonstration scenario possesses beams whose broadside
compliance distance is higher than the average found in other scenarios - this is again due to the increase
in the number of users. It can also be stated that the beams in the residential scenario present a lower
broadside compliance distance, compared with other scenarios. This is due to the proximity between
users and the BS, as shown in Table 5.6, which implies a high SNR, and therefore less transmission
power. As the beam transmission power fluctuates around a median value (Figure 5.1), so does the
broadside compliance distance. Once again it can be seen that beams are independent of one another;
they can have very different compliance distances.

To obtain the compliance distance for other directions other than broadside (sides, top, bottom and back
of the antenna), the normalised antenna radiation patterns for these directions must be obtained. The
gain for these directions can be extracted from the radiation patterns shown in Annex C, and it is possible
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(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.8: Broadside compliance distance over time in the different scenarios.

to calculate the normalised radiation pattern with the help of (3.15). However, the highest normalised
antenna radiation pattern for these directions is just 1.4% of the broadside compliance distance (in the
case of the sides). As such, the analysis of these directions is not made in this thesis, on the grounds
that their compliance distance is, at all times, much less than 1m. Nonetheless, to observe the decline
in the compliance distance as a user is gradually away from the broadside of a beam, the compliance
distance over the entire scan range of a random beam at a random point in time is shown in Figure 5.9,
making use of (3.20). As expected, the compliance distance rapidly drops to its minimum as the user is
further away from the beam’s broadside.
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Figure 5.9: Compliance distance over an entire beam.

5.5 Exclusion zone distance

The results shown in Figure 5.8 assume that the BS has a continuous DL activity. Realistically, DL
interchanges with UL to have two-way communication with the BS, although the DL time allocation is not
standardised. In LTE, this can vary from 0.4 to 0.9. A reasonable value of DL time allocation is assumed
to be 0.75 [39]. To simulate this, the results shown in Figure 5.8 are lowered by 25%. The results in this
subsection already take this into consideration.

Knowing the compliance distance of each beam over time (shown in Figure 5.8) allows one to define the
value of the EZ around each scenario’s BS, by proceding as explained in Section 3.5. At the end of each
run of the model, it retrieves two parameters: the absolute maximum broadside compliance distance of
any beam at any given time and, calculating the average broadside compliance distance over time for
each beam, the maximum broadside compliance distance average. The average and standard deviation
of the retrieved parameters are presented in Table 5.7, along with the relative difference between them.
The PDF and CDF of these parameters for all runs in each scenario can be seen in Figure 5.10 and in
Figure 5.11, respectively.

Table 5.7: Average and standard deviations of the absolute maximum and maximum average broadside
compliance distance in the different scenarios, with their relative difference.

Absolute maximum Maximum average
Average [m] Standard Average [m] Standard Relative

deviation deviation difference [%]
Street 5.01 0.28 4.83 0.28 3.59

Bus stop 4.98 0.27 4.80 0.27 3.61
Residential
building

3.97 0.28 3.85 0.26 3.02

Demonstration 6.40 0.23 6.30 0.28 1.56
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(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.10: PDF of the absolute maximum and maximum average broadside compliance distance in
the different scenarios.

The results from Table 5.7 suggest that the number of users and their spatial distribution are the defining
factors in defining the EZ around the BS. In scenarios where users are more spread out (such as the resi-
dential building scenario), the EZ is shorter than scenarios where users are concentrated in fewer beams
(street or bus stop scenarios) - this is because the user load is distributed across more beams; given the
same number of users, spreading them throughout the antenna’s range lowers the required power from
each beam. Through (3.31), it is possible to calculate that the theoretical maximum broadside compli-
ance distance for the studied antenna is 6.52m (assuming a DL time allocation of 75%). By observation
of Table 5.7 one can conclude that the street and bus stop scenario present absolute maximum broad-
side compliance distances of around 77% of the theoretical maximum; the residential building scenario
presents values at around 61% of it. In the demonstration scenario, which possesses a higher number
of users, the absolute maximum broadside compliance distance is closer to the theoretical maximum,
at around 98% of it. All scenarios show a relative difference between the absolute maximum broadside
compliance distance and the maximum average broadside compliance distance of around 3%, except in
the demonstration scenario, where this value is 1.4% - this is due to beams often being at their maximum
transmission power in this scenario, further evidencing that increasing the number of users is the defining
factor in defining an EZ.
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From Figure 5.10, one can deduce that the distribution of the maximum average broadside compliance
distance approximates a Gaussian distribution (this is more noteceable in the street and bus stop sce-
narios). However, in the demonstration scenario, the maximum average compliance distance does not
approximate a Gaussian distribution. This is because, in this scenario, the beam transmission power
(and consequently the broadside compliance distance) is very close to its maximum in some beams, and
often is at its maximum (Figure 5.1). The opposite happens in the residential building scenario, where
the beam transmission power is sometimes lower than the limit to calculate an EZ, and as such its dis-
tribution is not similar to a Gaussian distribution as well. The absolute maximum broadside compliance
distance is distributed in specific discrete values in all scenarios, although no reason to justify this can
be stated with confidence.

(a) Street. (b) Bus stop.

(c) Residential building. (d) Demonstration.

Figure 5.11: CDF of the absolute maximum and maximum average broadside compliance distance in
the different scenarios.

The CDFs of both the residential building and the demonstration scenarios, shown in Figure 5.11, reveal
once again that these often have broadside compliance distances equal to the minimum or maximum dis-
tance, respectively. This is due to the transmission power of the beams in these scenarios, as discussed
previously. Through Figure 5.11 it is possible to retrieve several 𝑝-percentiles of the CDFs - these are
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displayed in Table 5.8. As an additional security measure, a correction factor to the average broadside
compliance distance can be applied; this is equal to the relative difference between the absolute maxi-
mum and the maximum average broadside compliance distances for each scenario, shown in Table 5.7.

Table 5.8: Various 𝑝-percentile of the obtained maximum average broadside compliance distance CDFs,
in the different scenarios.

Compliance distance [m]
Without correction With correction

70% 80% 90% 95% 70% 80% 90% 95%
Street 4.96 5.05 5.21 5.33 5.14 5.23 5.39 5.52

Bus stop 4.91 5.01 5.16 5.29 5.09 5.20 5.35 5.48
Residential
building

3.97 4.03 4.21 4.37 4.09 4.15 4.33 4.50

Demonstration 6.50 6.52 6.52 6.52 6.60 6.62 6.62 6.62

By observation of Table 5.8, one can see that from 70% to 95% of any CDF, the broadside compli-
ance distance varies not more than 10% in all scenarios, showing the system’s stability. Furthermore,
it is found that the demonstration scenario presents an 80-percentile equal to the theoretical maximum
broadside compliance distance, which is as expected - beams are often at their maximum transmission
power because of the increase in users. As further evidence, one can observe that other scenarios
present 95-percentiles only 67% to 82% of this value. As in reality, one cannot predict the number and
spatial distribution of users, the implemented EZ should be the maximum 95-percentile of the broadside
compliance distance with the added correction present in Table 5.8, which in this case is the one found
in the demonstration scenario - 6.62m. Recalling the sketches of the created scenarios (Figures 3.4,
3.8 and 3.12), one can state that no user can be in the EZ of each respective BS, and thus this value is
deemed safe in the created scenarios.
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Chapter 6
Conclusions

This chapter summarises the information discussed in each chapter and presents their main conclusions.
Key takeaways for future work are mentioned.
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In this thesis, a statistical model capable of analysing the behaviour of the EMF around a 3.6GHz band
5G active antenna and estimate its EZ is presented. As 5G must make use of active antennas in order
to meet user throughput demands, the previously used methodology and procedures to monitor EMF in
the vicinity of BSs and to estimate an EZ are no longer applicable.

This work is divided into 6 chapters, along with a set of annexes containing supplementary information
and all the references used throughout it. In Chapter 1, a brief history of mobile communications, along
with an overview of the work that is to be done on the thesis, is provided. The motivation for this work is
laid out, stating its key differences with similar work done for the previous generations.

Chapter 2 presents the fundamental concepts related to the topic in study, namely the current radio
interface in Portugal, new services and applications that use 5G, main concepts to be aware of when
deciding on BS deployments and the use of active antennas in 5G, along with their comparison with
passive antennas and their radiation behaviour. Furthermore, the EMF exposure restriction levels set by
ICNIRP are provided, and a discussion on current models for determining an EZ is made. The state of
the art, containing work done by other authors in this topic, is presented, along with their assumptions,
results and conclusions. It can be said that the influence of the deployment of 5G in the EMF radiation
is still unclear, as most of the literature is done on frequencies above 6GHz and is focused on UE, not
BSs. It can also be stated that the existing models for determining an EZ around a BS do not apply in
this technology, and as such, suitable models for determining it are scarce.

In Chapter 3, the model created to determine the EZ of a 5G BS is presented, detailed and discussed. Its
inputs and required outputs are indicated and described. The model is divided into further sub-models,
which are throughouly explained. Four different UDSs are created - street, bus stop, residential building
and demonstration - with the goal of simulating real locations with realistic usage. For this, realistic
5G telecommunications services are also created and described (in terms of download size, minimum
recommended throughput and average access time). All the calculations the model does in order to
determine the EZ, and how this relates to user behaviour and mobility, are presented. The model is put
through some assessment tests to validate its results.

Chapter 4 showcases the performed on-site measurements together with their procedure and position
around the BSs. Besides developing the previously mentioned model to estimate an EZ around an
active antenna, this thesis also has as an objective the analysis of the behaviour of the EMF around the
antenna. To do this, on-site measurements around BSs in Lisbon were performed, which are compared
to the work made in [13] and to the model created in Chapter 3, reaching the conclusion that comparison
is impossible in both cases, due to the fact that measuring as the simulations expect is very difficult to
do on-site. Even so, the measurements results are presented and discussed. No correlation between
electric field strength and distance from the antenna can be done - this is because the antenna spatially
distributes the SSB. This leads to the conclusion that measuring active 5G BS is of no use to delimit an
EZ, both because of the inability to make trustworthy electric field strength measurements and because it
is impossible to measure along the direction of any beam’s maximum gain. These measurements would
need to be conducted in a controlled environment.

In Chapter 5, the created scenarios are described in terms of input parameters for the model. Each
scenario is assigned a real location, the average number of users is taken from real BS data and the
service share among users is set for every scenario. Several simulation parameters are shown, such
as beam transmission power and broadside compliance distance over time. From these, it is possible
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to estimate an EZ for each created scenario (assuming a DL time allocation of 75%). It is found that
the most meaningful variables in defining the EZ are the number of users and their spatial distribution.
The demonstration scenario, which has more users that the other scenarios, possesses an 80-percentile
equal to the theoretical compliance distance maximum. However, other scenarios present 95-percentiles
only 67% to 82% of this value. It was also found that real-time services are the services that affect beam
transmission power the most. As the adoption of these services, with high throughput requirements, is
thought to increase over the coming years, special care will need to be administered.

There are some aspects of the model which could enhance the simulation’s approximation to reality that
are not addressed in this thesis, and they could reveal to be of some importance to the estimation of
the EZ. As stated in Chapter 3, all users are in LOS to the antenna, which in reality does not always
occur. Users in Non Line of Sight (NLOS) are serviced by an omnidirectional beam or by simultaneous
transmission in multiple beams. Both of these beams present lower user exposure to the EMF, and it
should lower the average transmission power of the BS - consequently, the EZ should lower as well.
Although beamsteering is starting to be a feature in some active antennas [6], it is not explored in this
thesis; this work only delves into beamforming. The performed on-site measurements show that it is
very difficult to characterise the EMF behaviour around a working production BS, due to power limiters,
SSB distribution and beam directivities. If these measurements were to be executed in a controlled
environment - one where the SSB distribution is static or known, the beam directivities are known and
there is no power limiter applied - some conclusion about the relation of distance and electric field strength
might be drawn. Due to the BS building’s height, and due to the fact that there is a minimum elevation
to which the antenna can communicate, there is a portion of the ground in front of it that is not directly
covered by the BS (this can be seen in Figure 3.4). This is true only if multipath propagation is ignored
(and if the antenna is installed in the edge of the building). If multipath propagation were to be evaluated,
users would be under the influence of a stronger power density level, but the EZ should not vary a lot
from the one shown in this work.

This work reached the conclusion that BS deployments with active antennas in the created scenarios
possess an adequate EZ, protecting the general public from harm. It was found that, for each individual
beam, the EZ is never greater than 6.62m (assuming a DL time allocation of 75%). The results shown in
this work corroborate previous work, such as [36, 37, 38], that state that traditional methods of estimating
an EZ are not suitable for 5G, and they present over-conservative results. This work also indicates that,
as beams are independent of one another, defining the EZ considering the entire array as a single beam
is not realistic. It is of note to recall that this value considers NR as the sole active telecommunications
technology, and that in NSA BSs (where NR will coexist with other telecommunications technologies),
this value will be greater. This value is only deemed safe in the created scenarios; operators with 5G
BSs should ensure that their EZs are greater than the value shown in this work.
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Annex A

Supplementary equations
From [1], the maximum allowed path loss is given by

𝐿𝑚𝑎𝑥 [dB] = 𝑃𝐸𝐼𝑅𝑃 [dBm] + 𝐺𝑅𝑋 [dBi] − 𝑃𝑚𝑖𝑛𝑟 [dBm], (A.1)

where
• 𝐺𝑅𝑋 is the receiver antenna gain;
• 𝑃𝑚𝑖𝑛𝑟 is the minimum accepted power level at the receiver antenna.

From [1], the average power decay with respect to distance is given by

𝐿𝑝[dB] = 𝐿𝑟𝑒𝑓 [dB] + 10𝛼𝑝𝑑 log10(𝑑[km]), (A.2)

where
• 𝐿𝑟𝑒𝑓 are the reference path losses (propagation model dependent);
• 𝛼𝑝𝑑 is the average power decay (propagation model dependent);
• 𝑑 is the distance from the transmitter to the receiver.

From [1], the EIRP of an antenna is given by

𝑃𝐸𝐼𝑅𝑃 [dBm] = 𝑃𝑇𝑋 [dBm] + 𝐺𝑇𝑋 [dBi] − 𝐿𝐶 [dB], (A.3)

where
• 𝑃𝑇𝑋 is the transmitter output power;
• 𝐺𝑇𝑋 is the transmitter antenna gain;
• 𝐿𝐶 are the cable losses between the transmitter and the antenna.

The number of available RBs per user is calculated with

𝑁𝑢𝑠𝑒𝑟𝑅𝐵 =  𝑁𝑅𝐵𝑁𝑢𝑠𝑒𝑟𝑠 , (A.4)

where
• 𝑁𝑅𝐵 is the number of available RBs;
• 𝑁𝑢𝑠𝑒𝑟𝑠 is the number of users.
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By [23], the number of symbols per OFDMA frame is given by

𝑁 𝑓𝑟𝑎𝑚𝑒𝑠𝑦𝑚𝑏 = 𝑁 𝑠𝑙𝑜𝑡𝑠𝑦𝑚𝑏𝑁 𝑆𝐹𝑠𝑙𝑜𝑡𝑁 𝑓𝑟𝑎𝑚𝑒𝑆𝐹 , (A.5)

where
• 𝑁 𝑠𝑙𝑜𝑡𝑠𝑦𝑚𝑏 is the number of symbols per slot (14 for normal CP or 12 for extended CP);
• 𝑁 𝑆𝐹𝑠𝑙𝑜𝑡 is the number of slots per subframe (2𝜇, where 𝜇 is the numerology configuration integer);
• 𝑁 𝑓𝑟𝑎𝑚𝑒𝑆𝐹 is the number of subframes in an OFDMA frame (always 10).

Using [23], the theoretical throughput per user for a downlink OFDMA connection can be calculated:

𝑅𝑢𝑠𝑒𝑟 [bit⋅s−1] = 𝑁𝑢𝑠𝑒𝑟𝑅𝐵 𝑁𝑅𝐵𝑆𝐶 𝑁 𝑓𝑟𝑎𝑚𝑒𝑠𝑦𝑚𝑏 𝑁𝑀𝐼𝑀𝑂 log2 (𝑀)[bit]𝑡𝑓𝑟𝑎𝑚𝑒 [s] , (A.6)

where
• 𝑁𝑅𝐵𝑆𝐶 is the number of SCs per RB (always 12);
• 𝑀 is the modulation order;
• 𝑁𝑀𝐼𝑀𝑂 is the MIMO order;
• 𝑡𝑓𝑟𝑎𝑚𝑒 is the OFDMA frame period (always 10ms).

From [1], the path loss in free space propagation can be calculated with

𝐿0[dB] = 32.44 + 20 log10(𝑑[km]) + 20 log10(𝑓[MHz]), (A.7)

where
• 𝑑 is the distance to the BS;
• 𝑓 is the frequency used for telecommunication with the BS.
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Annex B

Download throughput and session duration
for mobile streaming services

Table B.1: Required download throughput and average session duration for mobile streaming services.

Service Specification Average
download size

[MB]

Required
download
throughput
[Mbit⋅s−1]

References

Video download

480p 93.6 [0.584, 1.550] [78, 79, 80, 50]

720p 117.0 [0.667, 2.000] [50, 81, 79, 52, 80]

1080p 229.0 [1.55, 3.66] [50, 81, 78, 52, 80]

2K 390.0 [2.22, 6.67] [50, 81, 79, 80]

4K 995.0 [6.67, 16.00] [50, 81, 79, 52, 80]

Video streaming

480p – [0.584, 1.550] [78, 79, 80]

720p – [0.667, 2.000] [81, 79, 52, 80]

1080p – [1.55, 3.66] [81, 78, 52, 80]

2K – [2.22, 6.67] [81, 79, 80]

4K – [6.67, 16.00] [81, 79, 52, 80]

Audio streaming

Low – 0.024

[82, 83, 50, 84]
Normal – 0.096

High – 0.160

Very high – 0.320

Video conference
1:1 – 1.500 [50, 57, 56, 58]

Group – 6.000 [50, 56, 58]

Gaming
Local – 3.000

[50, 59, 60]
Cloud – 10.000
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Annex C

Antennas description

C.1 Huawei AAUxxxx

The technical specifications of the Huawei AAUxxxx antenna [71], studied in the MEO BS, are shown in
Table C.1. Its vertical and horizontal radiation patterns are displayed in Figure C.1.

Table C.1: Huawei AAUxxxx technical specifications [71, 64].

Parameter Possible values

Frequency range [GHz] [3.6, 3.8]

NR TDD gain [dBi] 25

TX/RX mode 64T64R

Supported bandwidth [MHz] 20, 30, 40, 50, 60, 70, 80, 90, 100

Maximum output power [W] 240

NR TDD horizontal beam sweeping range [°] [-60, 60]

NR TDD vertical beam sweeping range [°] [-15, 15]

Elevation tilt range [°] [-13, 2]

Number of antenna elements 192 (96 dual-polarised elements)

Number of elements per TRX 3

Number of elements per beam 12

Array size 8 x 12

Antenna dimensions (ℎ x 𝑊 x 𝐷) [mm] 730 x 395 x 160

Beam dimensions (ℎ x 𝑊 x 𝐷) [mm] 182.500 x 49.375 x 160.000

Minimum power [W] 15
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(a) Vertical radiation pattern. (b) Horizontal radiation pattern.

Figure C.1: Huawei AAUxxxx radiation patterns (extracted from [71]).

C.2 NOKIA AirScalexxxx

The technical specifications of the NOKIA AirScalexxxx antenna [72], studied in the NOS BS, are shown
in Table C.2.

Table C.2: NOKIA AirScalexxxx technical specifications [72].

Parameter Possible values

Frequency range [GHz] [3.42, 3.80]

NR TDD gain [dBi] 24 ±1

TX/RX mode 32T32R

Supported bandwidth [MHz] 20, 30, 40, 50, 60, 70, 80, 90, 100

Maximum output power [W] 200

NR TDD horizontal beam sweeping range [°] [-60, 60]

NR TDD vertical beam sweeping range [°] [-3, 15]

Number of antenna elements 192 (96 dual-polarised elements)

Array size 8 x 12

Dimensions (ℎ x 𝑊 x 𝐷) [mm] 730 x 403 x 185
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Annex D

Description of base stations

D.1 NOS base station

This BS is located in a rooftop in Póvoa de Santo Adrião, Lisbon. In it, four active antennas are installed.
However, only the rightmost in Figure D.1 was actively working (NOKIA AirScalexxxx [72] - Annex C),
and so the measurements were made from it. Due to the spatial constraints of the rooftop, shown in
Figure D.2, measurements were taken in two radial lines from the antenna, one at 0° and another at
approximately 45°. Then, measurements parallel to the antenna were made, between these radial lines.
A sketch of the BS and the measurement points can be seen in Figure 4.1. This antenna has a height of
4.4m.

Figure D.1: NOS BS view of the measured sector (rightmost).
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Figure D.2: NOS BS view of the rooftop in front of the measured sector.

D.2 MEO base station

This BS is located in a rooftop in Estrela, Lisbon. The measured sector, shown in Figure D.3, has the
Huawei AAUxxxx antenna [71] (Annex C) installed, and has an unobstructed rooftop in front, shown in
Figure D.4. As this rooftop did not present the same spatial constraints as the NOS BS, measurements
were taken in three radial lines from the antenna, one at 0°, one at approximately 25° and another at
approximately −23°. Then, measurements in straight lines from these radial lines were made, as can be
seen in Figure 4.2. This antenna has a height of 5.5m.

85



(a) Side view. (b) Frontal view.

Figure D.3: MEO BS views of the measured sector.

Figure D.4: MEO BS view of the rooftop in front of the measured sector.
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