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Abstract

The main objective of this thesis was to analyse the implementation of LTE-A in a low exposure
perspective, considering the presence of signals from other networks, such as GSM and UMTS. This
objective was achieved through the development and implementation of a model that assesses the
exposure from both down- and uplinks in a typical urban scenario. Measurements were performed, in
order to compare the measured data with the simulated results. The simulated results show that, for
all the studied scenarios, the ICNIRP reference levels for exposure are satisfied, with the highest
value of power density being 2.584 W/m?, 4 times below the reference levels, obtained for the case
where the user varies his position over the street. The maximum value of total exposure is obtained for
the scenario with 3 base stations, being 0.545, 2 times below the limit value. The total exposure
increases 33.6% and 49.8% when the MIMO configuration is changed from 2x2 to 4x4 and to 8x8,
respectively. Finally, it is observed that the introduction of the 3 LTE carrier frequency versions, with
other mobile communication systems being present, and using LTE2600 in uplink, approximately

doubles the total exposure, when the user is static in a street.
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Resumo

O objectivo principal desta tese foi analisar a implementacéo do LTE-A do ponto de vista de baixa
exposicdo, considerando os sinais provenientes de outras redes, tais como GSM ou UMTS. Este
objectivo foi alcancado através do desenvolvimento e implementacdo de um modelo que avalia a
exposi¢do nas ligacdes descendente e ascendente num cenario urbano tipico. Foram realizadas
medidas, de forma a comparar os dados medidos com o0s resultados das simula¢des. Os resultados
das simulages mostram que, para todos os cendrios estudados, os niveis de referéncia da ICNIRP
para a exposicdo sdo cumpridos, em que o valor mais elevado de densidade de poténcia é de
2.584 W/m?, 4 vezes abaixo dos niveis de referéncia, obtido para o caso em que o utilizador varia a
sua posicao ao longo da rua. O valor maximo da exposicao total € obtido para o cenario com 3
estacbes base, sendo 0.545, 2 vezes abaixo do valor limite. A exposicdo total aumenta 33.6% e
49.8% quando a configuragcdo de MIMO ¢ alterada de 2x2 para 4x4 e 8x8, respectivamente. Por fim,
verifica-se que a introducdo das 3 versbes de portadoras de LTE, estando outros sistemas de
comunicacbes moveis presentes, e wusando LTE2600 na ligagdo ascendente, duplica,

aproximadamente, a exposicado total quando o utilizador esta estatico na rua.

Palavras-chave

Exposicao a Radiacéo, LTE, GSM, UMTS, Exterior, Medi¢cbes
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Chapter 1

Introduction

This chapter presents an overview of the main subject of this work, followed by its motivation and
general description of its scope and main contributions. At the end of the chapter, the structure of the
work is described.




1.1 Overview

The way we communicate has changed along the years, motivated by the evolution of mobile
communication systems, which are providing new services and applications to end-users. Third
Generation Partnership Project (3GPP) has played an important role, being involved in the

development of the latest releases concerning mobile communication technologies.

The first digital cellular system corresponds to the Second Generation (2G), where Global System for
Mobile Communications (GSM) is the system widely implemented, which started to be deployed in the
early 1990s. These systems were essentially designed for voice transmission, with a throughput up to
22.8 kbps [Corr13], but had also some simple data services, such as Short Message Service (SMS),
as well as Circuit-Switch (CS) data services enabling e-mail and other applications, initially with a
throughput of 9.6 kbps, with later releases providing higher throughputs. Some of the evolved versions
have appeared during the second half of the 1990s, such as the General Packet Radio Services
(GPRS), which brought the possibility of Packed-Switch (PS) data, and Enhanced Data Rates for
GSM Evolution (EDGE), with a more efficient modulation, [Molil1l] and [DaPS11].

A range of new services came with the Third Generation (3G) of cellular systems, known as Universal
Mobile Telecommunications System (UMTS), as it uses PS for data transmission and it was designed
to have higher data rate services [Luoll], being given a higher relevance to data traffic. The first
UMTS release, Release 99 (R99), also named as Wideband Code Division Multiple Access
(WCDMA), started to be deployed during 2002, with theoretical data rates up to 2 Mbps. Then, during
2005 and 2007, High Speed Downlink Packet Access (HSDPA), Release 5, and High Speed Uplink
Packet Access (HSUPA), Release 6, started to be deployed, being the Downlink (DL) and Uplink (UL)
standards that comprise High Speed Packet Access (HSPA), offering throughputs up to 14 Mbps. The
latest version, Release 7, which is the HSPA evolution (HSPA+), started its deployments during 2009,
providing throughputs up to 48 Mbps [HoTo11].

The Fourth Generation (4G), corresponding to the Long Term Evolution (LTE), had its first release,
Release 8, being deployed in commercial networks in 2010. This technology is only dedicated to data,
having a flat and full-PS architecture, and high performance targets, such as low latency, high spectral
efficiency and high peak user throughput, which can reach up to 300 Mbps in DL, and 75 Mbps in UL
[HoToll]. These targets will overcome the increase of data traffic demand, supporting a wider variety
of services (multiservice) and applications, and reduce costs, as mobile operatorsérevenue does not
follow traffic evolution. In 2010, LTE Release 10 was approved, which includes new capabilities, such
as Carrier Aggregation (CA), reaching up to 1 Gbps, the target value of the International Mobile
Telecommunications (IMT) i Advanced. The schedule of the 3GPP standards and their commercial
deployment, as well as the maximum theoretical throughput values for each technology, previously

described, are presented in Figure 1.1 and Figure 1.2, respectively.

The technologies evolution is related to the increasing demand in terms of traffic and capacity. The
number of mobile subscriptions has impact on the traffic that is put in the network, and, according to

[Eric13], it is predicted that, by the end of 2018, it will reach 9.1 billion subscriptions. Today, the




majority of mobile phone subscriptions are for basic phones. However, mobile broadband
subscriptions are expected to be 7 billion in 2018, where smartphones (devices with a wide range of
applications, most of them making use of data traffic, representing the majority of the mobile
broadband devices) are expected to have a greater impact in the future; it is predicted that the number
of smartphones subscriptions will be 4.5 billion in 2018, with 850 million corresponding to Personal

Computers (PCs), tablets and mobile routers, as depicted in Figure 1.3.
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Figure 1.1. Schedule of the 3GPP standards and their commercial deployment (adapted from
[HoTol11)).
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Figure 1.2. Peak data rate evolution of the 3GPP standards (extracted from [HoTo11]).

Traffic is influenced by the rapid increase of smartphone subscriptions, especially data traffic, as, over
time, the trend is that more advanced services emerge leading to greater demands. The overall mobile
data traffic is expected to continue the trend of doubling each year, presenting a growth of
approximately 12 times between 2012 and 2018. Figure 1.4 shows this evolution, with a comparison
between data traffic due to mobile phones and due to PCs, tablets and mobile routers, as well as the
trend of voice traffic, which is constant compared to the increase of data traffic, which is much higher.
In addition, the application that will have the fastest growing in mobile data traffic is video, driven by
the growth in the amount of available content, as well as due to the higher throughputs provided by
LTE and HSPA.

As the demands in terms of traffic and capacity increase, LTE needs to be widely deployed in order to

satisfy them, being predictedt hat LTE wi | | cover approximately

60 %

of



include the deployment of heterogeneous networks, in order to provide users with a higher data
throughput, as well as quality of service, which comprises several types of cells with various sizes,
leading to the existence of heterogeneous networks.
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Figure 1.3. Mobile devices with cellular connection, from 2009 to 2018 (extracted from [Eric13]).
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Figure 1.4. Global data and voice mobile traffic, from 2010 to 2018 (extracted from [Eric13]).

1.2 Motivation and Contents

The implementation of LTE, considering the data traffic demands previously described, has impact in
many aspects, hamely on the electromagnetic field existing in public areas, as LTE is working in
conjunction with the other systems that were already implemented. This introduction of more systems
in the network can have impact in the general publ i c 8 s r i sdn the expesee toi on

electromagnetic fields. The increase of the number of BS installations, which are needed to provide




more capacity, especially the BSs corresponding to small cells, which are closer to the general public,
might be related to this perception, causing some concerns in the general public. The increase of the
subscriptions can also lead to the increase of the concerns about the exposure related to the use of
the mobile equipment. Hence, multiple exposure needs to be evaluated, considering LTE coexisting
with other systems, in order to assess its influence and to verify if the joint systems are compliant with
the guidelines defined by the International Commission on Non-lonising Radiation Protection
(ICNIRP).

The main scope of this thesis is to analyse the implementation of LTE-A in a low exposure
perspective, considering the presence of signals from other networks, such as GSM and UMTS, the
legacy systems already operating when LTE was deployed. These objectives are achieved with the
implementation of a model in a simulator, which enables this analysis. The global model accounts for
the exposure in both links, comprising a model for DL, and another for UL. Results are obtained for a
typical urban scenario, varying some parameters to make a proper analysis, and determining the total
exposure parameter, being compared with1 CNI1 RP & s r e f. Moreoveg measur@rheate were

made, in order to obtain exposure values in a real scenario.

The topic of this work is within the Low Electromagnetic Fields Exposure Networks (LEXNET) project
[LEXN13], a research project supported by the European Commission under the Seventh Framework
Programme (FP7), which aims to develop effective mechanisms to reduce, at least, 50% of the public

exposure to electromagnetic fields, without compromising the quality of service.

This thesis provides results about the implementation of LTE, and the impact of its main features
(including LTE-A) in the exposure, considering the coexistence with the mobile communication
systems operating in the bands defined for LTE, and both DL and UL. In the end, the total exposure
parameter is obtained, comprising the contributions of each of the systems, so that the impact of each

analysed configuration can be assessed.

The thesis comprises 5 chapters, including the present one, followed by a set of annexes. Chapter 2
presents the fundamental concepts of LTE, describing its network architecture and radio interface,
followed by a description regarding the type of services and applications. Then, basic aspects about
the most relevant systems coexisting with LTE are presented, concluding with an overview of the

exposure requirements and the most relevant works done in the scope of LTE exposure.

Chapter 3 describes the adopted models, being presented in the beginning of the chapter. Afterwards,
an overview of the simulator is given, detailing its input and output parameters, followed by the
specification of the algorithms, and finishing with its assessment, where some test cases are done, in

order to validate the implemented model.

Chapter 4 begins with the description of the scenarios under analysis. Then, it presents the procedure
of the measurements and the analysis of the obtained results. Afterwards, the results concerning the
simulations are presented, as well as their analysis, beginning with the reference scenario and, then,
analysing the influence of the variation of each chosen parameter. At the end of the chapter, a

comparison between measurement and simulation results is done.




Chapter 5 finalises this thesis, presenting the main conclusions and addressing future work.

A set of annexes is presented in the end of the thesis, providing additional information. Annex A
concerns LTE frequency bands; Annex B presents the list of the systems operating within the bands
defined for LTE; Annex C gives a detailed description of the link budget, followed by measurement
data, which are presented in Annex D. Some additional results obtained in simulations are shown in

Annex E, with Annex F having additional results regarding measurements, where a complementary

analysis is done.




Chapter 2

Fundamental Concepts

This chapter provides a general view of the fundamental concepts in LTE/LTE-A, focusing on the
aspects directly related to the purpose of this thesis. Firstly, a description of the LTE/LTE-A network
architecture is done. Secondly, radio interface aspects are introduced, followed by an approach on
services and applications. Thirdly, the coexistence of LTE with the most relevant systems of this work

is also referred and, finally, relevant studies that assess LTE exposure are mentioned.




2.1 Network Architecture

In this section, the LTE and LTE-A network architecture is presented, based on [HoToll] and
[SeTB11]. LTE and LTE-A have the same network architecture, as the improvements to the latter were
not made in this domain. The network has an evolved architecture, in order to follow the evolution in
the radio interface and taking some targets into account, such as system optimisation for PS services
and performance improvement. So, as a result of the 3GPP System Architecture Evolution (SAE), one
has a flat architecture, through the reduction of the network elements, being simpler than the existing
ones for 3GPP and other cellular systems, and improving network scalability and end-to-end latency.
User Equipment (UE), Evolved-Universal Terrestrial Radio Access Network (E-UTRAN), Evolved
Packet Core (EPC) and Services are the four high level domains of the LTE network architecture,
where the E-UTRAN and EPC correspond to the radio access and core networks, respectively. These
domains are represented in Figure 2.1, where the network architecture is shown considering only E-

UTRAN as the radio access network.
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Figure 2.1. Network Architecture for an E-UTRAN only network (adapted from [HoTo11]).

As shown in Figure 2.1, the Evolved Packet System (EPS) comprises the UE, the E-UTRAN and the
EPC, providing Internet Protocol (IP) connectivity between the UE and the Packet Data Network
(PDN), whose architecture remains the same, since the new architectural developments are made in
the E-UTRAN and in the EPC.

The UE provides the interface to the end-user, being a platform for communication applications. This

equipment can be a handheld device, such as a mobile phone, a tablet, or a data card to connect to a




computer. It communicates with the network in order to establish, maintain and remove a link,

including mobility management functions, as handover and terminal location report. UE is the logical

designation of UMTS or LTE equipment, Mobile Terminal (MT) being the generic designation.

Concerning the LTE radio access network, E-UTRAN is composed of a mesh of evolved NodeBs

(eNodeBs), connected through the X2 interface, and provides connectivity to the EPC. An eNodeB is a

Base Station (BS), responsible for all radio functionalities:

il

Ciphering/deciphering User Plane (UP) data, for security purposes when transmitting data
through the radio interface;

Header compression/decompression, which allows an efficient use of the radio interface,
through the compression of IP packet headers, avoiding repeatedly sending the same data in
IP headers;

Radio Resource Management (RRM), which controls the radio interface usage, including
resources allocation based on requests, prioritisation and schedule of traffic according to
required Quality of Service (QoS), as well as constant monitoring of the resource usage
situation;

Mobility Management (MM), that controls and analyses the radio signal level measurements
made by the UE, also doing similar measurements and taking decisions according to these to
handover between cells, which includes exchanging handover signalling between other
eNodeBs and the Mobility Management Entity (MME).

The EPC, the core network of the EPS, is responsible for the overall control of the UE and for the

bearersd6 e st a b,lbéirg la totally packed-based network with no direct connectivity to traditional
CS networks. Unlike the E-UTRAN, where the eNodeB is the single node, the EPC has several kinds

of nodes, Figure 2.1:

f

Mobility Management Entity, the main control element in the EPC, which operates only in the
Control Plane (CP), processing the signalling between the UE and the EPC. It supports
functions related to bearer and connection management, and also to the inter-working with
other networks, for example, legacy networks;

Serving-Gateway (S-GW), having as high level function the UP tunnel management and
switching, acting as a local mobility anchor during mobility between eNodeBs;

PDN-Gateway (P-GW), which is the edge router between the EPS and other external PDNs
making the IP allocation to the UE, so that it can communicate with other IP hosts in external
networks, QoS enforcement and flow-based charging;

Policy and Charging Resource Function (PCRF), the network element responsible for policy
and charging control, making decisions in how to handle the services in terms of QoS and
providing information to the Policy Control Enforcement Function (PCEF), which resides in the
P-GW, in order to set up the appropriate bearers and policing;

Home Subscription Service (HSS), which is a data base server containing all the user
permanent data, such as the subscriber profile and whether roaming to a particular visited

network is allowed or not.




2.2 Radio Interface

This section is mainly based on [HoTol1] and [Agil09], and approaches the fundamental aspects of
LTE radio interface, including the assigned frequency bands, multiple access techniques, frame
structure, Multiple Input Multiple Output (MIMO), and finishing with the main features of LTE-A.

According to 3GPP Release 11 [3GPP13b], Evolved-Universal Terrestrial Radio Access (E-UTRA) is
defined to operate in 39 frequency bands, distributed by the two duplex schemes used in LTE: the
Frequency Division Duplex (FDD), which separates DL from UL in the frequency domain, and the
Time Division Duplex (TDD), that alternates the transmission direction in the time domain. Thus, 27
frequency bands are assigned to FDD (paired bands), and 12 to TDD (unpaired bands), wherein in
Europe, the main frequency bands correspond to 800, 900, 1800, 2100 and 2600 MHz. In Portugal,
the National Communications Authority (ANACOM) auctioned the bands of 450, 800, 900, 1800, 2100
and 2600 MHz, with the Portuguese operators adopting the 800, 1800 and 2600 MHz for LTE
[ANAC13]. These frequency bands, as well as the frequency usagei n di f f egregios, amdor | d 6

also the Portuguese auction results, are presented in more detail in Annex A.

Concerning the multiple access techniques, LTE uses Orthogonal Frequency Division Multiple Access
(OFDMA) in DL and Single Carrier-Frequency Division Multiple Access (SC-FDMA) in UL, providing
orthogonality between the users, reducing the interference, and improving the network capacity. With
the basic principle of Frequency Division Multiple Access (FDMA), which is applied both in OFDMA
and SC-FDMA, one has different users using different carriers or sub-carriers to access the same

system, having their data modulated around a different centre frequency.

OFDMA is a variant of Orthogonal Frequency Division Multiplexing (OFDM), a digital multi-carrier
modulation scheme, whose principle is to have orthogonality among sub-carriers, so that they do not
interfere with each other, even if they overlap in the frequency domain. This is achieved by selecting
the centre frequencies for the sub-carriers, in order to have a difference in frequency domain, such
that the neighbouring sub-carriers have zero value at the sampling instant of the desired sub-carrier.
The allocation of sub-carriers is done in groups of 12, spaced by 15 kHz, corresponding to a Resource
Block (RB). These are modulated with Quadrature Phase Shift Keying (QPSK) or Quadrature
Amplitude Modulation (QAM), and transmitted in parallel. Cyclic extension is used to avoid inter-
symbol interference, which means that, in the time domain, instead of having a break in the
transmission, a cyclic prefix is added by copying part of the symbol at the end, and attaching it to the
beginning of the symbol, being designed so that it exceeds the delay spread in the radio channel.
There are also reference symbols, used by the receiver, to facilitate the channel estimation when the
sub-carriers experience frequency dependent phase and amplitude changes, due to the radio channel.
OFDMA allows subsets of sub-carriers to be dynamically allocated among the different users, being

considered a multi-carrier scheme, sending several symbols at a time.

In spite of having spectral efficiency as major advantage, the OFDMA scheme has a main challenge
related to the high Peak to Average Ratio (PAR) of the transmitted signal, due to the existence of

multiple sinusoidal waves with different frequencies in the time domain, which corresponds to parallel
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sub-carriers in the frequency domain. As a consequence, the signal envelope varies strongly, an
amplifier with additional back-off being required to operate in the linear area, leading to a reduced
power amplifier efficiency or a smaller output power. This causes either range shortening, or higher
power consumption when the mean output power is maintained, which is a problem for mobile
devices. Hence, OFDMA is not the appropriate multiple access scheme for UL, where UES6 power

consumption is quite relevant, being used only in DL.

SC-FDMA, the multiple access scheme used in UL, combines many of the flexible aspects of OFDMA
with the low PAR techniques of a single carrier system [Agil09], in order to optimise the range and the
power consumption. Thus, unlike OFDMA, SC-FDMA is a single carrier scheme that only sends each
symbol at a time, similarly to Time Division Multiple Access (TDMA), which leads to a faster symbol
rate in the time domain, so cyclic prefix is used between a block of symbols, instead after each
symbol. According to carrier allocation, SC-FDMA requires allocation across a contiguous block of
spectrum, which decreases the scheduling flexibility verified in OFDMA, where the carrier allocation is
non-contiguous. The maximum allocated bandwidth can be up to 20 MHz, but other bands are
specified at 1.4, 3, 5, 10 and 15 MHz [Agil11]. The differences in carrier allocation between SC-FDMA
and OFDMA are illustrated in Figure 2.2.

Up to 20 MHz

Uplink . SC-FDMA

User1 User2 User 3

Downlink . OFDMA

>

Frequency

Figure 2.2. Carrier allocation in SC-FDMA and OFDMA (adapted from [HoTo11]).

In order to have a better comprehension of the main differences between the two schemes, Figure 2.3
presents an example comparing OFDMA and SC-FDMA. Although LTE signals are allocated in units
of 12 sub-carriers, for simplicity only 4 sub-carriers are considered, as the principle is the same.
Basically, as shown in the left side of Figure 2.3, in OFDMA, each symbol, represented by a colour,
modulates a sub-carrier and the 4 sub-carriers are transmitter in parallel, in the frequency domain. In
this case, the sub-carriers are contiguous, but could be non-contiguous, as it is OFDMA. After sending
the first 4 symbols in parallel, which takes an OFDMA symbol period (66.7 us), the cyclic prefix is
added, and the transmission of the next 4 symbols is done in the same way, taking into account that

each symbol can modulate different sub-carriers at different symbol periods.
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Figure 2.3. Comparison between the transmission in OFDMA and SC-FDMA (adapted from [Agil09]).

In SC-FDMA, shown in the right side of Figure 2.3, the main difference from OFDMA is the
transmission of the 4 symbols in series at 4 times the rate, i.e., each symbol is transmitted at a time

(single carrier), represented by one wide signal wi t h -sfyanblol sd6 corresponding to
modulated in a single carrier. This single carrier occupies the bandwidth corresponding to the number

of assigned sub-carriers, which corresponds to 180 kHz in LTE if one has 12 sub-carriers.

Regarding the frame structure, two types of frames are defined for LTE: Frame Structure Type 1
(FST1), for FDD, and Frame Structure Type 2 (FST2), for TDD. As FDD is predominant, only the FST1
is described, shown in Figure 2.4, where each radio frame is 10 ms long, consisting of 10 sub-frames.
Each sub-frame has two slots, each one corresponding to an RB, the smallest unit that can be
scheduled for transmission, occupying 0.5 ms in the time domain and 180 kHz in the frequency
domain. It corresponds to 12 sub-carriers spaced by 15 kHz and can contain six or seven symbols,
whether the cyclic prefix is extended or short (normal), respectively. The sub-carrier spacing of
7.5kHz is also supported in DL, used for Multicast/Broadcast over Single Frequency Network
(MBSFN). Each RB comprises a smaller unit, the Resource Element (RE), which consists of one
sub-carrier for a duration of one OFDM symbol. The allocation is made in frequency and time domain

with 180 kHz and 1 ms resolution, although an RB corresponds to 0.5 ms.

User and system information are carried by physical channels. In LTE, one has six channels for DL
and three for UL. In DL, the Physical Broadcast Channel (PBCH) carries system information needed to
access the system, such as cell ds bandwidth. Al user
carried on the PBCH, and paging messages are carried on the Physical Downlink Shared Channel
(PDSCH), while the Physical Multicast Channel (PMCH) carries the data for Multimedia Broadcast and
Multicast Services (MBMS) [SeTB11]. Control information is carried by the Physical Control Format
Indicator Channel (PCFICH), the Physical Hybrid Automatic Repeat Request (ARQ) Indicator Channel
(PHICH), and by the Physical Downlink Control Channel (PDCCH). In UL, the Physical Random
Access Channel (PRACH) is used for carrying random access information; the Physical Uplink Shared
Channel (PUSCH) carries UL data, and the Physical Uplink Control Channel (PUCCH) carries control
information, as the PDCCH does for DL.

12
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Figure 2.4. LTE FDD frame structure (adapted from [SeTB11]).

One of the main features introduced with LTE is MIMO operation, which requires two or more
transmitters and two or more receivers, in order to reach performance improvements, such as high
peak data rates. For a system to fully exploit as MIMO, it must have at least as many receivers as
transmit streams. MIMO operation includes spatial multiplexing, pre-coding and transmit diversity. The
principle of spatial multiplexing is to send signals from two or more different antennas with different
data streams and process them in the receiver, separating the data streams, which increases the peak
data rates by a factor of 2, with 2x2 antenna configuration, or 4, with a 4x4 configuration. Pre-coding
weights the signals to be transmitted from different antennas to maximise the received Signal-to-Noise
Ratio (SNR), and transmit diversity sends the same signal from multiple antennas. In MIMO operation,
the transmissions from each antenna must be uniquely identifiable, so that each receiver can
determine which combinations of transmissions it receives, which is done with reference symbols,

each one used by a single transmit antenna.

Concerning power levels, in LTE, for both BS and UE there are maximum values defined. For the UE,
a power class (power class 3) is defined for all operating bands, corresponding to a maximum output

power of 23 dBm, the power that is fed to the transmitting antenna, with a tolerance of +2 dB
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[3GPP13b]. On the other hand, for the BS, a value for the maximum output power in a macro-cell is
not defined, but typical values range in [43, 48] dBm [HoTo11]. Power control is only specified for UL,
wherein the transmitted power is adjusted to the necessary level for maintaining a good quality of the
received signal, increasing the UEOG6s battery
cells [Moli11]. The values specified for the maximum output power, concerning extreme conditions,
are presented in Table 2.1, which should remain within +2.5 dB [3GPP13c].

Table 2.1. LTE BS maximum output power (adapted from [3GPP13c] and [Corr13]).

Maximum Output Power [dBm]
BS o
(Extreme conditions)

Macro-Cell -
Micro-Cell [35.5, 40.5]
Pico-Cell [21.5, 26.5]
1 transmit antenna port [17.5, 22.5]
2 transmit antenna ports [14.5, 19.5]

Femto-Cell -

4 transmit antenna ports [11.5, 16.5]
8 transmit antenna ports [8.5, 13.5]

The power radiated by the antenna depends on the power fed to it and its gain. In DL, the radiated
power also depends on the losses in the cable that connects the transmitter to the BS antenna;
whereas in UL, it depends on whether voice or data is being used, as one needs to take into account
the losses due to the user. Typically, for voice services, these losses are higher than for data [Corrl3],
which is related to mobile devi ceds posi t ieg forvaideetime MT is hamdled near the
head, which highly contributes for the losses, whereas, for data services, the device is in a most

favourable position in the signal propagation viewpoint, as it is not close to the head.

LTE-A emerges with some improvements with respect to LTE, in order to meet IMT-Advanced
requirements, such as the support of 100 Mbps and 1 Gbps for high and low mobility cases,
respectively, as well as the interworking with other technologies, and the provision of high-quality
services. The main features introduced in Release 10 LTE-A include: Carrier Aggregation (CA) up to a
total band of 40 MHz, with a potential to be up to 100 MHz; MIMO evolution to 8x8 in DL and 4x4 in
UL, with the introduction of more antennas; relay nodes, to provide simple transmission solution; and
heterogeneous networks, to optimise the interworking between cell layers, including macro-, micro-,
pico- and femto-cells. These features, summarised in Figure 2.5, are designed taking into account the
backwards compatibility, so that LTE-A can be considered as a ftoolbox of featureso that can be
flexibly implemented on the top of LTE Release 8/9.

The extension of the maximum bandwidth is possible due to the use of CA, a key component of
LTE-A, which aggregates multiple LTE Release 8/9 carriers, keeping backwards compatibility, can be
used for both FDD and TDD modes. Each carrier that can be aggregated is named component carrier;
five component carriers is the maximum that can be aggregated, leading to the maximum bandwidth

of 100 MHz, considering the larger possible carrier bandwidth (20 MHz).
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Figure 2.5. LTE-A main features (adapted from [HoTo11]).

There are two main types of CA, namely intra- and inter-bands, depicted in Figure 2.6. In intra-band
CA, the component carriersdaggregation is done within a frequency band and can be contiguous or
non-contiguous. On the other hand, in inter-band CA, the component carriers belong to different
frequency bands (non-contiguous) [Wann12], being more easily used in DL, as in most cases each
operator does not have more than 20 MHz in a given frequency band. In UL, carrier aggregation is not
SO attractive, as it requires the use of two transmitters simultaneously, being more challenging than

having two receivers simultaneously.
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Figure 2.6. Types of CA (adapted from [Wann12]).

Concerning the improvements in MIMO configurations, LTE-A supports DL transmission with up to 8
transmit antennas, which, together with 8 receivers at the UE, corresponds to the 8x8 configuration. In
UL, the UE is dimensioned to support up to four transmitters, the physical space required for the
antennas being the main issue, leading to the 4x4 configuration in UL when combined with four
eNodeB receivers [Agil1l]. These enhancements allow the increase of peak data rates and spectral

efficiency, but they also increase radiated power of the BS, due to the introduction of more antennas.

Another new component introduced in LTE-A is relaying, which is a method of improving coverage in
difficult conditions. The main use cases for relays are to improve urban and indoor throughput, to add
dead zone coverage, or to extend coverage in rural areas. This is made by a Relay Node (RN), which
basically acts as a repeater: it receives, amplifies and retransmits DL and UL signals [Agill1]. It is

connected to a Donor eNodeB (DeNB), which takes care of the data connection towards the core




network. Compared to the eNodeBs implemented in macro-cells (macro-eNodeBs), the RNs have
lower transmit power, and the backhaul is done wirelessly, so that its deployment is easier, enabling
the implementation of LTE in places where it is hard to get a wired line backhaul.

Finally, with the increase of the data traffic and the number of subscriptions, there is the need for
capacity enhancement, which, in densely populated areas, can be achieved with smaller cells, from
macro- to micro- and pico-cells, and, in some cases, even to femto-cells. Thus, as there are several
types of cells being used in the same network, the network is considered a heterogeneous one, which,
for the aforementioned reasons, has to be considered in the deployment of LTE-A. Figure 2.7 shows

an example of a heterogeneous network.
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Figure 2.7. Heterogeneous network (extracted from [HoTo11]).

2.3 Services and Applications

The type of the MT usage depends on the services and applications, being useful for the assessment
of the exposure, as the user can handle the MT near the head (e.g., voice) or in different positions
further from it (e.g., data). Data services have, nowadays, the main role in mobile communications,
due to the latest generations of mobile systems, with other services being supplied beyond the ones
supplied by previous generations [Corrl3], so that several data applications providing contents to the

users exist, motivated by the wide diversity of multi-service MTs, such as tablets and smartphones.

According to these developments, an MT can run a variety of applications, each one having different
QoS requirements, leading to the need of creating classes of services, i.e., grouping services into
classes according to their characteristics [Corrl3]. In 3GPP specifications, four different UMTS QoS
classes are defined: conversational, streaming, interactive, and background. The main distinguishing
factor between them is the delay sensitiveness: the conversational class is the most sensitive to delay,
in opposite to the background one, which is the less sensitive. Due to the high delay requirements,
conversational and streaming classes are mainly meant to be used to carry real time data flows, while
interactive and background classes are intended to be used by traditional internet applications, as

these have lower delay requirements [3GPP12].
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The conversational class is the only one where the required characteristics are strictly given by human
perception, being characterised by low end-to-end delay and symmetric, or nearly symmetric, traffic
between UL and DL in person-to-person communications, being applied to video and audio
conversation. The streaming class is applied when the user is consuming real time video (or audio),
requiring bandwidth like conversational class, but more flexibly concerning the delay, tolerating some
delay variations. The interactive class has to do with services where the end-user interacts with the
remote equipment, requesting data and expecting the response within a certain time, such as in web
browsing. In the background class, the end-user sends and receives data in the background, where it
is assumed that the destination is not expecting the data within a certain time, e.g., the background
delivery of e-mails and SMSs [3GPP12] and [HoTo0O4]. These QoS classes, as well as the main
attributes associated to them, are summarised in Table 2.2, being available in more detail in
[3GPP12].

Table 2.2. UMTS Class of Services (adapted from [Corrl3] and [3GPP12]).

Service Class Conversational Streaming Interactive Background
Real Time Yes Yes No No
Symmetric Yes No No No
Switching CS CS PS PS

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

Example Voice Video Streaming Web Browsing E-mail, SMS

The need for support of these multiple QoS requirements by the EPS leads to the definition of different

bearers, each one being associated with a QoS [SeTB11].

An EPS bearer, or simply bearer, identifies packet flows that receive common QoS treatment, i.e., all
the packet flows corresponding to the same bearer have the same treatment [Ekst09]. Bearers can be
classified into two categories, based on the nature of the QoS they provide: Guaranteed Bit Rate
(GBR) bearers, which have an associated GBR value with a permanent allocation of transmission
resources when the bearer is established/modified; and non-GBR bearers, which do not guarantee
any particular bit rate, so the services using this type of bearers, like web browsing or File Transfer
Protocol (FTP), must be prepared to experience congestion-related packet loss, i.e., packet losses
caused by overflowing offers, which do not occur in GBR bearers if the associated GBR QoS

parameter is satisfied, adequate for services like Voice over IP (VoIP) [SeTB11] and [Ekst09].

In the specifications, a limited set of QoS parameters are included [SeTB11] and [HoTol1]:
1 QoS Class Identifier (QCI), an index that identifies a set of logically configured values for
priority, delay and loss rate, which is signalled instead of the values of these parameters. For
the two bearer categories (GBR and non-GBR), nine QCls are specified for LTE, as shown in

Table 2.3, wherein to each bearer is associated one of these QCls;
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1 Allocation and Retention Priority (ARP), used for admission control, i.e., to decide if the
requested bearer should be established or not in case of radio congestion, and also to indicate
the priority of a bearer related to the others;

Maximum Bit Rate (MBR), identifying the maximum bit rate for the bearer;
Guaranteed Bit Rate (GBR), which specifies the minimum bit rate for the bearer, i.e., the bit
rate that is guaranteed to the bearer;

1 Aggregate Maximum Bit Rate (AMBR), which indicates the total maximum bit rate that a UE
may have for all the bearers in the same PDN connection, as many IP flows may be mapped
to the same bearer. This enables the operators to limit the total amount of bit rate consumed
by a single subscriber [Ekst09].

The specified QCls for LTE are present in Table 2.3, where, for each class, the parame t er s darey al ues
specified: the resource type, which indicates the bearer class associated to them; the priority, used to
specify the priority for the packet scheduling of the radio interface; and the loss rate, that helps to use
appropriate Radio Link Controller (RLC) settings, such as the number of re-transmissions [HoTo11].

Furthermore, some services examples are also indicated for each QCI.

Table 2.3. Specified QCls for LTE (extracted from [3GPP13a]).

Packet | Packet
Resource oo Delay Error .
QCI Type Priority Budget Loss Example Services
[ms] Rate
1 2 100 10 Conversational Voice
2 GBR 4 150 10° Conversational Video (Live Streaming)
3 3 50 107 Real Time Gaming
4 5 300 10°® Non—Conversat|onaI.V|deo (Buffered
Streaming)
5 1 100 10° IP Multimedia Subsystem (IMS) Signalling
Video (Buffered Streaming)
5 Transmission Control Protocol (TCP)-based
6 6 300 10 .
(e.g., www, e-mail, chat, FTP, peer-to-peer
file sharing, progressive video, etc.)
Voice,
7 Non-GBR 7 100 10° Video (Live Streaming)
Interactive Gaming
8 8 Video (Buffered Streaming)
300 10° TCP-based (e.g., www, e-mail, chat, peer-to-
9 9 peer file sharing, progressive video, etc.)
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2.4 Coexistence of LTE with Other Systems

Other systems coexisting with LTE in the same frequency ranges have to be taken into account when
analysing the exposure from the user viewpoint, as all systems contribute to the total power to which
the user is exposed. The most relevant systems are GSM and UMTS, the other cellular systems,

which have some frequency bands in common with LTE.

Concerning GSM, its first version operates in frequencies around 900 MHz (GSM900), in which the
defined frequency ranges are [890, 915] MHz for UL and [935, 960] MHz for DL. For the 1800 MHz
GSM version (GSM1800), the frequency ranges are [1710, 1785] MHz for UL, and [1805, 1880] MHz
for DL. This system employs a combination of FDMA and TDMA, using FDD as duplex scheme.
FDMA divides both DL and UL frequency bands into 200 kHz radio frequency channels, with TDMA
being applied to each of these sub-bands, which are shared by 8 users, each user corresponding to a
576.92 us time slot [Molill].

In what refers to the GSM maximum output power, eight classes are defined for the transmitters, the
maximum output power for macro-cell BS ranging in [34, 58] dBm, whereas for micro-cell it ranges in
[9, 32] dBm; for the MT, or Mobile Station (MS), the logical designation of the MT for GSM, the values
range in [29, 39] dBm [Corrl3], with typical maximum values being 33 dBm (2 W). The detailed values
corresponding to each class are present in Table 2.4. In GSM, power control is used for DL and UL, in
the BS and in the MT, respectively [Corrl3].

Table 2.4. GSM maximum output powers (adapted from [Corrl3]).

Maximum Output Power [dBm]
Power BS MT
Class Macro-Cell Micro-Cell
900 MHz | 1800 MHz | 900 MHz | 1800 MHz | 900 MHz | 1800 MHz
1 [55, 58] [43, 46] 119, 24] 127, 32] 39 30
2 [52, 55] [40, 43[ 114, 19] 122, 27] 37 24
3 [49, 52[ [37, 40[ 19, 14] 117, 22] 33 36
4 [46, 49[ [34, 37 29
5 [43, 46]
6 [40, 43[
7 [37, 40[
8 [34, 37]

UMTS is based on WCDMA, a wideband Direct Sequence-Code Division Multiple Access (DS-CDMA)
system, wherein the user information bits are spread over a wide bandwidth, by multiplying the user
data with quasi-random bit sequences (chips) derived from Code Division Multiple Access (CDMA)
spreading codes, each user having access to an orthogonal code. FDD and TDD are the supported

modes of operation: in FDD, carrier frequencies separated by 5 MHz are used for DL and UL, while in
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TDD only one 5 MHz carrier is shared by DL and UL [HoTo04]. This system works in the 2100 MHz
band and, more specifically, in the case of Europe and most of Asia, FDD mode operates in
[2110, 2170] MHz for DL, and in [1920, 1980] MHz for UL, whereas for TDD there are assigned
frequencies in [1900, 1920] MHz and in [2010, 2025] MHz (which, however, is not operational),
although GSM bands can also be used [HoTo04] and [Corrl3].

There is no upper limit defined for the maximum output power for a macro-cell BS, but, typically, it
varies in [40, 46] dBm [NaDAO6]. For the UE, power is below the maximum level of 33 dBm (power
class 1) [Corr13]. The values defined for the different UE power classes, as well as for the UMTS BS,
relatively to cell types, are presented in Table 2.5, the values for UE having a tolerance of 2 dB for
power class 4 and +1/-3 dB for the others. It is also important to refer that, as in GSM, in UMTS there

is power control in both BS and UE [Corrl3].

Table 2.5. Maximum UMTS output power for BS and UE (adapted from [3GPP09] and [Corr13]).

Maximum Output Power [dBm]
BS UE
Cell Type Power Class
Macro | Micro | Pico | Femto 1 2 3 4
- 38 24 20 33 | 27 | 24 | 21

BS antennas used for transmission can be classified, according to their radiation patterns on the

horizontal plane, as [Corrl3]: omnidirectional (omni), radiating in all directions azimuthally, and sector,

which have directive characteristics, mainly radiating into a specific direction (service area). On the

other hand, MT 6astennas are generally non-directive, having low gains, usually ranging in [0, 2] dBi,

but the best way to model t h e a Nhilfdins radéatioh patternain aflai n i s
directions (isotropic antenna), with the antenna gain of 0 dBi, as mentioned in [NaDAO6].

Typical gain values of BS transmitting antennas in GSM, UMTS and LTE are shown in Table 2.6,
according to the antenna classification, and its operation environment (indoor and outdoor).

Table 2.6. Typical gain values for GSM, UMTS and LTE antennas (adapted from [Antul2], [Kath12],
[Comm13] and [Telc13]).

Gain [dBi]
GSM LTE
Antenna Type UMTS
900 MHz | 1800 MHz 800 MHz | 1800 MHz | 2600 MHz
Omni [2,7] [2,7] [2,7] [2, 7] [2, 7] [2,7]
Indoor
Directional [5, 7] [5, 7] [5, 7] [5, 7] [5, 8] [5, 7]
omni [2, 11] [2,11.8] [2,11.8] [2, 11] [2,11.8] [2, 11]
Outdoor
Directional [5, 22] [5,24.2] | [2.9,24.2] | [2.9,19.3] [5, 21.8] [8, 19.5]

Besides GSM and UMTS, some other systems can operate within the frequency bands assigned for

LTE in Europe, or in between them, i.e., in the frequency range of [800, 2600] MHz, the most relevant
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for the analysis done in this work being Wireless Fidelity (WiFi), which has several versions, most of
them operating in the 2400 MHz band and having a maximum typical Equivalent Isotropic Radiated
Power (EIRP) of 100 mW (20 dBm) [OIMC13].

The other systems operating in the LTE band, such as Bluetooth or Digital Enhanced Cordless
Telecommunications (DECT), the dominant standard for cordless phone systems in Europe [Molil1],
are listed in Annex B.

2.5 Exposure to Radiation

Several parameters can be used to quantify the exposure to electromagnetic radiation, the basic one
being the Specific Absorption Rate (SAR), which is the power dissipated by mass unit, not possible to
measure under normal operating conditions. Practical assessment parameters derived from SAR, also
known as reference parameters, are the electric (O) and the magnetic ('O fields strength, or the power

density (Y of radiated waves, which are easy to measure [Corrl3].

The effects of radiation in human beings can be of three types: thermal, related to the increase of body
temperature, which depends on the period of exposure; non-thermal, where research is still being
conducted, still not existing definitive conclusions on this matter; and psycho-somatic, which are a
consequence of the general public perception of danger of the exposure to radiation, also caused by
the alarm raised by the media [Corrl3].

Different worldwide bodies, like ICNIRP, have established guidelines to limit electromagnetic
exposure, in order to provide protection against adverse health effects. These guidelines need to be
taken into account when assessing the exposure to radiation in public accessible areas, i.e., there are
reference levels that have to be compared with the measured values of physical quantities. If the
measured values comply with the reference levels, the compliance with basic restrictions (SAR) is
ensured; otherwise, a more detailed analysis is necessary to assess compliance. In situations of
simultaneous exposure, and taking into consideration the frequency band under study, the following

requirement for the electric field level should be applied [ICNI98]:

o,
On 7

p (2.1)

where:
1 O: electric field strength at frequency QR

1 Oy: electric field reference level for frequency "Q

A whole-body average SAR of 0.08 W/kg is a restriction that provides adequate protection for general
public exposure. The reference levels for the general public exposure provided by ICNIRP are

presented in Table 2.7, referring to the frequency bands of interest to this work.

There are several works assessing the LTE exposure through in situ measurements, verifying if
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I CNI RP6s r ef er earifie@d some ofdhHers compaeng LTE exposure levels with other
Radiofrequency (RF) sources and concluding about the contribution of each of the systems to the
exposure. Besides the measurements and the experimental results, there are also some methods

described to determine and extrapolate the LTE exposure values.

Table 2.7. ICNIRP reference levels for general public exposure (adapted from [ICNI98]).

BMHZ] FIV/m] 7 [A/m] { (wim?]
[400, 2 000] 1.375°Q7 0.0037°Q7 @200
[2 000, 300 000] 61 0.16 10

In [JVGV10], in situ electromagnetic field exposure of the general public to fields from LTE BSs is
assessed, where the authors compare the exposure contribution due to different RF sources with the
LTE exposure at 30 randomly selected measurement locations, in the urban environment of
Stockholm, Sweden. The electromagnetic field measurements were made in [80, 6000] MHz, being
verified that the total exposure satisfies ICNIRP reference levels in all locations, with electric field
values ranging in [0.2, 2.6] V/Im. For LTE, the measured exposure levels go up to 0.8 V/m, with an
average and maximum contributions of its signal to the total RF exposure of 4.1% and 23.2%,
respectively. It is also concluded that, in general, the RF exposure in Stockholm is dominated by GSM
and UMTS (HSPA).

A similar assessment is made in [JVGV12a], where in situ exposure of different RF sources is
characterised, also comparing LTE electric field levels with other RF sources, and proposing an
extrapolation method to estimate the worst case LTE exposure, based on the measurement of the
Reference Signal (RS) and of the Secondary Synchronisation Signal (SSS). The measurements were
made in the same frequency range, at 40 locations in an urban environment of Reading, United
Kingdom, the results showing that ICNIRP reference levels are satisfied, wherein the maximum total
electric field is 4.5 V/m, dominated by Frequency Modulation (FM) radio systems at 55% of the
measurement locations. Concerning LTE, its signal has a contribution to the total exposure of 0.4%
(average) and 4.9% (maximal), and average and maximal exposure values of 0.2 V/m and 0.5 V/m,
respectively. Applying the extrapolation method, the maximal extrapolated field value equals 1.9 V/m,

being 32 times below ICNIRP reference levels for electric fields.

The assessment of the RF exposure due to emerging mobile communications systems made in
[JVGV12b] is analogous to the previous ones, with 311 measurement locations spread over Belgium,
Netherlands and Sweden, selected to characterise different types of environments, with LTE
measurements only being made in Sweden, corresponding to the 30 locations referred in [JVGV10].
The obtained results show that the maximum total electric field equals 3.9 V/Im, measured in a
residential environment, being mainly due to GSM900 signals. It is also observed that exposure is the
highest in urban environments and the lowest in rural ones, with the technologies that dominate
outdoor and indoor exposures being GSM900 and DECT, respectively. Concerning their contributions
to the total electric field, GSM900 has the higher contribution, 60%, UMTS (HSPA) has an average

contribution of more than 3%, except for rural environments, and WiMAX and LTE have a contribution
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of less than 1%, on average, which is explained by the wider deployment of GSM900 comparing to

emerging technologies.

Concerning the methods for the evaluation of exposure values through measurements, the authors in
[PyMul2] propose two different methods for LTE BS field measurements: code and frequency
selectivities. The code selective method is based on the determination of the radiated field produced
by the RS of the DL signal, while the frequency one is based on the power of the Primary
Synchronisation Signal (PSS) and of SSS. These values are used to determine the extrapolated
electric field strength, so that one can obtain the appreciation value and assess the compliance or
non-compliance of an installation with the reference levels. With the code selective method, it is
possible to assess both compliance or non-compliance, being considered as the reference method,
while the frequency selective is considered as an approximate method, as only the compliance of an

installation can be shown, due to the overestimating of the extrapolated field strength.

A distinct approach is presented in [BoScl1], where a measurement campaign on LTE exposure was
performed at 77 measurement points, in five German cities, using a method that consists of
determining the highest signal amplitude produced by one of the synchronisation signals, or by the
PBCH, and multiply the exposure value by an extrapolation factor. The values obtained for the
extrapolated exposure range in [0.001, 7.5] V/m, the median being 0.2 V/m, very low values regarding
ICNIRP reference levels. A similar approach is proposed in [VIJGV12], as it focuses on the
measurement of PBCH, enabling the use of a basic spectrum analyser instead of expensive dedicated
LTE decoders. This is validated both in lab and in situ, for a Single Input Single Output (SISO) LTE
system, as well as for a MIMO 2x2 one, showing low deviations from the signals measured using

dedicated LTE decoders. The same approach is also presented in [FeGW11].

Finally, concerning the exposure due to LTE terminals, [ShGD12] presents a simulation model of an
LTE UE terminal with MIMO antenna, used to evaluate the corresponding SAR, and to make a
comparison with other systems. From the simulation and the measurement results, it can be seen that
LTE terminals with MIMO antennas can produce more electromagnetic radiation, leading to the
highest SAR value. It is also concluded that some effective methods for antenna design to reduce
SAR should be proposed, something that is made in [Tang12] with the introduction of some SAR
reduced solutions for LTE UE antennas. Another related study is [ZZYB12], where the SAR of different
LTE MIMO antennas designs is investigated.
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Chapter 3

Model Development and

Implementation

In this chapter, the description of the model is firstly presented, detailing the theoretical aspects taken
into account. Then, an overview of the simulator is done, where its main components are described,
followed by the description of the algorithms implemented on the simulator. Finally, an assessment of

the simulator is done, including some test cases, in order to validate it.
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3.1 Model Description

This section describes the models used for the theoretical calculation of exposure values, given by
power density, in order to assess the LTE contribution, and presents an overview of the implemented

simulator, its algorithms and an assessment to evaluate it.

3.1.1 DL Model for Outdoor Exposure

The exposure regarding DL has to do with the power radiated by the BS (or BSs) that reaches the
user. Depending on the distance that the user is from the BS, the electromagnetic fields have different
behaviours, so that three regions are identified: the reactive near-field, the radiating near-field and the
far-field [SeBC12]. As, in this case, it is only relevant to distinguish between the near- and far-field, the
reactive and radiating near-field regions are simply considered as near-field, so that the distance from
which far-field region is verified is given by [SeBC12]:

cO

i (3.1)

where:
1 i:distance from the radiating element to the point of investigation;
1 'O largest dimension of the antenna;

1 1:wavelength.

The typical values for the largest dimension of the antennas used in mobile communication systems
are presented in Table 3.1, as well as the values for the minimum far-field distances, where a worst

case perspective is taken into account, i.e., considering the highest frequency in each band [SeBC12].

Table3.1.Typi cal val ues f or a fatfieldhdis@areds (adaptaterons [SeBG12]). a n d

GSM LTE WiFi
UMTS
900 MHz | 1800 MHz 800 MHz | 1800 MHz | 2600 MHz | 2400 MHz
Largest
dimension 2.6 2.6 2.6 0.26
of the
antenna [m]
Minimum
far-field 43.26 84.73 97.80 38.85 84.73 121.23 2.58
distance [m]

The influence of the environment is considered, taken as the reflections on the surrounding buildings,
or on the ground. The assumptions in this model are depicted in Figure 3.1, where the user is in the
centre of a typical urban street, with buildings on the two sides, and a BS antenna on the roof-top of a
building. Due to multipath, several rays reach the user, contributing to DL exposure; hence, besides
the direct ray, two first-order reflected rays are considered: the ray that reflects on the building and

reaches the user, and the one that reflects on the ground before reaching the user.
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Figure 3.1. Typical scenario considered in the model.

In order to obtain the received power at the MT, one can use (3.2), taking the propagation as the
interference between the direct ray and the several possible reflected rays. Therefore, according to
[FiFe03], the general expression for the power available at the receiving antenna is written as:

- 0 oo} i

S L ¢2

where:

f 0 : power available at the receiving antenna;

C2

i : power fed to the transmitting antenna;

I "O: transmitting antenna gain;

1 "O: receiving antenna gain;

1 0 :number of reflected rays (0 ¢ in the case of Figure 3.1);

1 i :length of the reflected ray 'Q

1 "Q transmitting antenna gain in the direction of the reflected ray "‘Qnormalised to the gain in
the direction of the direct ray;

1 :reflection coefficient associated to surface of the reflected ray R

1 "Qpropagation constant;

1 =i : path length difference between the direct ray and reflected ray "Q

Each carrier corresponds to a radio channel, which is assighed according to the spectrum band that a
mobile operator has for the system, as the BS is assumed to correspond to a mobile operator. The
centre frequencies of each of the carriers can be assigned considering the radio channel separation of
the system, as given by [Corr13]:
Q Q ¢3’Q  h & pRtlofB (3.3)
where:

1 "Q :radio channel centre frequency;

1 "Q :minimum of the spectrum band;

1 37Q:radio channel separation.
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For each of the carriers, the maximum transmission power is considered, although DL power control
exists in GSM and UMTS, because one is considering a worst case analysis, so that it is assumed
that, although the user is not requiring the maximum power, there are other users in the cell edge, for
instance, requiring the maximum transmission power, with the user being exposed to that power, as it
is near the BS. More specifically, in GSM, power control controls the time-slot assigned to the user;
the other 7 time-slots corresponding to other users, which are assumed to require the maximum
transmission power. In the case of UMTS, the user has a code assigned, where the total transmission
power is distributed by the codes, assigned to different users. Even if the user is not requiring the
maximum power, the power is distributed for the other users, so that, in this context, the transmission

power is the maximum.

According to (3.2), the received power exhibits a sequence of maximum and minimum values over a
function decreasing with pfi , which corresponds to free space values, being due to the interference
between the several rays. For the first values of i, due to the higher path length difference, the
oscillations of the received power are higher, being much lower for high distances, as the path length
difference decreases with the distance. As presented in [FiFe03], when only two rays are considered,
there is a distance from which the sum of the direct and the reflected rays on the ground depends on
the distance proportionally to pfi , but, when considering also the rays reflected on the building, as
the power associated to each of them decrease with, approximately, pZi , this is the behaviour that

predominates.

Also according to [FiFe03], there is a distance from which the power decreasing rate becomes higher
than pfi , which is much larger than the one when considering only two rays, being due to the
environment obstacles (e.g., cars and trees), which is unavoidable when considering large distances
between the BS and the MT. In the scenario under study, one does not consider any obstacles in the

street, so that this effect is not verified, and the power should decrease according to pfi

If the antenna pattern is considered, the MT received power could increase as the user moves away
from the BS, due to the MT approximation to the maximum of the radiation pattern, where it would
reach a maximum value. Then, it would decrease again. This behaviour is not observed, as one
assumes the typical antenna maximum gain for all links, as the BSs can have different orientations,
and it is not easy to specifically know the orientation of each one, being the worst case design, as this

is an adequate approach when analysing exposure.

Regarding the reflection coefficient used in (3.2), ., it depends on the characteristics of the reflection
surface, namely on the building and ground surfaces. A statistical approach is considered, taking a

Uniform Distribution to describe this parameter, with its value being within [-10, -3] dB [FeAmO03].

The difference in paths between the direct and reflected rays is determined through the expressions
for the three rays taken into account, Figure 3.1, which are valid for the situation where the user is
varying the position and moving away from the BS. To derivate these expressions, such that it is also
applicable for the different user positions, and for the number of BS on the buil di n g staps, a oo f
reference is assumed in the BS of the building of the left, so that one can obtain the coordinates of the

user, and of other possible BSs on the scenario, being useful to obtain the expressions for the lengths
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of the rays. The expressions obtained by the geometry of the scenario are basically composed of a

vertical component (height), and the distance from the MT to the BS in the horizontal plane.

For the length of the direct ray, which gives the distance between the radiating element to the point of

investigation, and based on the geometry presented in Figure 3.2, the expression is the following:

i 00 ) O @ (3.4)

where:
1 "Q: height of BS antenna;
"Q : height of MT antenna;
® : coordinates of the user in the x-axis;

: coordinates of the BS in the x-axis;

= =4 -4 A -2

W
 : coordinates of the user in the y-axis;
W

: coordinates of the BS in the y-axis.

Figure 3.2. Scenariobds geometry for the

On the other hand, the length of the reflected ray on the building can be derived through the geometry

of Figure 3.3, where one makes us eegading thehvertical glame td sbtain the g e

following expression:

i 00 O co ® (3.5)

where:
1 1 :length of the ray reflected on the building;

1 0 : street width.
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Figure 3.3. Scenariobés geometry for the ray reflect

Finally, the third ray, the one reflecting on the ground and whose geometry is depicted in Figure 3.4,

considering the wuser 6s i magtheexpeeksmriggientoy t he hori zont a
i Q Q w w @ (@) (3.6)
where:

1 1 :length of the ray reflected on the ground.

Figure3.4. Sc e nar i o forsthe gag refimatet! onythe ground.

Besides cellular systems, other systems such as WiFi can be taken into account when analysing

exposure. To analyse the received power concerning these systems, the free space propagation
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model is used, as it is the model where the path loss is minimum, and a more accurate model would
be ray tracing, which, due to its complexity, is not considered. Thus, free space corresponds to the

worst case design, with the received power being given by:

. ]

- ‘00 3.7
TAI (3.7)

C

To evaluate the exposure and to compare with the reference levels, one needs to convert the received
power into the reference parameters. In order to assess if the obtained values comply with the
reference ones, one can focus in one of these parameters, which, in this context, is power density,

relating with the received power by the following expression:

5 vy, @ (3.8)

—

1 °Y:received power density;

1 0 :antenna effective area.

Once determined the received power, (3.2), one can get the exposure value in DL, assuming it as the
power density that reaches the MT, with the DL power density being obtained by the following
expression, which comes from (3.8):

v

Yo, -

(3.10)

where:

1 Y : DL power density.

3.1.2 UL Model for Outdoor Exposure

The UL component is relevant in the exposure assessment, as the user is not only exposed to the
power that comes from the BS (DL), but also to the one radiated by the MT. Thus, in UL, one needs to
evaluate the power radiated by the MT that reaches the user, which is in the near-field of the MT

antenna, having power control into account, as all the cellular systems use power control in UL.

The power radiated by the MT is defined to be such that the target received power at the BS is
satisfied, depending on path loss, whose expression is part of the Link Budget, Annex C, being useful

to be rewritten:
0 0 0 O (3.11)
where:

1 0 :pathloss;

f 0 :Effective Isotropic Radiated Power.

As the path is the same in both DL and UL, DL values are considered in the calculation of the path

loss. Also from (3.11), and taking sensitivity calculation into account, which is also included in Annex
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C,theMTés EIRP is determined such that the target

guarantees that the receiver sensitivity is satisfied. Thus, the expression is the following:

0 0 0 "0 0 (3.12)
where:
0 0 0 0 (3.13)

T 0 :ULEIRP;

T 0O : target value for the available power at the receiving antenna;

1 0 :userlosses;

T 0  receiver sensitivity;

1 0 :cable losses between the transmitter and the antenna;

1 0 :safety margin.

The sensitivity values depend on the SNR, which is obtained by its relation with throughput. One
considers the SNR from which the throughput saturates and becomes constant, corresponding to the
maximal throughout and, thus, to the higher SNR (worst case analysis), leading to the values
presented in Annex C. Regarding the safety margin, it is typically used to guarantee that the target
value satisfy the minimum required by the receiver (sensitivity), typically being around 30 dB, in order
to prevent the effects that are not taken into account by reducing the value at the receiver to a value

below the minimum required.

For the situation where the user is moving away from the BS, varying the position along the street, the
value obtained for the MT EIRP also varies, depending on the position of the user related to the BS.
Hence, power control aims to maintain the received signal at the MT constant. Considering power
control such that it adds the necessary power to achieve the target power value, when the user is
moving away from the BS, it implies that the MT EIRP needs to be re-determined at each position,
through (3.12). At each point, the model is applied to obtain the values, but, in practice, the target
received power at the BS remains constant, and only the path loss changes from one position to
another, so that the changes into the radiated power in the UL can be interpreted as follows, which

gives the EIRP corresponding to the position of analysis:

0 i 0 i 30 (3.14)
where:
30 0y 0 i (3.15)

f 0 ;:ULEIRP corresponding to the position 'Q

f 0  :EIRP corresponding to the previous position, Q p;

f 30: power compensation;

1 0 j: path loss regarding the position of analysis 'Q

1 0 :pathloss regarding the previous position, Q p.

From the exposure viewpoint, the power that is relevant to consider in UL is the power that is

absorbed by the user, meaning that the power to which the user is exposed is equivalent to the power
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that the user absorbs, which can be obtained through the user losses. This value is obtained through
the difference between the MT radiated power and the power that is not lost in the user, being given
by the following expression:

0 0 0 p

5 5 U 5 p
= (3.16)

where:

f 0 :power absorbed by the user.
Similarly to DL, one needs to obtain the exposure in UL in terms of the reference parameter. As the
process to accurately obtain this quantity involves the use of numerical tools, which goes beyond of
the scope of this thesis, one assumes that the exposure is the UL power density that is obtained by

dividing the absorbed power by the area of the absorption surface, as given by:

o U
Y 1 (3.17)

where:
1 °Y : UL power density;

1 0 :absorption surface area.

Regarding the determination of the power absorbed by the user, one assumes that the losses due to
the user are according to values available in [PFKP10], where the absorption loss for different
antennas and configurations for both voice and data modes is investigated. It presents the values
obtained by simulation for each mode and for two frequency bands: 900 and 1800 MHz. As one also
needs to account for other frequency bands, the values of user losses can be obtained through the
ones presented in this study, making an extrapolation assuming a linear behaviour of this parameter
over ¢ it 1 °Q . For voice, the maximum value verified in 900 MHz is 11.9 dB, and around 10.1 dB
for 1800 MHz; for data, and assuming the same tendency of the user losses for voice, i.e, higher
values for lower frequencies, one can get values around 4.4 dB for 900 MHz, and around 3.9 dB for
1800 MHz. Having these values, one can obtain the tendency for user losses for voice and data,
which are shown in Figure 3.5.
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Figure 3.5. Linear behaviour of user losses for voice and data modes.

The linear equations corresponding to the user losses for both voice and data, which depend on the
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frequency, and which is represented in Figure 3.5, allow to make the extrapolation for other

frequencies. The expressions are given by:

™ WP wx ouio i Q @& T p @ chwwoxi c e

T8 Yo T YTl Q p& xcoxhrdiayt a

(3.18)

Using (3.18), one obtains the values of user losses for each band, being presented in Table 3.2. One

could apply (3.18) to each systems carriers, but it would give no relevant differences in the values, so

that one gets a value per band, which can be associated to the systems operating in that band.

Table 3.2. User losses values, extrapolated for the frequencies of interest.

Frequency . User Loss [dB]

Band [MHZ] I Voice | Data
800 178.06 12.21 4.48
900 179.08 11.90 4.40
1800 185.11 10.10 3.90
2100 186.44 9.70 3.79
2600 188.30 9.15 3.63

For WiFi, one can use (3.18) to obtain the user losses, considering the frequency of 2400 MHz,

leading to a value of 3.69 dB, being between the values for 2100 and 2600 MHz. One should note that

this is an approximation, as the expressions are obtained taking into account results for cellular MTs.

Depending on the service being used, the losses due to the user are assumed to be in the head, for

voice, or in the torso, for data, as depicted in Figure 3.6, being characterised by the h e a dnidth,

0 ,andthet o r sviolth,® , and height, Q

Whead

(a) Human head

| WtOTSO |

(b) Human torso

Figure 3.6. Body parts taken into account in the UL exposure (adapted from [NASA10]).

For the surfacesof absorpti on,

one

takes t he

| ateral,asar ea

depicted in Figure 3.7, depending on the service. Although these are not the only parts of the body

that absorb the power and contribute to the user losses given in Table 3.2, this assumption is a way to

simplify the assessment, being assumed that these parts also absorb the power corresponding to
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other parts of the body, such as the hand, being an approximation. For the considered areas, having

their dimensions, one can approximate the lateral areat o a c¢ci rcumf erence with the

diameter, Figure 3.7 (a), and assume a square with the sides being the t o r swvimith and height for the

torsobs abskgup3i(n area,

WtOT’SO

Whead |

Whead I

\ 7
Aabs
(a) Head (b) Torso

Figure 3.7. Surfaces of absorption and the corresponding areas (adapted from [NASA10]).

The val ues for t he wi dt h of t he head and tor so, a s

anthropometric dimensional data presented in [NASA10], where minimum and maximum values are
presented for several body parts. The minimum values are taken into account, as they give a lower
area of absorption, |l eading to a higher power
width, one uses 17.3 cm, considered as the diameter of the area of the absorption surface. For the
torso, one takes 32.3 cm for its width and 34.1 cm for its height. Hence, one obtains the area of the

absorption surfaces, which are 0.0235 m? and 0.1101 m? for the head and torso, respectively.

3.1.3 Global Exposure Model

This model takes into account all the relevant systems that operate in [800, 2600] MHz, through the
use of the aforementioned models for DL and UL, which calculate the power density values for the
frequencies of the carriers, corresponding to the systems taken into account. The power density value
for each frequency is useful to assess the compliance with| CNI RP 6 s r e q the exposueerot

fields of different frequencies are summed in their effects, as given by (2.1).

As power density is the reference parameter used in the analysis, the requirement given by (2.1) can
be written in its terms, through the relation between power density and electric field strength, which is

given by [Corrl3]:

Y

(3.19)

where:

1 &: free space impedance.
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The relation given by (3.19) is only valid for far-field region, where the electric and magnetic fields
relate directly through the free space impedance [SeBC12]. As the use of a far-field model in a
near-field region leads to an overestimation of the fields compared to real values [SeBC12], it means
that the use of (3.19) in near-field regions is an approximation, which is the case of the UL values,
where the user is always in the near-field of the MT, and of the DL ones where the user is within the

near-field region of the antenna.

Hence, from (2.1) and (3.19), one gets the requirement that it should be applied for power density,
giving the total exposure, comprising the sum of the signals contribution, being also used to assess
the compliance of the requirements:
v

r W p (3.20)
where:

1 r: total exposure parameter;

1 °Y: power density at frequency Q

T “Yq: power density reference level at frequency 'Q

Using the results of (3.20), it is possible to obtain the contribution of each of the signals (carriers) with
respect to the total exposure. For a given signal, the relative contribution to the total exposure is given
by:

Pp PpPTUHE— (3.21)

where:

1 ?:relative contribution of the signal "Qo the total exposure.

To obtain the contribution of a given system, one should sum the contributions of the signals
corresponding to that system.

There is other parameter that is useful to introduce, the Exposure Ratio (ER), which is useful to
compare the electric field strength and power density levels with the reference ones provided by
ICNIRP. The ER can be referred to the electric field and power density values, being the ratio between
the maximum measured value over 0 locations (points of investigation) and ICNIRP& geference
value. As one is considering power density to evaluate the exposure, only its expression is presented,
being given by [JVGV12a]:
i &@"Yﬁ .
TV 7

(3.22)

I R :exposure ratio referred to power density;
1 0 :number of points of investigation;

1 "Y; : power density at frequency "Qfor the location 'Q
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3.2 Simulator Overview

The simulator aims to evaluate the global exposure and to perform the calculations already described,
being implemented in MATLAB [Math10]. It calculates the values to which the user is exposed,
considering several systems, calculates their contributions to the total exposure, and verifies if the

levels comply with the requirements specified by ICNIRP.

In a general view, the structure of the simulator is comprised of the models that determine DL and UL
exposure values, which are used in the global exposure model. To make the calculations, the scenario
configuration should be done, taking into account the parameters to be varied. Hence, before running
the simulator, the input parameters should be configured, regarding the scenario under analysis. The
configuration of the parameters is done in a MATLAB script, which initialises the variables and runs
the simulator the specified number of times, in order to obtain the mean and standard deviation values
of the statistical parameters. The following parameters can be configured on the simulator, although
some of them can remain the same by default:
1 the systems considered in DL and UL;

the type of service being used (voice or data);

number of BSs on the roof-tops and the configuration over the buildings;

number of Access Points (APs) on the buildingébs fe¢

BSd6s transmi ssi ofaregtlooiteersysiemsd gai n,

receiverso®é noise figure for UMTS and LTE BSs;

1

1

1

1

1

1 safety margin, considered in the target received power at the BS;

1 MIMO configuration in DL and UL (up to 8x8 in DL, and up to 4x4 in UL);

1 signal modulation of the systems being considered;

1 MT gain;

1 losses in the cable between the BS and the receiver;

1 scenario parameters (height of the antennas, height of MT, width of the street and distance of
the user to the reference building);

1 number of simulator runs and the simulation mode: user static, or user varying the position,
including the step and the maximum displacement along the street;

9 the output file name.

Regarding the output of the simulator, it comprises the useful parameters for the analysis, which are
saved in *.txt files, properly identified and distributed in the file, such that they can be used for the
analysis. The parameters are organised by carrier, identifying the system associated to it, and
presenting the values corresponding to the several positions, if the simulation mode concerns the user
varying his position. The parameters presented in the output file are the following:
1 distancef rom t he userés position to his ;initial posit
9 distance between the user and the BSs considered in the scenario (direct ray);
1 indication if the user if in the near- or far-fields of the antenna;
1 BSEIRP;
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DL and UL power densities;

1 power available atthe MT 6 s  ing antering,

T power available at t heusindihéfsee space model (supplementaty)e n n a
1 MT EIRP;

1 BS target power value;

T power available at the BS066s receiving antenna
1 pathloss;

1

1

the total exposure parameter and a verification about compliance with the requirement, as well
as the reference levels for each carrier;

1 contributions to the global exposure by carrier, link direction and system, including ERs.

When a number of several runs is specified, the simulator generates an output file with the mean and
standard deviation values of the statistical parameters.

Figure 3.8 illustrates the overview of the simulator, in terms of the main algorithms involved, as well as
its main functions. After the input parameters being configured, they are loaded into the simulator,
through the initialisation script, which also executes the simulator. The simulator comprises the DL, UL
and the global exposure models: the first one includes the determination of DL exposure, having the
MT received power calculation and the conversion to power density as main functions; the second one
takes the power control in UL into account, determining the values of the MT radiated power and,
consequently, the power density; the third one uses the values obtained by the previous, in order to
obtain the total exposure values, as well as to check if | CN | Réybirements are satisfied, and to
determine the contributions to global exposure. Finally, the simulator generates the output files with
the relevant values for the analysis, corresponding to each run, and another with the mean and

standard deviation of the statistical parameters over the total number of runs.

Simulator

Global Exposure
Model

DL Model UL Model

MT Received Power UL Power Control Total Exposure
Parameters *.txt File with the
Configuration Output Parameters
DL Exposure (Power . ICNIRP&
Density) MIRadated B el Requirement Check

UL Exposure (Power

Density) Contributions

Figure 3.8. Simulator overview.
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3.3 Simulator Algorithms

As already mentioned, DL and UL algorithms perform the main functions in order to get the values that
are used in the global exposure model. These are used in the main structure of the simulator, which
performs the general functions, where the global exposure model is implemented. In this, after all the
parameters are initialised according to the parameters configuration for the simulation, it is checked
which are the active systems in DL, i.e., the systems that are considered to be transmitting in that
direction, and the systems being used in UL; the carriers are assigned to each of the systems,
depending on the number of BSs being considered and the number of carriers per BS, for each
system. For each BS, a set of carriers is assigned, with its own frequency, according to the system, as

one assumes that each BS corresponds to a single operator.

If the simulation mode corresponds to the one where the user is static, the DL and UL models are
applied for each carrier corresponding to the active and used systems, taking the number of BSs in
the scenario into account. In UL, the values are determined only for one carrier, and corresponding to
the reference BS, because the user is assumed to establish the connection only with that BS. For
other systems being considered besides the cellular ones, only DL contributions are determined taking
into account the free space model, as mentioned in Subsection 3.1.1, as one only considers cellular

systems in UL.

When the simulation mode considers the user varying the position, the algorithm is the same as
previously described for static mode, being repeated for each position, i.e., at each position, DL and
UL models are applied in order to determine the exposure at each point, ceasing the DL calculations

when the point corresponding to the maximum displacement over the street is analysed.

Once DL and UL values are obtained foralls y st e ms , | CNI RP&6s r ,edgtermiming
the total exposure given by (3.20), as well as the contributions, which include the relative contributions
of each system to the total exposure, (3.21), and the ERs, (3.22), which are processes corresponding
to the global exposure model. Finally, having all the desired values, the output file is written, with the

useful parameters for the analysis. This main algorithm is depicted in Figure 3.9.

The algorithm implemented for the DL model, Figure 3.10, determines the power density
corresponding to a given carrier, associated to the system under analysis, starting by loading the
useful variables for the calculations. After this, it verifies if the system is LTE, and if so, it determines
the power fed to the BS transmitting antenna having the MIMO configuration into account, multiplying
(in linear units) the power of a single transmitter by the MIMO order, i.e., the number of transmitters.
Then, the lengths of the three rays considered in the DL model are determined, using (3.4), (3.5) and
(3.6), so that the differences between the direct ray and the reflected ones can be obtained. The
calculation of these parameters depends on the scenario parameters, and also on the distance to the
first point of investigation, in the case where the user varies the position, changing his coordinates.
With the length of the direct ray, one can verify if the MT is in the near- or far-fields region of the BS,

using (3.1).
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Figure 3.9.Si mul at or 6s main algorithm

Before determine the received power at the MT, through (3.2), a generation of random numbers
according to a Uniform Distribution is done, in order to obtain the reflection coefficient for both building
and ground surfaces, as defined in Subsection 3.1.1. Then, having the received power at the MT, one
can obtain the path loss, (3.11), which is useful for the UL model, for power control purposes. Finally,

the conversion to power density is made by (3.10).
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Figure 3.10. DL algorithm.

Regarding the algorithm corresponding to the UL model, Figure 3.11, it does some other verification.
Similarly to the DL algorithm, it makes the calculation for a given carrier, also starting with the load of
the variables. One of the main parameters that influences the determination of exposure in UL is the
user losses, which depend on the type of service being used, Table 3.2, so that a verification is done

in order to assign the corresponding value to this parameter.

Figure 3.11. UL algorithm.

Then, UL power control determines the MT radiated power, (3.12), as the path loss is known from the

DL model. The power available at the BS antenna is determined, which can be useful to observe if the
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target power is achieved. If the system is LTE, MIMO is taken into account in the MT radiated power in
the same way it is for DL. Finally, havingthe MT&6s r adi ated power and the useil

the power density value, (3.17).

Besides DL and UL algorithms, one should describe the algorithm regarding power control,
Figure 3.12, as it performs an important function in the UL model. Basically, this algorithm determines
the UL radiated power in order to satisfy the target available power value at the BS receiver, which
depends on the receiverds sensi t igvtdthewaluesTphesentadéennsi t i v i |
Annex C, depending on the system, modulation, service, and on the MIMO configuration being used. It
is verified if the system being used is GSM, UMTS or LTE and, according to the system, there are
different approaches: for GSM, the values for the sensitivity are according to Table C.1; for UMTS, if
the service being used is voice, the values corresponding to R99 are considered, and if the service is
data, the type of modulation and the release being considered (R99 or HSPA+) are checked, in order
to obtain the SNR values according to Table C.3 and Table C.4, and, then, obtain the sensitivity
through (C.6); for LTE, it is also verified the type of modulation being used, as well as the MIMO

configuration, with the SNR values being obtained using Table C.5, and, finally, determining the

Receiver®
sensitivity
calculation

|

Determine the
target power
available at the
antenna

|

sensitivity according to (C.10).

Radiated power
calculation

Limit the
transmitter output
power to its
maximum value

|

Radiated power
calculation

Figure 3.12. Power control process.

Having this value, the target power at the BS is determined, using (3.13), the radiated power being the
power such that the target value is satisfied, taking into account that it should not exceed the
maximum transmitter output power, being limited to that value. For the UL case, the transmitter output
power is limited to 21 dBm for voice, and to 24 dBm for data, in the case of the used system being
UMTS or LTE, and to 33 dBm in the case of being GSM, which are the typical maximum values for

these services, as already mentioned.
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3.4 Simulator Assessment

In order to see if the simulator is working properly, according to the theoretical model, some test cases
are done, which allow to validate the algorithms implemented. The first approach is to test the
algorithms for extreme situations, defining several test cases, where the expected result is known. In
the end, if the results are according to the expected results, one can validate the algorithm, as it is

running as desired. This approach is taken for both DL and UL models.

Before defining the test cases for the assessment, the way simulations are performed is firstly
described. The simulator generates output values that are not constant over several simulations with
the same input parameters, i.e., the values are not exactly the same, presenting some variations.
These variations are due to the randomness of the reflection coefficient of the building and ground
surfaces, being used to determine the MT received power (3.2), and taken as a Uniform Distribution,
as referred in Subsection 3.1.1. Hence, for each test, one should perform several simulations, and
determine the average and the standard deviations of the parameters that have randomness
associated, over all simulations, in order to have a statistical approach. To determine the number of
simulations per test, the average and standard deviations for several sets of simulations were taken,
being observed after how many runs the values reach a steady state. In this case, the average and
the standard deviations of the MT received power were determined over 1 to 500 simulations,

Figure 3.13, allowing to choose the adequate number of simulations.

- Standard deviation - Average MT received power

T T T T

0 50 100 150 200 250 300 350 400 450 500
Number of Simulations

Figure 3.13. Average and standard deviations of the MT received power for different number of

simulations.

From Figure 3.13, one can see that both average and standard deviation values show higher
oscillations when considering less number of simulations, becoming stable after around
50 simulations. From this value, one can see that the average and standard deviation start to tend to
approximately 3.4 and 0.7 dBm, respectively, presenting slight oscillations around it, so that this

number of simulations is sufficient, being the one used to make the analysis.

Regarding the test cases, two extreme test cases can be defined for both DL and UL models: when

the user is close to the BS, and when the user is at a large distance away from the BS. Concerning

43



the former, due to the proximity of the user to the BS, high exposure values should be verified in DL,
probably exceeding the requirements, and in UL the power radiated by the MT should be low, which
leads to a prevalence of the DL component in the total exposure. On the other hand, in the latter case,
as the distance from the user to the BS is high, a high path loss is expected and, hence, low exposure
values should be observed in DL, and high ones in UL, as the MT needs to compensate the high path

loss and to maintain the target power level at the BS.

The tests were done considering only one system in DL and UL, because if the models are valid in this
situation, they are also valid when other systems are included. Hence, LTE800 was taken in DL and
UL, as data is the service being used. One considered the user in front of the BS, at a distance of 3 m,
which is very close to the BS. To do this in the simulator, the height of the BS was defined to be the
same of the MT, and the distance from the user to the reference building is 3 m, which was the same

as the distance to the BS, in this case. All the other parameters remained by default.

The simulations confirmed the expected results, where, in the first case, the MT received power is
very high, leading to a high power density, with the user being in the near-field of the antenna, as
confirmed with the output results. On the other hand, in UL, the MT radiated power is low, with the
power density having a low contribution to the total exposure, which is dominated by DL, such that the
requirement is not satisfied, having a value higher than 1. When the user is at a large distance from
the initial position (in the direction of the BS), which is assumed to be 100 m, the results are also
according to expectation, and coherent with the previous test: a high path loss is observed, which
leads to a low MT received power, so that DL has a low contribution for the total exposure and, on the
opposite, UL dominates the contribution, due to the high MT radiated power. Moreover, one can
increase even more the distance along the street and observe that the MT radiated power saturates,
as the transmitter reaches its limit, which is the case if one considers, for instance, 200 m, as verified
in the simulator. For both test cases, one can also observe that LTE800 contributes 100% for the total
exposure, being an expected result, as it is the unique system being considered, which means that the

contribution calculation is also working as desired.

As the possibility of iwvane ofitha gperatibnemodes & thé simulatorsa t i o n
validation of its operation is also done. In this case, for typical values, and using the default values as
for the previous test cases, with only one system active and the data service being used, the
displacement of the user along the street is defined and the simulator is ran. One verified that the
received power follows the theoretical behaviour given by (3.2), for the assumptions taken into
account: it should reach maximum and minimum values, decreasing around a mean value, which
corresponds to the free space one, due to the interference between the several rays. On the opposite,
in theory, the MT radiated power also oscillates according to this, as it increases when the received
power decreases, and decreases when the received power increases. Moreover, it is expected to
verify that the MT radiated power increases or decreases exactly at the same amount as the path loss
from the previous point to the current one, and the BS received power should be constant, as power

control is made in UL, being possible to validate the method responsible for the UL power control.

In this case, a step of 5 m between consecutive points is defined, up to a maximum distance of 100 m
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to the BS, at the street level, which is the distance assumed in previous simulations. According to the
simulations, the results show that, from point to point, and as the user moves away from the BS, the
received and radiated powers have the expected behaviour: on average, the MT received power
decreases and, thus, its radiated power increases, as depicted in Figure 3.14, which presents the
values of the parameters, averaged over 50 simulations, with the corresponding standard deviations,
which are shown to be very low. One can also observe that the MT radiated power increases or
decreases in the same amount of path loss, as well as the BS received power is constant and equal to
the target value, which confirms that the process implemented for power control is operating correctly.
A similar relation can be verified between the increase of path loss and the MT received power, which
decreases in the same amount.

Average MT received power [dBm] === Pr_FreeSpace [dBm]

Average MT EIRP [dBm] = Pr_target BS [dBmM]
Average BS received power [dBm] Average Path loss [dB]
100
o 80 - —— -
S 60 - - —
o 40
E 20 — —_— -
= 0 M : == T T T )
S -20
S -40 -
-60

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Distance [m]

Figure 3.14. Curves representing the p a r a m evalees abtdined with the distance.

According to power densities, Figure 3.15, they follow the behaviour of the received and radiated
powers, where, on average, DL power density decreases and UL& #creases. The contribution of DL
is higher in the beginning, then, some oscillations are verified, due to the received and radiated
powers oscillations, but, from a given point, the UL contributes the most for the total exposure, which
is due to the way the power densities are calculated. Once again, the results obtained by simulations

are coherent and according to the expected ones.

One can consider that the user moves up to a large distance from the BS, in order to see the
behaviour of the received power, which, from a certain point, decreases without the high oscillations
verified in the first hundreds of metres. For a maximum distance of 4 km, with a step of 10 m, the
results show that, after a given distance (around 2.4 km), the oscillations are reduced and the power
decreases proportionally to pfi , as one can see, as it is parallel to the free space curve. This
behaviour can be observed in Figure 3.16, where the standard deviations are not shown, as they are
low compared to the power values and their representation in the graph makes the comprehension

less clear, being close to the blue line.

The second approach is based on the comparison between the simulated results and the results

obtained manually, i.e., having the inputs of the algorithms, one can get the output values of each,
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through the simulation and manually, which should be the nearly the same. To simplify the
calculations, only one system can be considered. If it gives the expected values for that system, it

would give when other systems are included, as this analysis is from the calculations viewpoint.
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Figure 3.15. DL and UL power density curves along the several positions.
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Figure 3.16. Behaviour of MT received power considering a maximum distance of 4 km.

For this purpose, LTE8QO is taken into account, and the position of the user is not varied, because it is
sufficient forthet h e or et i c \alidatiomovithethissapproach, as the equations are the same for
both modes. Manual calculations include the same calculations performed on the simulator, for this
situation under analysis, including the intermediate steps that lead to the output variables. The
obtained values of both DL and UL models are close to the values obtained with the simulator, as well
as the final results, which depend on these models and are related to the total exposure and the
requirement verification. With this approach, one verifies that the simulator is correctly performing the
calculations according to the theoretical models and, as the used models are the same, this is also

valid for the simulation mode where the user changes his position.
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Chapter 4

Results Analysis

In this chapter, the considered scenarios are defined, followed by the description of the measurement
procedure, as well as the results obtained experimentally. Then, simulation results, concerning the
reference scenario and the parameters under analysis are presented, concluding with a comparison
between measured and simulated results.
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4.1 Scenarios Description

The analysis is done by considering one reference scenario, and, then, varying the parameters of
interest regarding this scenario, in order to assess their influence. In this case, the considered
scenario is a typical urban street, with buildings on both sides, the user being located in its centre; a

sector BS antenna is located on the roof-top of one of the buildings, as depicted in Figure 4.1.

O O ==
O 1 O =
O 1 O O 1 O
L] L O L O

Figure 4.1. Geometry of the reference scenario.

The parameters of the scenario configuration, such as the height of the BS, the number of antennas
on the roof-tops, the width of the street and the distance from the user to the reference building are
chosen according to typical values presented in [Carrll]. The initial position of the user is such that
he/she is in the direction of the BS, at the street level.

Regarding the BS, one assumes that it supports the three cellular systems (GSM, UMTS and LTE),
and, although in the reference scenario only one BS is taken into account, more BSs can be
considered in the simulations, so that the number of carriers for each system, and per BS, is such that
each BS corresponds to a different mobile operator (a maximum of 3 BSs is considered,
corresponding to the 3 Portuguese operators). The number of carriers per BS and for each system is
assumed to be the typical number of carriers that the operators have, i.e.: 4 for GSM, 4 for UMTS, and
1 for LTE; concerning LTE, one carrier is assumed with all the available bandwidth for the system,
comprising all the sub-carriers, being 10 MHz for LTE800, and 20 MHz for LTE1800 and LTE2600.
One considers that the user is using all the bandwidth, as a worst case approach is taken into

account.

In order to have different carriers for each BS, one considers that the carriers are contiguous in the
band, i.e., one takes the minimum of the frequency band of a system, and applies (3.3) in order to
assign the carriers. This means that, for instance, for the first BS, its 4 GSM900 carriers correspond to
the first 0.8 MHz of the 900 MHz band, with the carriers corresponding to the second BS being in the
next 0.8 MHz, and the same approach for the third BS. Hence, the carriers for a BS do not necessarily
correspond to the carriers of a Portuguese operator, but this is a simple way to assign different

carriers to each BS, as interference issues are not taken into account. Table 4.1 presents the
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frequencies distribution for each carrier, for the 3 BSs that can be taken into account. One should note
that the user uses one fixed carrier in DL and another in UL, assumed to be the first ones of the
bandwi dt h,

systemods corresponding to the

Table 4.1. Centre frequency of the carriers, per system and BS.

reference

Carriersd6 C e Rrequency [MHz]
Link | BS GSM LTE
UMTS
900 MHz | 1800 MHz 800 MHz | 1800 MHz | 2600 MHz

925.2 1805.2 2115
925.4 1805.4 2120

1 801 1825 2640
925.6 1805.6 2125
925.8 1805.8 2130
926.0 1806.0 2135
926.2 1806.2 2140

DL 2 811 1845 2660
926.4 1806.4 2145
926.6 1806.6 2150
926.8 1806.8 2155
927.0 1807.0 2160

3 831 1865 2680
927.2 1807.2 2165
927.4 1807.4 2170

UL 1 890.2 1710.2 1925 842 1730 2520

Typical values are assumed for the BS parameters, where for the transmitter output power the value is
40 W (46 dBm) for all systems, except for LTE800, which is 30 W (44.8 dBm). The losses in the cable
between the transmitter and the antenna, as well as the gain of the antenna, are according to [Pirel1],
and the recei vacodiag ton[Garrkle AsfMIMP usrcensidered for LTE, this means that
one has 2x40 W for MIMO 2x2 in the configuration of the reference scenario, a similar approach being

taken for other MIMO configurations.

On the other hand, for the MT, as one considers that its radiated power is such that the target power
at the BS antenna is achieved, it is only possible to specify the maximum values that the MT
transmitter can reach, for voice and data, being based on [Batill]. An isotropic MT antenna is
assumed, as it is the best way to model an MT antenna [NaDAO6]. As one considers the maximum
throughputs possible, the LTE terminal is of class 5, supporting MIMO up to 4x4, and modulations up
to 64QAM [Corrl3]. The modulations are used to determine the sensitivity of the BS, so that the
maximum possible modulations in UL for UMTS and LTE are taken, being 16QAM and 64QAM,
respectively. The sensitivity in GSM is based on typical values, Table C.1, so that it corresponds to the
basic GSM modulation, the Gaussian Minimum Shift Keying (GMSK) [Corr13].

In each link, a group of active systems is defined. For DL, one can have all systems active, because it
depends on the BS antennas, being different for UL, where only one system is assumed to be active
in this link. In the reference scenario, the 3 cellular systems are accounted for (GSM, UMTS and LTE),
assuming the 900 MHz band for GSM, and the 2600 MHz one for LTE. For other scenarios, WiFi can

also be added, in order to observe its influence, having its own antennas, considering the typical value
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for its radiated power of 100 mW [OIMC13]. Also for the reference scenario, and according to the

service being used, which can be voice or data, it is assumed that the user uses data with LTE.

The values for the reference scenario are summarised in Table 4.2. Some of these parameters can be

varied, in order to obtain the different analysis scenarios.

Table 4.2. Parameters considered in the reference scenario.

LinkiSystems DL GSM900, UMTS (HSPA+) and LTE2600
uL LTE2600
Service Data
Number of BSs 1
GSM900
TransmittT(rjé):qt]put Power UMTS 46
LTE2600
BS GSM900
Antenna Gain [dBi] UMTS 18
LTE2600
Noise Figure (LTE UL) [dB] 5
MIMO Configuration 2x2
Cable Losses [dB] 3
Safety Margin [dB] 30
MT Antenna Gain [dBi] 0
BS Height [m] 30
MT Height [m] 15
Scenario Parameters Street Width [m] 35
Distance from_M_T to the 175
Reference Building [m]

Concerningu s er 6 s foroalh thel tasts, pne considers that the user is static, being in the direction
of the first BS, the reference BS. The other situation, where the user is varying the position along the
street from the initial position, is only considered in the reference scenario, as the objective is to
evaluate the behaviour of the parameters with the distance. Tests are done regarding the influence of

mobile communications systems, the services, the scenario parameters and MIMO configurations.

Concerning mobile and wireless communication systems, the configuration considers all systems, i.e.,
GSM, UMTS, LTE and WiFi. For GSM, one considers the system operating in the 900 MHz band, as
the 1800 MHz band is assumed to be dedicated to LTE1800, given the trend to use only LTE in this
band. As there are 3 possibilities for UL, 3 configurations are considered, one for each of the systems:
with LTE800 in UL (AllSyst&LTE800UL), with LTE1800 (AllSyst&LTE1800UL), and with LTE2600
(AlISyst&LTE2600UL), all of them with all the systems operating in DL, as presented in Table 4.3.

Regarding WiFi, one considers 4 APs at the building where the BS is installed, where 3 of them can
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belong to 3 operators and one being independent. The first AP is located in the direction of the BS, but
in the buil di ngds fmgwhiedhe other 3 APs dreedistgbluted beside tidis. AP, with

the distance between them being 1 m.

Table 4.3. DL and UL configurations used in the mobile communication systems analysis.

Systems
Designation
DL uL
AUISYSIELTEBOOUL | oo TS, LTESOO. LTES00
AllSyst&LTE1800UL | LTE1800, LTE2600 and LTE1800
AllSyst&LTE2600UL WIFi LTE2600

Another type of analysis concerns the service being used, which can be voice or data. The DL
systems are the ones of the reference scenario; the several possibilities for the UL systems supporting
these two types of services are taken into account, i.e., one tests GSM with voice, as its main focus is
this service, with data and voice being tested with UMTS, where voice is assumed to correspond to
R99, with a throughput of 12.2 kbps, and data is tested for both R99 and HSPA+ releases. Lastly, LTE
is only tested for data, as there is no voice for LTE. Table 4.4 summarises the systems and services

taken into account in this analysis.

Table 4.4. UL systems considered in the services analysis.

Service UL Systems
Voice GSM900 and UMTS (R99)
Data UMTS (R99), UMTS (HSPA+), LTE800, LTE1800 and LTE2600

Several scenario configurations are analysed, based on a set of parameters that can be varied: the BS
height, the street width, the position of the user regarding the reference building and the number of BS
on the roof-tops. Each of these parameters can be varied over a set of values, with the other
parameters being fixed, Table 4.5. The exception is when the street width is varied, where the
distance of the user to the reference building also varies in order to maintain the user in the centre of

the street.

The variation of the number of BSs can give a set of scenarios with different configurations, according
to the location of the BSs on the top of the buildings, as the antennas can be disposed in an alternate
way or in front of each other, two configurations being depicted in Figure 4.2. In the alternate
configuration, Figure 4.2 (a), the BSs are placed alternately on each building, where each BS is
assumed to be in a different building, so that the spacing between the BSs in the same side of the
street, Q is taken as a typi c ain),vituthelinlermediate one bang andhe
front building, in the middle of the other two. For the configuration where the BSs are placed in front of
each other, Figure 4.2 (b), the BSs of one side of the street are in front of the BSs of the other side.
More specifically, the configurations considered in this analysis are the following:
1 1BS, onlyone BS;

1 2BSs (A), two BSs in the alternate configuration;
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1 2BSs (F), two BSs in front of each other;
1 3 BSs (A), three BSs in the alternate configuration;
1 3 BSs (F), three BSs in front of each other.

When WiFi is considered, the distribution of the antennas on the buildings can also be defined in the
same way, with the difference that the antennas are
different spacing between them.

Finally, the influence of the MIMO configuration is also evaluated. As in LTE-A MIMO goes up to 8x8
in DL, and 4x4 in UL, these are the configurations that are analysed, impacting on the radiated power
and, consequently, on the exposure. One should note that UL does not support MIMO 8x8, but it can

be assumed that, in UL, the user is limited to MIMO 4x4 when 8x8 is considered in DL.

Table 4.5. Values used in the scenario parameters analysis.

Adjustable parameter Values Fixed Parameters
Number
oy[m] | ® [m]
fm] 15, 20, 25, 30, 35, 40, 45 ' D of BSs
35 17.5 1
himl | ™ | R
o ym] 20, 25, 30, 35, 40, 45, 50 5
30 — 1
C
Number
[m] | o y[m]
o m] 2.5,7.5,12.5,17.5, 22.5, 27.5, 32.5 u Y of BSs
30 35 1
[m] | oy[m] | W [m]
Number of BSs 1,2,3 I% M =
30 35 17.5
(a) Alternate configuration (b) Configuration with BS in front of each other

Figure 4.2. BS configuration for the BS antennas taken into account.
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