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Nederlandse samenvatting

Moeiteloze draadloze communicatie wordt tegenwoordig beschouwd als een inte-
graal en onmisbaar deel van ons alledaags leven. De continu stijgende vraag naar
connectiviteit en het grote aantal opkomende innovatieve industri€le toepassingen
sturen de ontwikkeling van vijfdegeneratienetwerken (5G) en het enthousiasme
voor de invoering ervan aan. Wereldwijd wordt het mobiele dataverkeer dan ook
verwacht te groeien met 40

De snelle uitrol van 5G-pilootnetwerken in landen over de hele wereld geeft
tevens aanleiding tot bezorgdheid bij de bevolking over de menselijke blootstel-
ling aan radiofrequente (RF) elektromagnetische velden (EMV) opgewekt door
de nieuwe technologieén. In Europa wordt het niveau van omgevings-RF-EMV
wettelijk ingeperkt door regelgevende instanties die zich daarvoor baseren op
aanbevelingen en richtlijnen uitgevaardigd door de International Commission on
Non-Ionizing Radiation Protection (ICNIRP). Soms worden op nationaal of regio-
naal niveau ook strengere normen opgelegd (in Belgi€, Zwitserland, etc.). Naleving
van de bestaande voorschriften wordt gewoonlijk geévalueerd aan de hand van een
rechtstreekse meting van de EMV in een operationeel netwerk, gebruik makend van
gevestigde meetprocedures. Recent uitgerolde 5G-netwerken moeten hun volledig
potentieel qua dataverkeer echter nog bereiken, wat er voor zorgt dat meetresultaten
nog niet representatief kunnen zijn. Daarenboven werden de gevestigde meetproce-
dures ontwikkeld in het kader van mobiele netwerken van de voorgaande generaties
(2G—4G) waardoor ze eerst geactualiseerd moeten worden om 5G-specificiteiten
correct te kunnen evalueren. Naast metingen worden ook numerieke simulaties
veelvuldig ingezet om de RF-EMV-blootstelling in mensen te voorspellen. Maar om
de EMV geinduceerd door 5G-basisstations in mensen te modelleren werd tot nog
toe geen diepgaande methode voorgesteld. Ten slotte zijn de huidige beperkingen
gebaseerd op aannames specifiek voor de netwerken van vorige generaties, dewelke
mogelijks niet meer gelden.

Dit proefschrift behandelt de numerieke studie van de downlink-blootstelling
(m.a.w. de blootstelling aan RF-EMV uitgestraald door de basisstations) geinduceerd
door twee 5G-technologieén: 5G New Radio (NR) massieve Multiple-Input-Multiple-
Output (MIMO) en ultrakleine cellen (zgn. ATTO-cellen). De eerste zal naar
verwachting de dominante technologie worden in basisstations in buitenshuisnet-
werken. Ze gebruikt een grote antenne-array met tientallen tot honderden elementen
om de downlink-transmissie te focussen in de ruimte via dynamische bundelvor-
ming of om driedimensionale hotspots rond het gebruikersdoelwit te creéren door
middel van geprecodeerde MIMO-technieken. De tweede is gericht op toekomstige
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industriéle faciliteiten en toepassingen in een Industry 4.0-context. De gebruikers
in zulke ultrakleine celnetwerken zijn een grote schare autonome robots die een
constante verbinding met lage latentie en hoge snelheid vereisen. In dit geval
bestaat het basisstation uit een groot aantal gekoppelde ATTO-cellen, rechtstreeks
ingebouwd in de fabrieksvloer, die elk enkel in dienst staan van een gebruiker er
recht bovenop.

Het proefschrift bevat acht hoofdstukken. Hoofdstuk 1 introduceert de bestu-
deerde technologieén in meer detail en bediscussieert de blootstellingsvoorschriften
in deze context. Hoofdstukken 2 tot 7 worden hieronder kort samengevat.

In Hoofdstuk 2 wordt de blootstelling onderzocht van een arbeider op een fa-
brieksvloer bedekt met ATTO-cellen. De Finite-Difference-Time-Domain (FDTD)
methode wordt gebruikt om de EMV geinduceerd in de benen van een realistisch
menselijk fantoommodel te berekenen bij simultane bestraling door meerdere opera-
tionele cellen. Daarnaast wordt het effect van EM V-interferentie op de resulterende
fantoomblootstelling ge€valueerd. Ten slotte wordt de maximale blootstelling op
de vloer voor een gegeven uitgangsvermogen van de cellen bepaald en vergeleken
met de gangbare normen.

In Hoofdstuk 3 wordt een methode voorgesteld om de blootstelling te bepalen
van een gebruiker in een hotspot gecreéerd door een basisstation met massieve
MIMO. De voorgestelde aanpak combineert een FDTD-methode om de bloot-
stelling te bepalen met een Ray-Tracing (RT) methode om de RF-propagatie te
modelleren en de eigenschappen van het draadloze kanaal te berekenen. Het geval
van een basisstation dat Equal Gain Transmission toepast in een binnenhuisomge-
ving wordt bestudeerd. De verkregen kanalen worden vergeleken met theoretische
kanalen die doorgaans gebruikt worden in de theoretische analyse van de efficiéntie
van massieve MIMO. De EMV geinduceerd rond het fantoomhoofd en de lokale
piekblootstelling in het hoofd worden bepaald met de FDTD-methode. Gebaseerd
op deze resultaten wordt het maximale uitgangsvermogen van het basisstation
bepaald waarmee nog voldaan wordt aan de ICNIRP-richtlijnen.

In Hoofdstuk 4 wordt de methodologie geintroduceerd in Hoofdstuk 3 uitge-
breid om ook rekening te kunnen houden met de effecten die de koppeling tussen
een gebruikerstoestel (UE) en het fantoomlichaam heeft op het kanaal, de hotspot,
en de resulterende blootstelling. Het praktisch meer relevante Maximum Ratio
Transmission (MRT) schema wordt bestudeerd in dezelfde omgeving als in Hoofd-
stuk 3. De grootte en de piekintensiteit van de hotspot gevormd rond een UE
gepositioneerd nabij het hoofd worden bestudeerd in scenario’s zonder rechtstreeks
propagatiepad tussen basisstation en UE. De hotspotwinst in vergelijking met de
path-lossfading wordt afgeleid van de verkregen EM V-distributies. De waarschij-
lijkheid dat de piekblootstelling zich voordoet in de nabijheid van de UE wordt
op een stochastiche wijze berekend op basis van de resulaten van een grote set
aan RT-omgevingen. Er wordt ten slotte aangetoond dat de ICNIRP-richtlijnen
conservatief zijn in het limiteren van de geinduceerde lokale blootstelling met
betrekking tot de EMV-niveaus in de hotspot.

In Hoofdstuk 5 wordt een vergelijkende studie voorgesteld tussen topologieén
met gecolloceerde en gedistribueerde massieve MIMO basisstations vanuit het
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standpunt van menselijke RF-EMV-blootstelling. De methodologie ontwikkeld in
Hoofdstukken 3 en 4 wordt toegepast op een industrieel binnenshuisomgevings-
model (de zgn. “factory of the future”). De blootstelling van arbeiders die zich
verplaatsen in de fabriekshal wordt bepaald als functie van de afstand van de UE tot
het hoofd van de gebruiker. Er wordt aangetoond dat het gedistribueerde systeem
een hogere hotspotwinst produceert, maar dat de path loss gemiddeld ook hoger
ligt. Er wordt tevens aangetoond dat hoewel onder een bepaalde afstand tussen
de UE en het hoofd van de gebruiker de downlink-blootstelling vrijwel constant
blijft, de hotspotpiek en de locatie van de UE uit elkaar gaan, wat het basisstation
eventueel aanspoort zijn uitgangsvermogen te verhogen. Inzichten in methoden om
de blootstelling aan EMV in 5G-hotspotscenario’s te bepalen worden voorzien.

In Hoofdstuk 6 wordt in een buitenshuisomgeving dynamische bundelvorming
met andere massieve MIMO-technieken vergeleken. In een buitenshuisomge-
ving zijn gebruikers gewoonlijk blootgesteld in het verre veld van het basissta-
tion, en hun blootstelling is rechtstreeks verbonden met de tijdsgemiddelde in-
komende EMYV, dewelke op hun beurt afgeleid worden van de tijdsafthankelijke
antennewinst van het basisstation. De tijdsafhankelijke antennewinst wordt in dit
Hoofdstuk berekend gedurende verschillende multi-gebruikersscenario’s, waarbij
de veranderlijke gebruikersdistributies stochastich gesimuleerd worden en de EM V-
propagatie gemodelleerd via de RF-methode, en de tijdsgemiddelde winst wordt
bepaald volgens de ICNIRP-richtlijnen. De maximale tijdsgemiddelde antenne-
winst wordt gerapporteerd en vergeleken met state-of-the-art-resultaten gebaseerd
op niet-deterministische propagatiemodellen, waarbij een goede overeenkomst
wordt bekomen. De voorgestelde resulaten kunnen gebruikt worden om praktische
nalevingsgrenzen te bepalen bij 5G-basisstationuitrollen.

In Hoofdstuk 7 wordt de experimentele validatie van RT als methode voor het
modelleren van massieve MIMO-propagatie uitgevoerd. De meetcampagne bevindt
zich buitenshuis met een massieve MIMO-basisstationtestbed. De positie van de UE
wordt vanop afstand bestuurd gebruik makend van een robotisch positioneringsys-
teem met hoge precisie, en de staat en de positie van het draadloze kanaal worden
gelijktijdig opgenomen. De resultaten van deze metingen worden vergeleken met
de RT-simulaties met een model van de meetlocatie. De grootte van de correlatie
tussen de kanaalstaatvectoren is gerelateerd aan de grootte van de hotspot gecreéerd
door het basisstation. De simulaties zijn in staat de kanaalcorrelatie op verschillende
plaatsen in de omgeving nauwkeurig te voorspellen, wat de bruikbaarheid van de
RT-methode voor het voorspellen van massieve MIMO-propagatie aantoont.

In Hoofdstuk 8 worden ten slotte de conclusies besproken en de mogelijke
toekomstige onderzoeksrichtingen geschetst.

Het onderzoek dat hierboven geschetst resulteerde in vijf aan peer review
onderworpen publicaties als eerste auteur in internationele tijdschriften en werd
gepresenteerd op zes wetenschappelijke congressen.






English Summary

Effortless wireless communication is nowadays perceived as an integral, essential
part of our everyday life. Our ever-increasing demand for connectivity as well as
the emerging innovative industrial applications drive the development and an eager
adoption of the fifth-generation (5G) networks. The global mobile traffic growth is
estimated at over 40% per year, with 5G surpassing the technologies of the previous
generation (4G) in the number of new subscriptions in Q2 2021.

The rapid pilot deployment of 5G around the world also raises the public
concern for the human radio frequency (RF) Electromagnetic field (EMF) exposure
to these new technologies. In Europe, the environmental Electromagnetic field
(EMF) levels are legally limited by regulatory bodies based on the recommendations
of the International Commission on Non-Ionizing Radiation Protection (ICNIRP).
Sometimes more stringent local national and regional policies (e.g., in Belgium,
Switzerland) are adopted. The compliance to the existing regulations is usually
assessed by directly measuring the EMF in an operating network, according to the
established procedures. However, recently deployed 5G networks are yet to reach
their full load capacity, which makes the measurement results not representative.
Additionally, the measurement procedures were developed to be used in networks of
the previous generations and need to be updated to account for 5G-specific effects.
As an alternative, numerical simulations are extensively utilized to predict the RF
EMF exposure in humans. And yet, no method to model the interaction of the
human body with the EMF induced by the 5G BSs was proposed. On top of that,
current restrictions themselves are based on assumptions specific to the previous
generations’ technologies, which may not hold any longer.

This dissertation presents a numerical study of the downlink (DL) exposure
induced by two 5G technologies: 5G New Radio massive Multiple-Input Multiple-
Output (MIMO) and ultra-small cells. The former is expected to gradually take
over and eventually fully replace the existing outdoor cellular sites. It employs a
large antenna array (hundreds of elements and more) at the base station to focus the
DL transmission in space via dynamic beamforming or creates 3D hot-spots around
target users using MIMO precoding schemes. The latter is targeted towards the
future industrial facilities and applications in the context of Industry 4.0. The users
in such ultra-small cell networks are multitudes of autonomous robots, requiring
a constant low-latency and high-speed connection. The BS is made up of a large
number of interconnected (ultra-small) cells, built-in directly into the factory floor
surface, each serving only the user right on top of it.

The dissertation consist of eight chapters. Chapter 1 introduces the studied
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technologies in more detail and discusses the existing exposure regulations in this
context. Chapter 8 draws conclusions and outlines the prospective future research
directions. Chapters 2 to 7 are briefly summarized below.

In Chapter 2, the exposure of a human worker on top of the factory floor covered
with ultra-small cells (ATTO-floor) is studied. The Finite-Difference Time-Domain
(FDTD) method is used to calculate the EMF induced in the legs of a realistic human
phantom model by the simultaneous radiation of multiple cells. The effect of the
EMF interference on the resulting phantom exposure was evaluated. Additionally,
the maximum exposure on the floor for the given output cell power is established
and compared with the existing guidelines.

In Chapter 3, a methodology to assess the exposure of a user in a hot-spot
created by a massive MIMO BS is proposed. The proposed method combines the
FDTD method of exposure assessment with the Ray-Tracing (RT) method to model
the RF propagation and calculate the wireless channel properties. A case of the BS
performing the Equal Gain Transmission is studied in an indoor environment. The
obtained channels are compared to the theoretical ones, which are common in the
theoretical analysis of the massive MIMO efficiency. The EMF induced around
the phantom’s head and the localized peak exposure induced inside it are evaluated
using the FDTD method. Based on these results, the maximum BS output power
complying to the ICNIRP guidelines is derived.

In Chapter 4, the methodology introduced in Chapter 3 is extended to account
for the effects that the UE coupling with the phantom body has on the channel,
the hot-spot, and the resulting exposure. A more practically relevant Maximum
Ratio Transmission scheme is studied in the same environment. The size and peak
intensity of the hot-spot formed around the UE positioned close to the phantom’s
head are studied in scenarios with no direct BS-to-UE propagation paths. The hot-
spot EMF gain over Path Loss fading is derived from the obtained EMF distributions.
The probability of having the peak localized exposure in proximity of the UE is
calculated from the results of a large set of the RT environments in a stochastic way.
It is shown that the ICNIRP guidelines are conservative in limiting the induced
localized exposure with respect to the EMF levels in the hot-spot.

In Chapter 5, a comparative study of the collocated and distributed massive
MIMO BS topologies from the human exposure point of view is presented. The
methodology developed in Chapters 3 and 4 is applied to an industrial indoor envi-
ronment model ("factory of the future”). The exposure of human workers moving
around the factory floor is assessed as a function of the head to UE separation
distance. It was demonstrated that the distributed system produces higher hot-spot
EMF gain over fading, but also experiences higher (on average) path loss. It is also
shown that even thought below a certain head-UE separation distance the exposure
remains nearly constant, the hot-spot peak and the UE location diverge, which
might prompt the BS to increase its output power. Insights into the possible EMF
assessment methods for 5G hot-spot scenarios are provided.

In Chapter 6, an outdoor urban environment comparing the beamforming and
massive MIMO BSs is studied. The users outdoors are usually exposed in the
far-field region of the BS, and their exposure is directly related to the time-average
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incident EMF, which is in turn derived from the time-average BS gain. We evaluate
the gain that the BS outputs in multi-user scenarios and calculate its time-average
according to the ICNIRP guidelines by simulating a distribution of users in the
environment and modeling the EMF propagation with the RT method. The max-
imum time-averaged BS gain is reported and compared with the state-of-the art
results based on the non-deterministic propagation modeling techniques, showing
good agreement. The presented results can be applied to establish the compliance
boundaries of practical 5G BS deployments.

In Chapter 7, we conduct the experimental validation of the RT as a method
for the massive MIMO propagation modeling used throughout the thesis. The
measurement campaign was carried out indoors with a real massive MIMO BS test-
bed. The UE location was remotely controlled by means of a high-precision robotic
positioning system, and its wireless channel state and position were synchronously
recorded. We compare the results of these measurements to the RT simulations
performed in a model of the measurement site. The amount correlation between
the channel state vectors is related to the hot-spot size that the BS produced.
The simulations are able to accurately predict the channel correlation at different
locations in the environment, which demonstrates the suitability of the RT method
as a tool for the massive MIMO propagation prediction.

The research outlined above resulted in five first-author publications in interna-
tional peer-reviewed journals, and was presented at six international conferences.






Introduction

1.1 Context and Motivation

Today’s technologically developed societies are hardly imaginable without ubiq-
uitous wireless connectivity readily available to everyone. This is most often
achieved by transmitting and receiving the Electromagnetic (EM) waves in the
radio-frequency (RF) spectrum, ranging from hundreds of MHz to around 10 GHz.
Radio access networks (RANs) of the first generation (1G) were launched in the
early 1980s. They allowed mobile users to perform voice calls and were the first to
realize the cellular concept [1], which became the basis for the modern RANs. In
cellular networks a base station (BS) provides services within its designated area
or cell. The second generation (2G) networks introduced the Global System for
Mobile Communications (GSM) standard which superseded 1G in Europe in the
1990s. The third generation (3G) Universal Mobile Telecommunications Service
(UMTS) systems appeared in the 2000s, allowing for faster data transfer rates. The
fourth generation (4G) Long Term Evolution (LTE) networks were deployed in the
2010s and are currently leading in number of worldwide subscriptions and the net
mobile data traffic. While in the US the 2G/3G major network operators started
to shut down the 2G/3G service, and it is expected to be largely phased out in
2022 [2], in Europe these legacy technologies are likely to endure another five or six
years [3]. As we are entering the third decade of the 21st century, pilot deployments
of the fifth generation (5G) networks are under way [4—6], augmenting the existing
cellular sites.
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Cell types are usually categorized based on the size of the area they cover.
Dense outdoor urban networks comprise cells up to around 500 m in size, called
microcells. Indoor networks are usually spanned by shorter range access points -
femtocells. An important feature that is shared by all currently (widely) adopted
technologies is that the user is located in the far-field region of the base station (BS)
antenna in the vast majority of the usage scenarios.

Two implications of this are relevant for further discussion. First, the user is
not coupled with the BS antenna, meaning that the user body location or position
does not perturb the BS transmission. Second, in the far-field region, the EM waves
radiated from the BS antenna diverged enough to be regarded as a collection of
plane wave-fronts. This means that the EM field (EMF) incident at the user during
the downlink (DL) transmission can be accurately represented by a stochastic
combination of plane waves, originating from various propagation paths between
the BS and the user. Interference between the signals arriving from different
propagation paths results in the fast-fading phenomenon, i.e. random variation of
the received signal strength over short distances [7]. It can be accurately described
by statistical models, e.g., Rician fading model [8], that assign the amplitudes and
phases of the received signals based on a probability density function. We further
show that such approach is not applicable in many 5G scenarios.

The 5G technologies studied in this thesis employ BSs consisting of a large
number of individually controlled antenna elements (see Fig. 1.1). In the 5G New
Radio (5G-NR) the focusing is often realized via beamforming. It leverages the
large array’s ability to dynamically adjust its radiation pattern, steering narrow,
high-gain lobes (or ”beams”) in the desired direction [9, 10]. Put simply, to produce
abeam in a given direction, the array elements’ phases are set such that the signals at
alarge distance in that direction arrive with equal phases and interfere constructively,
thus boosting the total received signal. The set of directions in which the beams
can be generated is predetermined (fixed for a given BS), tiling the cell in the BS’s
direction-of-departure (DoD) space. This type of beamforming is referred to as the
grid-of-beams (GoB) [11] or codebook beamforming (CBBF) [12], depending on
the underlying implementation.

Massive multiple-input multiple-output (MIMO) [13, 14] departs from the
beam-steering in the angular domain of the BS’s DoDs and instead sets the trans-
mission weighs of the BS antenna elements according to the real-time wireless
channel estimate and a precoding scheme it implements [15, 16]. The channel is
estimated by measuring the unique pilot sequences transmitted uplink by the UEs
and utilizing the channel reciprocity [7]. The most commonly analyzed MIMO
precoding scheme is the Maximum Ratio Transmission (MRT), also known as con-
jugate precoding/beamforming, has been around for at least half a century [7, 17],
and is known to deliver the maximum theoretically achievable received signal
strength (given the total power constraint). Importantly, when used with a very
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large array, and given favorable propagation conditions, the same precoding scheme
results in the interference cancellation between the target receivers [18]. A more
precise meaning of the propagation conditions being favorable will be discussed in
Chapter 3 and 4. If fulfilled, this allows to transmit using the same time-frequency
resources to multiple, possibly closely-spaced, users. Such multiplexing of users is
not possible with the CBBF if they are too close to each other and share a beam.
The aforementioned properties of these 5G technologies set them apart from
the previous generations’ technologies in the way they interact with the human
body. Updating the exposure protection regulations for 5G is an essential step in
promoting its wide adoption. Therefore, it is crucial to have accurate numerical
methods to predict and quantify the 5G-specific exposure aspects. The aim of this
thesis is to design the numerical approaches for modelling of the human EMF
exposure induced by the BSs in the sub-6 GHz 5G wireless networks.

Ultra-small cells —{ 5G - NR (Sub-6 GHz) }7

‘ Micro ‘ Pico ’ Atto ‘ mmWaves Beamforming Massive MIMO

By =

Indoor Outdoor (urban) Outdoor (rural)

Figure 1.1: An overview of 5G concepts and scenarios. Technologies studied in this thesis
are highlighted with blue.

1.1.1 Human EMF exposure protection guidelines

The EMF in the RF part of the spectrum is non-ionizing, meaning that the photons
at these frequencies do not carry enough energy to completely remove an electron
from an atom or molecule. Human RF EMF exposure assessment and protection
is aimed at determining and limiting the temperature increase in the human body
due to the EMF absorption. The thermoregulatory response of the human body has
been modelled numerically [19, 20], tested experimentally [21, 22] and extensively
applied to situations where the temperature elevation is actually desirable, e.g.,
in the RF-induced hyperthermia cancer treatment. The International Commission
on Non-Ionizing Radiation Protection (ICNIRP) issues guidelines for limiting the
exposure [23, 24], that are used as a reference for setting the local regulations by the
governmental bodies. In the frequency range from 100 kHz to 6 GHz, the physical
quantity used to assess the human EMF exposure is the Specific Absorption Rate
(SAR), which is the EMF power absorbed per unit of mass (W/kg). The basic
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restriction limits are established by the ICNIRP for the SAR averaged over the
whole body (SAR,) and the spatial maximum of local SAR, averaged over a
cube volume, containing 10 g of tissue (psSARq.). A threshold of 1°C is set as
a limit for the body core temperature elevation due to the EMF absorption, which
is equivalent to 4 W/kg SARp, averaged over a 30-minute interval. A factor of
10 is applied as a safety margin to set the occupational SAR,;, limits (for workers
who can actively mitigate the exposure risks), giving 0.4 W/kg. To protect the
general public, unaware of the possible exposure, an even larger safety factor of
50 was set, resulting in a more strict 0.08 W/kg SAR,, basic restriction. Similar
reasoning is used to set the basic restrictions on psSAR g, for which a 6-minute
averaging is required. For psSAR o, assessed in head and torso the general public
basic restriction value of 2 W/kg is set (10 W/kg for workers). The basic restriction
for psSARqe in limbs is 4 W/kg for general public and 20 W/kg for workers.
These basic restrictions must be satisfied when measuring the SAR directly in the
human phantoms, e.g., in compliance testing of body-worn or handheld equipment
according to the Institute of Electrical and Electronics Engineers (IEEE), European
Committee for Electrotechnical Standardization (CENELEC), or International
Electrotechnical Commission (IEC) standard procedures [25, 26]. In many countries
(including Belgium), every consumer device has to undergo such testing before
entering the market. However, in real scenarios users of mobile devices are exposed
not only by the user device itself (uplink exposure), but also by the BS that provides
service to it (DL exposure). It is far more practical to conduct environmental EMF
measurements than to measure the SAR directly in such scenarios, and ICNIRP
provides reference levels for the incident power density and the E-field strength,
that are aimed to assure an equivalent level of the exposure protection. These levels
are based on the experimental data [27-29] and verified with exhaustive Finite-
Difference Time-Domain (FDTD) simulations using high-precision anatomical
human models [30-32].

The FDTD approach for the temperature increase and SAR assessment was
validated empirically using direct measurements in rats [33], flat [34] and cylindrical
[35] phantoms, and patient-specific Magnetic Resonance Imaging (MRI) human
models. The relative error of the SAR calculated with the FDTD method was found
to be around 5% [35, 36], which is far below the SAR variation due to the body
morphology, posture [37], and tissue dielectric parameters [38, 39]. Moreover,
in [37, 40], the effects of the whole-body and organ-specific resonance on SAR
was studied for frequencies up to 3 GHz in phantoms exposed by a plane-wave,
highlighting the importance of the phantom heterogeneity for numerical human
exposure estimation. Due to its versatility in handling lossy bodies of complex
geometry, the FDTD approach remains to be the de facto standard numerical tool
for the RF-EMF dosimetry [41, 42].

Extensive numerical studies of the exposure to the 4G and earlier generation’s
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BSs were conducted to verify their compliance with the established exposure
protection guidelines. In [43], the exposure of a user in the near field of a single-
antenna GSM BS was calculated by performing full-wave FDTD simulations with a
heterogeneous human phantom. In [37, 40], the effects of the whole-body and organ-
specific resonance on SAR was studied for frequencies up to 3 GHz in phantoms
exposed by a plane-wave. In [44], the near-field exposure to Bluetooth and WiFi
sources at 2.4 GHz in realistic scenarios was studied using the FDTD method.
In [45, 46], a surrogate model was built based on a large set of SAR estimates
obtained with the Huygens box excitation of the FTDTD domain, allowing a fast
exposure estimation to a WiFi BS in diverse indoor scenarios. In [47], approximate
formulas for fast exposure estimation in the radiating near- and far-field of a
generic BS antenna (up to 5 GHz) was proposed, based on the plane-wave FDTD
simulations. In [48], the SAR resulting from a combined simultaneous exposure
to multiple sources was estimated using fast surrogate modelling-based method.
Developed to model the exposure in the previous generations’ networks, these
methods are not readily applicable in most 5G scenarios for reasons described in
the next section.

1.1.2 Exposure aspects of 5G

Numerical methods to model the exposure of humans to the 5G array BSs have
attracted considerable attention in recent years. In [49], the SAR induced by a
64-element BS was evaluated at 3.7 GHz and 14 GHz in FDTD, comparing different
human phantoms. In [50], the 3" Generation Partnership Project (3GPP) channel
model was used to generate the EMF incident at a human phantom in the FDTD
domain at 3.5 GHz. In [51], a combination of the spherical near-field transformation
and the FDTD methods was applied to study the SAR and temperature rise induced
by a 4-by-4 antenna array at 28 GHz. The results of [49-52] show that the FDTD
method is a suitable tool for the 5G exposure modelling, however they neglect the
expected inter-antenna interference effects resulting from the per-element controlled
transmission actually occurring in 5G scenarios.

Several approaches were proposed to determine the time-averaged gain and the
Equivalent Isotropic Radiated Power (EIRP) of 5G antenna-array BSs in the far-field
region. In [53-55], analytical models of the UE scheduling and spatial distribution
in the cell were used to calculate the time-averaged maximum gain and the IERP of
a sub-6 GHz 5G BS. In [4], the EIRP calculated from a trial 5G BS deployment
data at 3.5 GHz confirmed the theoretical predictions. In [56] the approach of [55]
was extended to assess the EIRP (in the far-field region) and the time-averaged
power flux density (in the radiating near-field region) of a 8-by-24 element BS at
28 GHz. The EIRP is traditionally used as a proxy to simplify assessment of the
SAR in the far-field of a BS, assuming that at a large enough distance from the
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BS, the incident EMF is well approximated by a plane wave. However, users in
5G networks, though located in the far-field region of the BS array, do experience
near-field-like effects, such as spherical wave-fronts [57], which calls into question
the accuracy of the plane-wave exposure approximation.

The uplink exposure in 5G scenarios, i.e., the exposure to the EMF induced
by the UE connected to a 5G BS, was addressed extensively in literature. As the
distance between the user and the UE is limited by around 1 m in most usage
scenarios, it is computationally viable to eclose the complete user-UE system in
the FDTD domain. Such FDTD-based studies were conducted for the UE devices
operating in 3G [58] and 4G [59] networks. More recently, a study of the uplink
5G exposure to a UE with 4 antenna elements operating at 28 GHz was performed
using the FDTD method directly [52]. One challenge of estimating the uplink
exposure in 5G is determining the UE duty cycle and average transmit power in
realistic scenarios. A numerical approach is described in [60, 61], and in [62], UE
transmit power levels were measured in first commercial 5G networks at 3.5 GHz.
The uplink component of the 5G exposure is beyond the scope of this dissertation.

1.1.2.1 ATTO-floor

ATTO macroblock

o @ ATTO-cell
. O Gateway
- -l — Fiber link
#zn Moving
I robot
-
— = R ‘
4 v (ATTO-cellsf

(3.5GHz)

Figure 1.2: Schematic description of the ATTO-floor (left). Picture of the proof-of-concept
demonstrator (right). Adapted from [63].

The first 5G technology that will be looked into is the use of ultra-small cells
(CATTO-cells’ in Fig. 1.2). Ultra-small cells generally refer to the novel network
designs in which the cell size is an order of magnitude smaller than that of a
femtocell (less than 10 m?). Over the recent years several ultra-small cell concepts
were proposed [64—66]. In Chapter 2 of this thesis, the human exposure to one such
technology, the ATTO-cell floor, first described in [67], is investigated.

The ATTO-floor is a new concept for ultra-high capacity wireless networking,
designed to provide connection to autonomous robots (see Fig. 1.2, right), it targets
industrial/commercial applications (smart factories in Industry 4.0). The ATTO
cells are integrated directly into the floor surface, on which both robots and human
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workers move freely. The system concept is designed to provide a very high bitrate
(up to 100 Gbps), bitrate density (100 Gbps/m?), low latency (below 10 us) and
very high service reliability for the UEs moving at speeds lower than 30 m/s [63].
A typical cell size is around 15-by-15 cm?. The floor-facing antenna of the robot
establishes a dedicated connection with the floor-integrated up-facing antenna of
the closest cell. The cells are interconnected via the RF-over-fiber passive optical
network (shown in red in Fig. 1.2, left). As the robot moves across the floor surface
from one ATTO-cell to another, fast handover system assures an uninterrupted
connection transceiver integrated into a common ATTO-gateway (red hexagon in
Fig. 1.2). The target ATTO-floor realization will operate in the 60 GHz band to
deliver the specified performance goals. In this thesis, the EMF exposure of a human
to a proof-of-concept version of the ATTO-floor (see Fig. 1.2, right) operating at
3.5 GHz and designed to validate core ATTO principles, will be investigated.

Human workers standing on the ATTO-floor are exposed to radiation in the
near field of multiple small cells simultaneously. This means that to correctly
assess the human exposure in realistic ATTO-cell scenarios, the complete system
of human body coupled with multiple ATTO-cells must be considered as a whole.
Signals arriving from multiple antennas give rise to the (unintended) constructive
interference phenomenon, which boosts local exposure. The effects of this will be
investigated in Chapter 2.

1.1.2.2 Massive MIMO

Massive MIMO BS

0 EDD
N B&UES

Figure 1.3: An example of an outdoor massive MIMO deployment. Beams in azimuth and
elevation are shown. Adapted from [68].

The second studied technology is the use of large arrays with beamforming and
massive MIMO precoding capabilities Fig. 1.3. The massive MIMO BS is equipped
with a large antenna array that dynamically adjusts its transmission to maximize
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the received signal strength of the active users, and, if desired, minimize the
interference between them. The codebook-based beamforming [12] is a technique
in which, the phases of the BS array elements are selected from a set of predefined
configurations to maximize the signal received by the targeted UE. This alters the
array radiation patter and forms a high-gain lobe directed to the UE, commonly
referred to as a beam. If the BS has the real-time channel estimate (e.g., by
analyzing part of the uplink traffic from the target UE), the reciprocity-based DL
transmission pecoding schemes can be realized. The Equal Gain Transmission
(EGT) [69] scheme sets the BS antenna elements’ phases to maximize the receiver
signal-to-noise (SNR) ratio. The Maximum Ratio Transmission (MRT) [70] also
adjusts the elements’ amplitudes at a cost of higher hardware complexity, and is
known to closely approach the the theoretical maximum SNR when used in large
antenna systems. In many practical scenarios, the EGT and MRT schemes produce
beams precisely directed towards the target users. However, if the direct beam is
obstructed, the BS radiation pattern is dynamically reconfigured to take advantage
of the alternative propagation paths, e.g., reflections of and diffractions around
the objects surrounding the user. The signals arriving from different directions
combine constructively only around the user location, forming a compact region of
an elevated EMF - a hot-spot.

The BS array can transmit narrow beams in the user direction, or if the direct
path is obstructed, produce an EMF hot-spot centered around the user device by
utilizing the reflections in the environment. Moreover, the performance of the
system is tied to the complexity of the environment and diversity of the signal
propagation in it. The user is not coupled to the BS directly, but through the channel
state and propagation conditions within the environment. Therefore, predicting the
exposure of the massive MIMO technology requires both modelling of the EMF
propagation in the environment and the small-scale interaction of the human body
with highly focused EMF produced by the BS in this environment. Additionally, if
the inter-user interference is minimized by the BS, a significant portion of its power
may be transmitted in the directions where no active users are present, elevating
the exposure of non-users. The radiation pattern of such BSs is non-stationary,
and their time-averaged array gain can be significantly lower than the theoretical
maximum [71]. This poses new challenges when determining their compliance
boundary, i.e. the distance at which the time-average EMF induced by such BSs
does not exceed the reference levels of exposure protection.

The methodology of the massive MIMO exposure assessment is developed in
Chapters 3 and 4 and applied to study an indoor deployment example. Chapter 5
reaches further into the future by comparing the 5G collocated massive MIMO
design to a distributed massive antenna system, in which the antenna elements
are evenly spread throughout the environment - a promising 6G candidate. An
alternative approach is presented in Chapter 6 that studies an outdoor microcell



CHAPTER 1 9

scenario in terms of the time-averaged gain produced by the massive MIMO and
beamforming BSs. In Chapter 7 experimental data obtained with real massive
MIMO hardware is presented to support the so far established numerical predictions.

1.1.3 Contributions

The main original contributions of this dissertation are the following:

A stochastic method to assess the human exposure to a large number of
interfering sources in the near-field was developed and applied to study the
exposure of the ATTO-cell technology ([SS1], Chapter 2).

— A method to model the EMF distribution and hot-spots of downlink massive
MIMO was developed and applied to study the hot-spots formed in realistic
usage scenarios ([SS2], Chapter 3).

— A method to assess realistic downlink human RF-EMF exposure to massive
MIMO technology was developed and applied to study the exposure in
models of indoor industrial environments ([SS3], Chapters 4 and 5).

— A method to model a realistic time-averaged gain of the large array antennas
was developed and applied to study the BSs in outdoor environment models
([SS4], Chapter 6).

— The RT approach for the massive MIMO channel modeling was validated
with test-bed measurements ([SS5], Chapter 7).

1.2 Publications

1.2.1 Al International Journals

(publications in journals listed in the IST Web of Science)

1.2.1.1 As first author

[SS1] S. Shikhantsov, A. Thielens, G. Vermeeren, P. Demeester, L. Martens,
G. Torfs, W. Joseph, “STATISTICAL APPROACH FOR HUMAN ELEC-
TROMAGNETIC EXPOSURE ASSESSMENT IN FUTURE WIRELESS
ATTO-CELL NETWORKS?”, Radiation protection dosimetry, 2018. (Impact
Factor: 0.96, Q3, Rank: 317/350).

[SS2] S. Shikhantsov, A. Thielens, G. Vermeeren, E. Tanghe, P. Demeester, L.
Martens, G. Torfs, W. Joseph, “Hybrid ray-tracing/FDTD method for human
exposure evaluation of a massive MIMO technology in an industrial indoor
environment”, IEEE Access, 2019. (Impact Factor: 3.745, Q1).
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[SS3] S. Shikhantsov, A. Thielens, G. Vermeeren, P. Demeester, L. Martens, G.
Torfs, W. Joseph, “Massive MIMO Propagation Modeling With User-Induced
Coupling Effects Using Ray-Tracing and FDTD”, IEEE Journal on Selected
Areas in Communications, 2020. (Impact Factor: 11.42, Q1, Rank: 2/307).

[SS4] S. Shikhantsov, A. Thielens, S. Aerts, L. Verloock, G. Torfs, L. Martens,
P. Demeester, W. Joseph, “Ray-tracing-based numerical assessment of the
spatiotemporal duty cycle of 5G massive MIMO in an outdoor urban environ-
ment”, Applied Sciences, 2020 (Impact Factor: 2.474, Q2).

[SS5] S. Shikhantsov, A. Guevara, A. Thielens, G. Vermeeren, P. Demeester, L.
Martens, G. Torfs, S. Pollin, W. Joseph, “Spatial Correlation in Indoor Mas-
sive MIMO: Measurements and Ray-Tracing”, IEEE Antennas and Wireless
Propagation Letters, 2021 (Impact Factor: 3.726, Q1).

1.2.1.2 As co-author

[SS6] M. Matalatala, M. Deruyck, S. Shikhantsov, E. Tanghe, D. Plets, S. Gou-
dos, K. E. Psannis, L. Martens, W. Joseph, “Multi-objective optimization of
massive MIMO 5G wireless networks towards power consumption, uplink
and downlink exposure”, Applied Sciences, 2019.

[SS7] M. Velghe, S. Shikhantsov, E. Tanghe, L. Martens, W. Joseph, A. Thie-
lens, “Field Enhancement and Size of Radio-Frequency Hotspots Induced by
Maximum Ratio Field Combining in Fifth Generation Network”, Radiation
Protection Dosimetry, 2020.

[SS8] M. Matalatala, S. Shikhantsov, M. Deruyck, E. Tanghe, D. Plets, S. Goudos,
L. Martens, W. Joseph, “Combined Ray-Tracing/FDTD and Network Planner
Methods for the Design of Massive MIMO Networks”, IEEE Access, 2020.

1.2.2 C1 International conferences
1.2.2.1 As first author

[SS9] S. Shikhantsov, A. Thielens, G. Vermeeren, P. Demeester, L. Martens,
W. Joseph, “Comparison of human EM-exposure in fifth generation wireless
technologies: ATTO vs. massive MIMO”, Joint Annual Meeting of the Bioel-
ectromagnetics Society and the European BioElectromagnetics Association
(BioEM 2017), Hangzhou, China, 5 - 9 June 2017.

[SS10] S. Shikhantsov, A. Thielens, G. Vermeeren, P. Demeester, L. Martens, W.
Joseph, “Industrial indoor massive MIMO human EM-exposure evaluation”,
Joint Annual Meeting of the Bioelectromagnetics Society and the European
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BioElectromagnetics Association (BioEM 2018), Piran, Portoroz, Slovenia,
24 - 29 June 2018.

[SS11] S. Shikhantsov, A. Thielens, G. Vermeeren, P. Demeester, G. Torfs, L.
Martens, W. Joseph, “Hybrid Ray-Tracing/Finite-Difference Time-Domain
method for human EMF-exposure assessment of a massive MIMO technol-
ogy”, Joint Annual Meeting of the Bioelectromagnetics Society and the Euro-
pean BioElectromagnetics Association (BioEM 2019), Montpellier, France,
23 - 28 June 2019.

[SS12] S. Shikhantsov, A. Thielens, G. Vermeeren, E. Tanghe, P. Demeester, G.
Torfs, L. Martens, W. Joseph, “User and non-user EMF-exposure assessment
of massive MIMO in an outdoor urban environment using Ray-Tracing method
with stochastic geometry”, Joint Annual Meeting of the Bioelectromagnetics
Society and the European BioElectromagnetics Association (BioEM 2020),
Oxford, UK, 21 - 26 June 2020.

[SS13] S. Shikhantsov, A. Thielens, G. Vermeeren, E. Tanghe, P. Demeester, G.
Torfs, L. Martens, W. Joseph, “Numerical assessment of the spatiotemporal
duty cycle of 5G massive MIMO in an outdoor urban environment using radio-
frequency Ray-Tracing”, Joint Annual Meeting of the Bioelectromagnetics
Society and the European BioElectromagnetics Association (BioEM 2021),
Ghent, Belgium, 26 September - 1 October 2021.

[SS14] S. Shikhantsov, A. Thielens, G. Vermeeren, E. Tanghe, P. Demeester, G.
Torfs, L. Martens, W. Joseph, “Collocated and distributed massive MIMO
from the human EMF exposure perspective: a comparative study”, Joint
Annual Meeting of the Bioelectromagnetics Society and the European BioEl-
ectromagnetics Association (BioEM 2021), Ghent, Belgium, 26 September - 1
October 2021.

1.2.2.2 As co-author

[SS15] M. Velghe, S. Shikhantsov, L. Martens, W. Joseph, A. Thielens, “Assess-
ment of MaMIMO beamwidth using measurements and raytracing”, Future
Networks: 5G and beyond (URSI-France 2020 Workshop),11 - 13 March 2020,
Palaiseau, France.

[SS16] M. Velghe, S. Shikhantsov, E. Tanghe, L. Martens, W. Joseph, A. Thielens,
“Exposure to RF-EMF hotspots induced by maximum ratio field combining in
5th generation networks”, Joint Annual Meeting of the Bioelectromagnetics
Society and the European BioElectromagnetics Association (BioEM 2020),
Oxford, UK, 21 - 26 June 2020.
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[SS17] M. Velghe, S. Shikhantsov, L. Martens, W. Joseph, A. Thielens, “Beam
width assessment of a Linear Array for MaMIMO applications at 3.5 GHz
using measurements and raytracing”, 2020 XXXIIIrd General Assembly and
Scientific Symposium of the International Union of Radio Science, 29 August
- 5 September 2020, Rome, Italy.

1.2.3 Other

[SS18] S. Shikhantsov, A. Thielens, G. Vermeeren, P. Demeester, L. Martens,
G. Torfs, W. Joseph, "Numerical assessment of human electromagnetic expo-
sure in ATTO-cell wireless networks”, Workshop Uncertainty Modeling for
Engineering Applications (UMEMA 2017), 23 — 24 November 2017, Torino,
Italy.

[SS19] S. Shikhantsov, A. Thielens, G. Vermeeren, E. Tanghe, P. Demeester, L.
Martens, G. Torfs, W. Joseph, “"Ray-Tracing in stochastic environment models
for massive MIMO propagation prediction”, RACON 9th MC meeting and 9th
Technical Meeting, “Inclusive Radio Communication Networks for 5G and
beyond” (COST Action CA15104), 16 — 18 January 2019, Dublin, Ireland.

1.2.4 Awards
[SS20] BioEM2017 - 1st Place Poster Award.
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Part I

ATTO-cell technology






Exposure to the ATTO-cell Technology

2.1 Introduction

In this chapter we are looking at the first technology introduced in chapter 1 -
ATTO-floor. From the human exposure perspective, the main distinctive feature
of this technology is that the human body is located in the near field at least
of some ATTO-cells. As shown schematically in Fig. 1.2 (left), ATTO-cells are
integrated into the floor and cover its entire area. According to the current design [1],
operating at a center frequency of 3.5 GHz, (Fig. 2.2 in this section) an ATTO-cell
has dimensions of 15 cm-by-15 c¢m, and an antenna is supplied with a maximum
power of 1 mW. Possible applications of the ATTO technology include industrial
warehouses or factories of the future, where multitudes of mobile robots and human
workers operate simultaneously. Robots, being equipped with an antenna featuring
downward-pointing pattern, are the target users, see Fig. 1.2 (right). Due to the
provisioned fast handover system, at any time instance a robot is only connected to
the antenna right underneath it. Thus it is unlikely for humans to be exposed by the
ATTO-floor directly. In other words, most of the time humans will be exposed to
the scattered fields of antennas serving surrounding robots.

Exposure from a single ATTO-cell at 3.5 GHz was studied both numerically
and experimentally in [2, 3]. Peak spatial specific absorption rate averaged over a
10 g cube (psSAR o) was found to be lower than 2.8 mW/kg, which is far below
the International Commission on Non-Ionizing Radiation Protection (ICNIRP)
guidelines for the general public in limbs (4 W/kg). Though the power radiated
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by the ATTO-cell is not enough to violate the ICNIRP guidelines, the ATTO-
floor network represents a valuable study-case of exposure to phased antenna-
arrays. Moreover, appropriately scaled obtained exposure levels remain valid for an
arbitrary antenna radiated power.

In this chapter, we address, for the first time, the worst-case exposure scenario
for an ATTO-floor network: a human standing on the entire ATTO-floor network
with all antennas radiating simultaneously and constantly. To assert the highest
exposure we need to account for the fields induced by the antennas in proximity of
the studied subject. As it will be shown further, the number of antennas that give
significant contribution to the total exposure is sufficiently small. Another novel
contribution presented in this chapter is the development of a statistical approach
for exposure estimation in a system with multiple interfering nodes. By applying
this approach, we evaluate the psSAR o, that could hypothetically be produced by
ATTO networks under very conservative assumptions.

In a multi-antenna system the powers and the relative phases with which the
antennas are supplied define the resulting EMF distribution [4, 5]. This affects the
power dissipated in the regions occupied by human body tissues. To find such a
combination of powers and phases that yields the highest exposure means finding
the worst-case exposure in a given scenario. A method that addresses this problem
in the case of the exposure to multi-coil MRI-scanners is known [6, 7]. It can be
shown that, if the total power shared by all the antennas is limited, then the problem
is equivalent to finding the largest eigenvalue of a matrix. However, if the maximum
power is limited per antenna, a general optimization method is needed [8]. In the
following sections we propose a statistical approach that not only allows to find the
worst-case, but also gives an estimate of the average exposure and field distribution
over the ATTO-floor.

2.2 Materials and Methods

In the first part of this section the numerical setup is presented. In the second part
we give an overview of the conducted simulations. The third part describes the
post-processing methods and explains the method of exposure assessment.

2.2.1 Numerical setup

For electromagnetic simulations we use the Finite-Difference Time-Domain (FDTD)
method implemented in Sim4Life v3.2 (ZMT, Ziirich, Switzerland). The simulation
domain is depicted in Figure 2.2. We use the Virtual Population v.3.1 posable
heterogeneous Duke phantom [9], which represents an average adult male human
(height = 1.77 m, mass = 70.2 kg, BMI = 22.4 kg/m?). Its feet are rotated by
10° in the sagittal plane to be parallel to the floor, as it usually is in a normal
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standing posture. The shortest distance between the feet and the surface of the
floor is 10 mm, which is aimed at representing the height of a shoe sole. The floor
surface is a sheet of 6 mm Acrylic glass (¢ = 2.5 - 1073 S/m, ¢, = 2.6). Each
ATTO-cell is equipped with a single linearly polarized planar, substrate-integrated-
waveguide cavity-backed slot antenna, constructed from of foam material substrate
and copper plated nylon conducting elements. A model of the antenna used in
simulations further in this chapter is shown in Fig. 2.1 together with its normalized
radiation pattern. The antenna dimensions are 55 mm and 80 mm along x and
vy, respectively. A 4-by-4 array of equidistantly separated antennas is placed on a
plastic (0 = 5-107* S/m, ¢, = 2.25) substrate 58 mm below the floor to form
16 ATTO-cells. The sensitivity of the exposure values to the antenna array size is
studied quantitatively in the next section and the choice of 4-by-4 array is justified.
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Figure 2.1: ATTO-floor patch-antenna. The radiation pattern is shown with black grid-lines
and the feed-point location is indicated. The depicted coordinate system is used
through the rest of the chapter.

In order to optimize computational resources, only the legs of the phantom are
included into the simulation domain. This change has a negligible effect on the field
distribution inside the phantom due to its fast decrease in amplitude with distance
from the floor (more than 50 dB at 1 m height, see [2]). The domain boundary
box dimensions are set to be 750 mm-by-750 mm-by-1200 mm and absorbing
boundary conditions with the Perfectly Matched Layer (PML) are applied. With
the maximum of 1.2 mm discretization resolution in lossy regions, it resulted in
approximately 150 million voxels in total.

In the given setup, the phantom penetrates the near-field region of at least some
of the antennas in the array (2L2/\ ~ 220 mm, where L ~ 100 mm is the largest
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Figure 2.2: Simulation domain. 16 patch-antennas and voxeled part of the phantom included
into the domain are shown. x and y are Cartesian coordinates the phantom’s
pivot point in horizontal plane and angle ¢ defines the phantom’s rotation normal
to the plane. Black wireframe box shows the boundaries of the domain.

antenna dimension, and A\ =~ 86 mm is the wavelength at 3.5 GHz). Therefore, the
exposure is highly affected by its location with respect to the array. To study this
effect we allow the phantom translation in the horizontal plane (parallel to the floor)
and rotation around an axis orthogonal to the floor. Such transformation can be
defined by three scalar parameters: two Cartesian coordinates x,y and the angle
of rotation . Any fixed set of {x,y, o} we will further refer to as configuration,
see Figure 2.2. Exposure variation due to the phantom’s movement in the direction
perpendicular to the floor was covered in [2], and is not considered in the current
study.

2.2.2 Simulations

We assume that all positions and orientations of a human on the floor have equal
probability. Utilizing the periodical structure of the antenna array, we restrict trans-
lations of the phantom to a central rectangle of size 150-by-150 mm, which is the
size of one ATTO-cell. The rectangle is covered with a 7-by-7 rectangular grid of
nodes which are equidistantly separated, see Figure 2.3. Taking into account reflec-
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tion symmetries of individual patch antennas relative to « and y axis and matching
symmetries of the antenna array structure, for each node of this translational grid
we consider three angles of phantom’s rotation: 0°, 45°, and 90°. In total, we
obtain 147 configurations in which the phantom is translated to one of the nodes on
the grid and rotated to one of the angles.

For every configuration we perform a multi-port FDTD simulation, which
consists of 16 single-port simulations. In each of them only a single antenna is
excited with a 3.5 GHz sinusoidal signal of normalized input power. After the
simulation reaches a stationary state, electric fields in a subregion that encloses
only the phantom’s feet are saved for post-processing.

2.2.3 Post-processing

The post-processing is done in several steps.

First, we assume that antennas driven with maximum power lead to the highest
exposure. This allows to normalize the field distributions obtained from simulations
to the radiated power of 1 mW.

Second, we independently sample 16 numbers from a uniform random distribu-
tion in [0, 27). These are set as phases for antennas in a multi-port simulation. By
doing so we assume that the phases of antenna signals are uncorrelated.
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Figure 2.3: Average value (top) and relative standard deviation ¢, (bottom) of exposure
samples distribution for all configurations. Arrows denote the rotation of the
phantom. The outlines of the antennas are shown with thin black lines. The
color-bars on the right show psSAR o, in mW/kg (top) and its relative standard
deviation ¢, in % (bottom).

Third, we calculate a field distribution inside the domain with amplitudes and
phases of all 16 antennas set. Using standardized numerical routines (IEC/IEEE
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P62704-1) we obtain a psSAR o, value, which is further referred to as an exposure
sample.

Fourth, we generate 103 exposure samples for each configuration. This yields
147 - 102 exposure samples in total, which cover variations of phantom positions
on the floor and antennas relative phases. This sample set allows to estimate the
statistical properties of exposure in the given EM-environment.

The procedure of exposure samples generation can also be viewed as a Monte-
Carlo random point method for finding a global minimum of a function. The
numerical error of this method decreases with the number of samples N as 1/v/ N
[10]. To further decrease the numerical error, we use phases of the highest exposure
sample as a starting point for an optimization. The complete numerical procedure
is integrated into the Sim4Life scripting environment, which allows to utilize
its internal algorithms for psSAR o, evaluation at every iteration. The resulting
solution is deemed to approach closely the upper bound of the psSAR o in a given
configuration.

Finally, we examine the effect of human body morphology on peak SAR in
the worst-case configuration. For this, we perform additional FDTD simulations
with three heterogeneous Virtual Family V1.0 phantoms [11], Ella, an adult woman,
Billie, an 11-year-old girl and Thelonious, a 6-year-old boy. Each of these phantoms
is simulated in the configuration, in which the worst-case exposure is found for
the Duke phantom (adult male). Using this configuration aims at providing an
approximation for the worst-case exposure avoiding a computationally expensive
process of determining it more accurately, as it has been done previously for Duke.
Each phantom’s feet are rotated to be parallel to the ground and the simulation
domain dimensions are preserved. Such approach allows detecting phantom-related
factors influencing the exposure (e.g., size of the feet), the magnitude of which is
greater than the variation of the exposure across the ATTO-floor.

2.3 Results
2.3.1 Spatial distributions of psSAR .

Figure 2.3 shows spatial distribution of exposure for the simulated configurations.
The color of a square corresponds to the mean value (top row) and relative standard
deviation ¢, expressed in % (bottom row) of 1000 exposure samples. Its coordinates
in the zy-plane match the coordinates of the phantom’s pivot point in a configuration.
Columns represent the angle of the phantom’s rotation. These exposure maps give
a high-level summary of exposure variation inside the ATTO-cell.

In general, the highest mean psSAR |, is observed when the toes of one of the
feet are placed directly above the feed-point of an antenna, e.g., {0, —25 mm, 90°},
see Figure 2.3. Higher maximum mean values are observed when the feet are
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Figure 2.4: Histogram of all generated exposure samples pooled together. Emitted power
per antenna is 1 mW and 16 mW in total. Mean and median of the distribution
are shown in dashed blue and green lines respectively and values exceeding the
95" percentile are shown in red.

perpendicular to the polarization direction of the antennas (90°), whereas their
parallel mutual placement (0°) results in lower mean psSAR o, values, which are
more evenly distributed over the xy plane. One possible reason for that is the
occurrence of a resonance in the toes in the former case [12].

To obtain general characteristics of the ATTO-floor exposure, all samples from
all configurations are plotted as a histogram in Figure 2.4. It is a bell-shaped skewed
distribution. Its nonparametric skew, defined as S = (u — v)/o, where p - its
arithmetic mean, v - median and o - standard deviation, equals approximately 0.19.
Its arithmetic mean can be interpreted as an average exposure of ATTO-floor and
equals 4.9 mW/kg. This is almost twice the upper limit found in [2] for a single
ATTO-cell but still three orders of magnitude lower than ICNIRP general public
guidelines (4 W/kg). The 95" percentile, indicating the level of exposure that is
exceeded with a 5% chance, equals around 7.6 mW/kg.

2.3.2 Worst case ATTO-floor exposure

To establish the upper bound on the exposure of the ATTO-floor we perform
an optimization procedure. We use the configuration yielding the highest sam-
ple mean psSAR o, (7.4 mW/kg) and, at the same time, contains a sample with
highest exposure value (14.9 mW/kg). This configuration is defined by the set
{0 mm, —25 mm, 90°}. In this case, the toes of the phantom are located directly
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Figure 2.5: The worst case exposure search procedure.



CHAPTER 2 31

above two central antenna tiles. Phases and powers of all 16 antennas act as
minimization parameters of the objective function — log(psSAR ¢, ), therefore max-
imizing psSAR|o;. Two optimization algorithms are coupled: first phases are
optimized using Hybrid Powell method [13], then powers of antennas bounded
between 0 and 1 mW are optimized with the L-BFGS-B algorithm [14]. The proce-
dure is performed 100 times; each time the parameters to initialize the optimization
are independently sampled from the uniform random distribution: in [0, 27] for
phases (in radians) and in [0, 1] for powers (in mW). An example of the evolution
of a successful optimization procedure is depicted in Figure 2.5a.

The antennas are numbered using two indices: the lower index indicates antenna
number along the y-axis, the upper index indicates antenna number along the x-axis.
Phase 3 has the highest impact on the psSARg, with corresponding antenna
being located directly under the peak-SAR cube (see Figure 2.5b). Phase 3 is set
as a reference and phases of antennas relative to it are computed as @f = @f — 3,
where gbg are absolute phases. Phases of antennas that have a significant impact
on the exposure are shown at the bottom of the Figure 2.5a. Antennas from four
central tiles (¢3, ¢3, ¢3) tend to have higher impact on psSAR ¢, than those from
periphery.

In all optimization runs, the antenna powers converged to their upper bound
(1 mW). In fact, the optimal antenna phases guarantees, that all the antennas
signals interfere constructively in the region of interest (peak-10g-cube). Therefore,
increasing the antenna powers necessarily leads to the increase of exposure.

After approximately 1000 function evaluations the optimization terminates,
reaching a flat plateau (see Figure 2.5a). The resulting exposure value is considered
to be the worst-case exposure in the worst-case scenario and equals to around
21.2 mW/kg. This value is almost 50% higher than the value of the highest exposure
sample observed previously and more than four times the average exposure of the
ATTO-floor. It places an upper bound on the exposure of the 4-by-4 ATTO-cell
array. It is worth pointing out that the established upper bound constitutes only
slightly over 0.5% of the ICNIRP basic restrictions for general public (4 W/kg),
and around 0.1% - for workers (20 W/kg). In other words, the output power of
an ATTO-cell of up to around 1 W would still satisfy the ICNIRP guidelines for
workers. To put this into perspective, an average psSAR g of a generic mobile
phone induced in the head at 1900 MHz is around 5 W/kg for the total output
power of 1 W [15]. This is nearly the same as the average psSAR o found for the
ATTO-floor with 1 W radiated per antenna.

Figure 2.5b depicts the worst-case psSAR g distribution in a 2D slice, coinci-
dent with the highest exposure voxel. The voxel is located at the very edge of the
right foot toe. The 10 gram cube assigned to it has the volume of nearly 48 cm?
and only one fifth of it is occupied with a lossy media.
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Figure 2.6: Parameters of exposure samples distributions as a function of antenna array
size. Each point and error-bar represents mean value and standard deviation of
exposure samples distribution.

2.3.3 Array size impact

In addition, influence of the array size on the total exposure is studied. The setup
of Figure 2.2 is used with the antenna array extended to 5-by-5 size. The phantom
position is fixed at the center of the floor with 0° rotation. After a single multi-port
simulation is done, nine post-processing runs are performed and the results are
shown in Figure 2.6. The horizontal axis indicates the size of a rectangular sub-array
that is excited, gradually expanding from the central tile to the full 5-by-5 floor.
Position of points and error-bars along the vertical axis indicates the average and
standard deviation of 1000 random exposure samples respectively.

The rate at which exposure grows decreases drastically after the array size
becomes larger than 3-by-3 tiles. Relative exposure increase of 5-by-5 compared to
3-by-3 array is only around 2.5%. Such a small relative change of exposure justifies
the use of 4-by-4 array setup with phantom movements, as in any configuration the
phantom is kept enclosed inside one of four 3-by-3 sub-arrays of the initial array.
At the same time, a 2-by-2 array, though covering the phantom’s footprint, is not
sufficient for exposure estimation.

2.3.4 Influence of body morphology

Finally, the effect of body morphology is investigated. Three additional simulations
with different phantoms are done: Thelonious (a 6-year-old boy), Ella (an adult
woman) and Billie (an 11-year-old girl). All phantoms are simulated in a worst-
case configuration found for Duke (Fig. 2.5b). Figure 2.7 depicts the parameters
of distribution for 1000 random exposure samples, generated for each phantom
(including Duke). The average exposure for Thelonious, Ella and Billie phantoms
is approximately 5.2 mW/kg, which is nearly equal to the average exposure over
the whole ATTO-floor, found for Duke (4.9 mW/kg). In addition no significant
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Figure 2.7: Bar-plot of psSAR o, for Duke v.3.1, Thelonious v.1.0, Ella v.1.0 and Billie v.1.0
phantom models, evaluated in the worst-case configuration. Solid dots indicate
mean psSAR g, blue bars and caped solid lines cover (psSAR1g,)£0 band and
range from 5 to 95" percentile respectively.

variation of exposure mean among three newly simulated phantoms is present; their
relative differences are 2%, 6% and 9% for Thelonious, Ella and Billie phantoms,
respectively. At the same time the average exposure for Duke in the identical
configuration (7.4 mW/kg) is nearly 30% higher. These observations suggest that
the worst-case configuration found for Duke does not guarantee the worst-case for
other phantom models, i.e. worst-case configuration is model-specific and possible
effects of body morphology (e.g. the size of the feet) are suppressed by exposure
alteration due to phantom positioning.

2.4 Conclusions

In this chapter, the exposure of the ultra-small cell ATTO-floor technology in terms
of peak spatial psSAR o, was studied. We showed the significance of the effect
that a multi-antenna interference has on the psSAR o, value and used a statistical
approach to obtain the average exposure level of 4.9 mW/kg and a 95" value of
7.6 mW/kg on the ATTO-floor as well as draw a theoretical maximum for 4-by-4
floor (21.9 mW/kg). Peaks of SAR were found to occur always in feet, being
well below the corresponding ICNIRP guidelines for the general public, with input
power of 1 mW per one ATTO-floor node. The relation between the ATTO-floor
size and psSAR g, it induces was established. It was shown that due to a fast
decay of the EMF radiated by the ATTO-floor nodes in the lateral direction, a only
a limited number of the nodes (4-by-4 sub-array) induced the largest portion of
the phantom’s exposure. Finally, the effect of body morphology was investigated,
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showing moderate variation of the average exposure that the ATTO-floor induces in
phantoms of different gender and age.

In Part IT we are going to turn our focus to the exposure of humans in the far
field of large antenna arrays. As we will see, the radiation from every element of
such array contributes significantly to the total exposure of a phantom. Additionally,
a propagation prediction model will be needed to correctly estimate the incident
EMF properties in proximity of the user.
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Massive MIMO






Massive MIMO Exposure in Indoor
Industrial Environment

3.1 Introduction

Having studied the ATTO-floor exposure in Chapter 2, in this chapter we introduce
the second technology outlined in Chapter 1 - massive MIMO. Massive MIMO is
one of the most promising candidates as a 5G communication technology. First
introduced in [1], it offers an unprecedented increase in spectral efficiency of a
wireless link. It is achieved by equipping the base station (BS) with a large number
of antennas compared to the number of simultaneously served users. The user
equipment (UE) is a single antenna device. As mentioned in Chapter 1, the BS esti-
mates the propagation channel through receiving uplink pilots. This channel-state
information (CSI) is used at the BS to precode the signal it transmits, maximizing
the desired signal strength at the receivers while minimizing interference. This is
achieved by selecting the phases and amplitudes at the BS antennas (precoding
them) such that their signals are combined constructively at the intended receivers
and undergo a destructive interference at the other receivers. Various precoding
strategies were devised and analyzed in literature [2]. The propagation environment
and the precoding scheme used at the BS are the major factors influencing the elec-
tromagnetic field (EMF) distribution (Poynting vector) in vicinity of the receivers
during the operation of a massive MIMO system.

Recently conducted theoretical studies were focused on the assessment of the
realistic maximum power density levels and compliance boundary size. In [3]
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analytical expressions were used to describe the statistical properties of the massive
MIMO operation and in [4] the 3GPP stochastic channel model was involved. In
both works the line-of-sight (LOS) scenario was studied as yielding worst-case
human exposure and operation of the massive MIMO system was reduced to
beamforming.

However, in a non-line-of-sight (NLOS) scenario such approach might no
longer be feasible. As there is no direct path between the BS and UE, forming
conventional ’beams’ is not beneficial as the signal gets attenuated by obstacles.
Instead, the BS exploits the knowledge of the channel and allocates its power
to multi-path components. High spatial multiplexing gain, typical for a massive
MIMO transmission, results in sharp power density peaks confined to a narrow
spatial region in proximity of the UE’s terminal.

This chapter presents a numerical approach for the evaluation of realistic EMF
exposure to a massive MIMO BS downlink transmission in terms of the localized
specific absorption rate (SAR). This has never been done before, to the best of the
author’s knowledge. It combines Ray-Tracing (RT) for deterministic geometry-
based propagation calculation and the Finite-Difference Time-Domain (FDTD)
method to assess exposure of a realistic human phantom.

Comparing LOS and NLOS modes of operation of a massive MIMO system
could give insights into realistic exposure conditions.

In this chapter, models of an indoor industrial environment are studied. It
is envisioned that factories of the future will be equipped with multitudes of au-
tonomous robots and human workers, all of which will require fast and reliable
wireless connection. A single massive MIMO BS could potentially provide the
needed service due to a low Path Loss (PL) exponent and rich scattering in such
scenarios [5].

Recent measurement campaigns performed with massive MIMO test-beds [6] in
indoor environments report its distinctive features: multi-user consistency, spherical
wavefronts, and non-stationarity across the BS array. Current stochastic MIMO
channel modeling frameworks, e.g. COST 2010 [7] and QuaDRiGa [8], do not
account for these effects. Although possible extensions were proposed [9, 10],
they are yet to be experimentally validated [11]. On the other hand, geometry-
based massive MIMO channel modeling using the RT method complemented with
the Uniform Theory of Diffraction (UTD) has been reported to reproduce the
aforementioned effects in both indoor [12] and outdoor environments [13].

The chapter is organized as follows. In Section 3.2, we explain the proposed
numerical approach in detail, estimate the algorithmic complexity of the methods
involved and the limits of their applicability. We also estimate the numerical error
of the proposed method. Section 3.3 presents the results obtained in a model case
of industrial indoor environment. Time-averaged free-space Poynting vector magni-
tude and SAR in a heterogeneous human phantom are assessed. It also contains the
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discussion of the results with respect to the existing exposure guidelines.

3.2 Materials and methods

In this section, we explain the numerical approach. First, a high-level overview
is given, where all steps involved are shown, and their connections are explained.
Then, for each step, we elaborate the details. An example of its application is given
for a model environment.

3.2.1 Numerical pipeline
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Figure 3.1: Numerical pipeline scheme. Ray-tracing, FDTD and the interface between them
are shown.

A block-diagram of the proposed method is depicted in Fig. 3.1. It can be
conveniently viewed as consisting of two components: RT and FDTD. The hy-
bridization of these two methods was first introduced in [14], where it was used for
indoor wireless propagation prediction; the results were compared to the measured
data, showing 2 to 10 times lower relative error in predicting the E-field magnitude
compared to pure RT. The same approach was also applied to the human exposure
assessment to conventional single-antenna BS in an urban macrocell in [15]. The re-
sults demonstrated the significance of the “accurate modeling of the environment in
which the exposure takes place”. Peak-spatial SAR averaged over 10g (psSAR g)
was reported to increase around two times with reflections from a nearby wall
taken into account. Inclusion of the propagation environment in the simulation is
expected to have even stronger effect on exposure produced by a massive MIMO
BS.
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An extensive study [16] based on sets of single-plane wave FDTD simulations
with adult heterogeneous human phantoms reported psSAR g, relative variation of
around 300% with respect to the direction-of-arrival (DoA) of a plane wave. There-
fore, a realistic modeling of the EMF-exposure should account for the expected
DoA relative to the exposed subject. One way to achieve this is to utilize known
DoA distribution for a particular type of environment when assessing the exposure
statistically [17].

However, for a massive MIMO system directional information at the receiver
side per BS antenna and inter-antenna correlation should as well be accounted for.
These are often characterized via the notion of a cluster of scatterers, which is
associated with a group of closely spaced DoAs [18]. A cluster can be described
with its DoA and relative power distributions. In proposed stochastic models of
the massive MIMO channel, a widely accepted approach is to generate cluster
parameters according to appropriately chosen distributions. Whether a cluster is
shared between two BS antennas is given by a probability function.

As the input of a RT simulation is a geometrical model of an environment (see
Fig. 3.1), the RT approach has the following advantage over stochastic models: all
the channel information is extracted from the environment model, rather than being
sampled stochastically.

The choice of distributions in a stochastic model is equivalent to the definition
of the RT simulation domain. We further discuss this in the analysis of the RT
results.

We generate the geometry for RT simulations stochastically, described with a
set of geometry parameters.

The directional information of the incidence at the UE is spatially consistent.
Scatterer clusters emerge naturally as the strongest propagation paths, between
the BS and a UE. Importantly, RT calculates DoA per individual BS antenna
element based on the shape of the antenna array, its orientation in space, etc. Power
distribution, phase, and time-delay of the incident rays are calculated from the
length of the propagation paths (path loss), possible reflections, transmissions
(Fresnel equations) and diffractions a ray undergoes during its propagation (Fig. 3.1,
left).

Antenna radiation patterns are easy to incorporate into RT simulations, as it
only requires scaling of the incident power with respect to direction of departure
(DoD) at the transmitter and DoA at the receiver; it can be done as a postprocessing
step of simulation results. This will be leveraged in Chapter 4 to evaluate the effect
that coupling of the UE antenna with the user body has on the massive MIMO
channel, the hot-spot, and the user exposure.
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3.2.2 Ray-Tracing Simulation

The wireless channel modeling is performed using a ray-launching [19] variant
of the RT method [20]. The commercially available REMCOM Wireless InSite
3.2 software package is used [21]. A general RT procedure relies on a ray-optics
approximation of the Maxwell equations. A transmitter is modeled by launching
rays from its center in a finite set of directions, distributed over the complete unit
sphere. A ray is propagated through the environment predefined with its geometry
and material properties, undergoing reflections, refractions, and diffractions, until
its power reaches a predefined threshold. If a ray passes in the vicinity of a receiver
(within the ray reception sphere [19]), it contributes to the total field at that receiver’s
location.

Given that the BS terminals are excited with a sinusoidal signal at frequency f.,
the ray-tracer calculates the channel transfer function between n*"* BS antenna (Tx)
and k' UE (Rx) as

s(k,n)
R= " prexp(—2mifer,), 3.1)
r=1
where s(k,n) is the total number of paths found between n'” Tx and k" Rx
points, p, is the complex-valued impulse response through the 7" path and 7,. is
the time-delay of the r*" path. Evaluating (3.1) for each Tx-Rx pair yields the
frequency-specific channel matrix H(f.) (Fig. 3.1). Obtaining full channel matrix
requires calculation of H( f) at every sub-carrier frequency utilized by a massive
MIMO system. Further in this chapter we carry out simulations at a single carrier
frequency of 3.5 GHz, and H(f.) = H € CEX*Y where K and N is the overall
number of simultaneously served UEs and active BS elements, respectively.
The channel Gram matrix is commonly used for analysis of a massive MIMO
system performance and given by

G =HHY, (3.2)

where () denotes the conjugate transpose of a matrix. It is a positive-semidefinite
matrix of dimensions K x K. Its k™ diagonal element is proportional to the
power received by the k™ UE, and the magnitude of its element with indices ij is
proportional to the interference between i and j UEs in downlink.

3.2.2.1 Model of the environment

The ray-tracing simulations were done the in the indoor environment shown in
Fig. 3.2. The floor-plan is a 40 mx20 mx5 m rectangular room. A dielectric
material with parameters ¢, = 7, o = 1.5 - 1072 S/m [22, 23] is assigned to its
walls, floor and ceiling (concrete material model).
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Scatterers are placed along the perimeter of the room, no more than 3 m
away from the walls, distributed in the xy-plane with the Poisson Disc sampling
algorithm [24]. The Poisson Disc sampling algorithm assures that the scatterers do
not intersect and distributes them evenly inside the bounded region. The scatterers
are cuboids of fixed width and length (2 mx0.5 m) and height sampled uniformly
in the range from 2 m to 3 m. Each scatterer is independently rotated around the
vertical axis, through the object’s center, at an angle sampled uniformly in [0, 27).

Massive MIMO BS
Blocks LOS

Array of UE devices

Random scatterers

Figure 3.2: A sample of the environment in a ray-tracing simulation. Floorplan has the
dimensions of 40 mx20 mx5 m. The floorplan and Tx-Rx arrangement is fixed,
while cuboid scatterers are generated independently for each sample.

Fig. 3.2 shows the location of the massive MIMO BS (green) and a linear array
of receivers (red). The center of the BS array is located at x = 7 m, y = 10 m,
z = 4 m in the coordinate system depicted in Fig. 3.2. The BS consists of 36
vertically polarized isotropic radiators arranged in a planar 6-by-6 array in yz-plane
with a uniform 1)\ (approx. 86 mm) spacing between the elements. All elements of
the array are fed with equal power, such that the total radiated power of the BS is
1 W. In this study, we do not assign individual antenna patterns to the BS elements
in order to simplify the analysis of the results.

19 UEs are arranged in a linear array with equal 1 m spacing spanning from 15
to 33 m along the z-axis. All UEs are elevated at equal height of 1.5 m (along the
z-axis). A receiver is modeled with a single vertically polarized isotropic antenna.

In addition, one cuboid of size 2 mx0.2 mx4 m can be placed at the fixed
location (z =10 m, y =10 m), blocking the direct path between the BS and the
array of receivers (see Fig. 3.2). We further refer to the setup where the cuboid is
present as the NLOS scenario and the setup without the cuboid as the LOS scenario.
This model generates realistic industrial environments of a fixed layout (e.g. a
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warehouse, assembly line) [25].

A 0.02° ray-spacing is set for the ray-launching at the Tx. Each antenna element
had vertical polarization and used an isotropic radiation pattern. THe isotropic
radiation patterns at both Tx and Rx are aimed to model the most generic wireless
channels. Additionally, this will also aid isolating the effect that the coupling of
the UE with the human body has on the channel (see Chapter 4). Other RT solver
parameters are summarized in Table 3.1 and were chosen as suggested in [23].

Parameter | Reflections | Refractions | Diffractions Threshold
Value 6 2 2 -80 dB(V/m)

Table 3.1: Parameters of the RT solver.

3.2.2.2 Discretization of incident rays

Aray r, ;. = {fc,n,E, H} in the RT method is described by the frequency f.,
DoA vector n of the plane wave it represents (a unit vector opposite to the direction
of the plane wave propagation), complex amplitudes of its electric and magnetic
fields E, H, and indices of a Tx-Rx pair (n, k) it is calculated for.

Many modern FDTD software tools feature a functionality to create plane wave
sources. We use this feature available in EM-FDTD solver of Sim4Life v4.0 (ZMT,
Ziirich, Switzerland) and model an incident ray as a plane wave source propagating
in the entire domain.

The simulation time is nearly linearly proportional to the total number of plane
wave sources in it. Moreover, the number of rays incident at the specific point is
also proportional to the number of the antennas at the BS, as each antenna is traced
independently.

The overall number of rays that reach a particular UE depends on the environ-
ment, Tx-Rx positions, and attenuation threshold, after which a ray is discarded;
e.g., in the studied environment with the power threshold of -50 dB and source
ray spacing of 0.02°, on average around 220 rays per Tx-Rx pair were observed,
resulting in approximately 8 - 10 rays per UE.

Such large number of plane waves in a simulation results in a long run time and
renders it impractical to conduct the simulations in extensive sets of environment
samples. It is computationally beneficial to combine rays with closely aligned
propagation directions before introducing them into the FDTD domain.

To reduce the number of plane waves in an FDTD simulation, hence, decreasing
simulation time, we perform DoA discretization of the incident rays at each UE.
We define a grid on a unit sphere and use the normal vectors of its elements to
approximate DoA of the rays calculated with the RT method. If the set is sufficiently
large and covers all DoA space in a uniform manner, the error introduced by this
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Figure 3.3: Icosahedral triangulation of a sphere of frequency a) 1 (Icosahedron, 20 faces),
b) 2 (80 faces) and c¢) 16 (5120 faces).

procedure is expected to be small for any distribution of DoA of the incident rays.
This procedure allows adding up the complex amplitudes of the discretized rays
having equal DoAs, decreasing the total number of plane waves in the FDTD
simulation (and proportionally decreasing CPU time).

We use a geodesic spherical grid based on subdivision of an icosahedron.
By subdividing every edge of the icosahedron into ¢ segments, triangulating its
faces and projecting newly created vertices into the unit sphere, an icosahedral
triangulation of a sphere (icosahedral sphere, ico-sphere) of frequency ¢ is generated.
The angle between any two adjacent triangles (a dihedral angle) of an ico-sphere is
nearly constant, which makes its surface a largely isotropic spherical grid.

For each ray the calculated DoA vector n is replaced by n, being the outer
normal of the ico-sphere face n; with the maximal orthogonal projection onto n,

n = arg max{(n,n;)}. (3.3)
n;
i | Facecount | Z(ky,ks), [°] | diy [N | di, [m]
1 20 41.81 1.5 0.12
2 80 18.02 3.23 0.26
4 320 7.8 7.37 0.59
8 1280 3.19 17.96 1.44
16 5120 1.41 40.73 3.26

Table 3.2: Distance between interference peaks for different ico-sphere frequencies.

To estimate the error introduced by the discretization procedure, lets con-
sider two plane waves with wave-vectors k; and ko, such that [k;| = |ks| and
Z(ky, ko) < f3;, where (; is the largest dihedral angle of an ico-sphere of frequency
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1. Then the shortest distance between two neighboring interference pattern maximas
(fringe spacing) is given by d; = \/sin §; [26]. Table 3.2 presents values of d;
calculated for ¢ < 16. Starting from ¢ = 4, the fringe spacing becomes larger than
the expected domain size. We use this as a starting value in the following numerical
evaluation of the associated error.

704 —I— Ai:tO'
60
50
~ 40+
30+
20+
101

0_ T T T T T
1 2 4 8 16

Ico-sphere frequency (7)

A%

Figure 3.4: Relative error of the total power incident along the x-axis. Sample average and
standard deviation over 100 RT simulations are shown.

To numerically estimate the error introduced by DoA discretization in the simu-
lated environments, we compare the time-average power flux density S calculated
from the full set of rays obtained with the RT method and their discretized approxi-
mations S; for icosahedral sphere frequencies i listed in the Table 3.2. We integrate
the absolute difference between x-components of S and S; and their mean value
over a 190 mm x 240 mm rectangle A in the yz plane and use the ratio of two as a
measure of the error

Ai _ fA ‘Sm - Sm,z|
Ja 15z

The area of integration is the projection of the phantom’s head bounding box

(3.4)

on the yz plane (wich is the phantom’s coronal plane). As such, A; approximates
the relative error of the total power incident at the phantom’s head along the x-axis
when discretizing the rays using the ico-sphere of frequency ¢ (see Fig. 3.5). The
x-axis is selected, as this is the dominant propagation direction connecting the BS
and the Rx array. We calculated A; for 100 samples of the environment in Fig. 3.2
with the NLOS scenario; its value averaged over all samples and all UE locations
along with its standard deviation o as a function of ¢ are shown at Fig. 3.4.

Mean A, approximately equals 20% and for some samples exceeds 30%.
However, A; falls rapidly as ¢ increases. Mean A4 is found to be around 5.5%
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with its value staying below 12% for all samples. Numerical uncertainty of exposure
assessment caused by the finite FDTD grid resolution is reported to be around 10%
for the grid step of 2 mm and frequencies below 5 GHz [27]. Thus ico-sphere of
frequency 16 is considered to provide a sufficiently accurate approximation for the
incident field.

In the studied environment, the overall number of the discretized rays for a
given UE rarely exceeded 250, which reduced the FDTD simulation run-time by
a factor of 30. This approximation is further used in FDTD simulations with a
realistic human phantom.

3.2.3 FDTD Simulations

Sim4Life FDTD software is used for the simulations described in this section. The
simulation domain is shown in Fig. 3.5. The EMF-exposure is assessed using the
ViP v.3.1 Duke heterogeneous human phantom [28] (a different section of this
phantom is used in Chapter 2). Further throughout the thesis we simply refer to
it as the phantom. psSAR |, is used to measure the exposure as highly focused
energy distributions are expected (hotspots).

The center of the domain is coincident with the position of the UE, where the
exposure is being assessed. The UE is assumed to be a mobile phone in a typical
usage scenario close to the head. Accurate modeling of the usage scenario requires
positioning the phantom inside the domain preserving its arrangement relative to
the UE. Here we use a simplified approach by centering the phantom’s head at the
position of the UE (center of the domain).

In addition, we only include the phantom’s head into the FDTD domain to
reduce the computational demand. The domain dimensions were set to 300 mm X
300 mm x 250 mm to fully enclose the phantom’s head.

The discretization step did not exceed 2 mm which resulted in more than 40 grid
steps per wavelength at 3.5 GHz. The total number of voxels is around 3.3x 10°,

3.3 Results
3.3.1 Massive MIMO channels

To evaluate the massive MIMO performance in the proposed environment we
investigate the channel matrices and compare their properties with those of the
theoretical i.i.d. Rayleigh channels.

Fig. 3.6a depicts a channel Gram matrix, in which the channel coefficients
are modeled with independent sampling from a circularly symmetric Standard
Normal distribution, according to the Rayleigh fading model. The dominance of its
diagonal elements is conditioned by the law of large numbers, as any off-diagonal
element is the average of a large number (number of the BS antennas N) of random
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Figure 3.5: A computational domain of the FDTD simulation. Domain boundaries are
shown with solid black lines. Voxels of the ViP v.3.1 Duke phantom’s head,
included into the domain, are shown. Dashed line depicts to boundary of the
integration surface A (shaded area) in (3.4).

variables with zero-mean. At the same time, any diagonal element is the square of
the absolute channel impulse response, and proportional to the power received by
the corresponding UE.

Fig. 3.6b shows an example of a channel Gram matrix calculated with the RT
method in the NLOS scenario. Relative magnitude of a diagonal element decreases
with increasing UE index. This is the result of the PL, as the distance from the BS
to the corresponding UE increases.

The arithmetic mean of the channel Gram matrices obtained in 100 NLOS
environment samples are depicted in Fig. 3.6e. Comparing Fig. 3.6b and Fig. 3.6e,
one can see that the channel impulse response is indeed uncorrelated between
independently generated environment samples. The correlation between channels
(off-diagonal elements at Fig. 3.6b) occasionally reaches the order of magnitude of
the signal (diagonal elements), but vanishes on average.

LOS channels exhibit much higher correlation (Figs. 3.6c and 3.6f) between
farther spaced receivers compared with NLOS, which is explained by the shared
direct path component. The correlation further increases when strong scatterers are
shared between UEs, as illustrated at Fig. 3.6c for UE#2 and UE#3, in which case
the channels become nearly identical up to a constant phase shift. On average the
diagonal elements dominate, though the observed correlation is higher than the one
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Figure 3.6: A comparison of normalized channel Gram matrices (X = 19, N = 36). (a):
An example of i.i.d. Rayleigh channel model with A¥ ~ CN(0,1). (b): An
example of NLOS scenario (see Fig. 3.2). (c): An example of LOS scenario.
(d): Average of 100 i.i.d. Rayleigh samples. (e): Average over 100 NLOS
environment samples. (f): Average over 100 LOS environment samples.

of NLOS or i.i.d. Rayleigh channels.

The quantitative analysis of the channel is often performed using the channel
matrix Singular Value Spread (SVS) «(H) [29] and channel correlation Matrix
Power Ratio v(G) (MPR) [13].

x(H) is the ratio between the maximum and the minimum singular values of
H. SVS is the measure of correlation between the channel vectors: it equals to 1
for perfectly orthogonal channels (all singular values equal 1) and larger than one
for non-orthogonal channels. «(H) close to 1 indicates that the channel exhibits
favorable propagation conditions for the operation of a massive MIMO system.

~v(Q) is the ratio between the sum of squared absolute values of the diagonal
elements of G and the sum of all its elements absolute values squared

K

Z |gi,q|?
VG)= 57—
2 2 gigl?

i=1j=1

(3.5)
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Figure 3.7: Probability Density Function of v(G) (left column) and Cumulative Distribution
Function of x(H) (right column) for 2, 5 and 19 active adjacent UEs. Results
for the NLOS (top row) and LOS (bottom row) scenarios are shown.

~v(G) is the portion of the electromagnetic energy that is focused at the intended
receivers instead of interfering with other receivers. In i.i.d. Rayleigh channels
~v(G) tends to 1 and goes to 0 when a significant inter-channel correlation is present.

To evaluate the variation of x(H) and v(G) in the studied environment model
(and quantify its suitability for the deployment of a massive MIMO system) we
select all sub-arrays of n consecutive UEs from the original UE array and calculate
the above quantities for 100 environment samples. Fig. 3.7 depicts the sample
Probability Density Function (PDF) of v(G) and Cumulative Distribution Function
(CDF) of k(H) for n = 2,5 and 19 (whole UE array) in LOS and NLOS scenarios.
For larger n always a larger SVS is observed, in agreement with measurement
results in [30] and the results of RT simulations in [13].

The NLOS scenario offers better propagation conditions compared with LOS,
which agrees with [31]. This is expected, as in the LOS scenario all UEs are
positioned along one straight line, which is also the strongest propagation path, i.e.
the phase of the signal is correlated with its DoA for all receivers. However, the
SVS rarely exceeds 10 dB in both scenarios for n < 5, which means that the BS
is capable at providing a good service to up to 5 closely spaced UEs. Channels to
more sparsely distributed users tend to be less correlated. This allows to conclude
that the proposed environment model is well-suited for the deployment of massive
MIMO and the average EM-field incident at the UEs can be treated as realistic.
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3.3.2 Power flux density focusing in free space

In this section we examine the behavior of the time-averaged power density flux
in free space in the neighborhood of the UE to which the transmission occurs.
A simple case when the BS transmits to a single-user only is studied. This is a
potential worst case exposure-wise, as the BS attempts to focus all the available
power at a single user position rather than spreading it between multiple locations
in a multi-user case.

Strictly speaking, the results of the RT simulation are only valid in the point
in space that is coincident with the position of the assessed UE. However, spatial
distribution of the EM-field in proximity of the point is determined by the phase-
amplitude relation of the incident plane waves if their DoA variation close to that
point is sufficiently small.

To examine to which extent this assumption holds, we performed 100 RT
simulations in the NLOS scenario (Fig. 3.2) with a linear array of densely spaced
(10 mm separation) receivers spanning for 0.5 m along the z-axis at 20 m distance
from the BS. On average, correlation of the incident rays power as a function of
DoA is found to be above 60% for the UE separation distance less than 200 mm.
Therefore, we further examine EM-field distributions in a finite space region.

In this and following sections we apply Equal Gain Transmission (EGT) scheme
[32] to precode the discretized rays. The EGT is realized by setting the phase of
the signal at every BS antenna element opposite to the phase of the received signal
at the terminal of the UE to which the transmission is intended, while maintaining
the amplitude of the signal equal at all BS antennas. The EGT scheme is less
demanding to the BS hardware complexity, compared to e.g., Maximum Ratio
Transmission scheme (see Chapter 4), and is considered as a candidate for practical
massive MIMO implementations [33, 34]. Using the definition of the channel
matrix element (3.1), we obtain EGT-precoded complex E-field amplitude of the
4" ray incident at the k** UE from the n‘" BS antenna as

E] . = E] , exp(—iarg(h})). (3.6)

Then the E-field at the point r in proximity of the & user is found taking the
sum over all rays and BS antennas

N
EECT(r) = Z Z E;k exp (—tk,r), (3.7
n=0 j

where k; is the wave-vector of the j th ray. Equations for the magnetic field are

obtained by substituting H for E in (3.6) and (3.7).
Time-average power density flux is the real part of the EM-field Poynting
vector [26]
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Figure 3.8: Spatial distribution of the time-average power flux density in the zy-slice through
the location of the UE, averaged over all UEs in 100 environment samples. Total
BS transmitted power is normalized to 1 W. (a): The LOS scenario; (b): The
NLOS scenario.

EGT «EGT
w ). (3.8)
We evaluated (3.8) on a uniform rectilinear two-dimensional grid in the zy
plane at z = 0 constructed for all UEs in the LOS and NLOS scenarios for 100
environment samples.

Fig. 3.8a and 3.8b show spatial distributions of S,CEGT(z7 y) averaged over UE
locations and environment samples for LOS and NLOS scenarios respectively. They
illustrate the average power flux density gain in the studied environment model that
the BS delivers. The BS is located in the negative z-axis direction at y = 0. In
both cases, the maximum power density is observed in the center of the domain
(UE antenna terminal). This is the effect of focusing achieved by precoding of the
transmission by (3.6): on average the signal arrives at the receiver having zero-phase
and adds-up coherently. It is important to emphasize that not all the propagation
paths combine coherently at the center. A channel coefficient (one for each BS
antenna) is an algebraic sum of the receiver voltages induced by signals arriving
from multiple propagation paths, with their amplitudes and phases determined by
the propagation environment. It is by coherently combining instantaneous field
distributions produced by multiple antennas, that the focusing is achieved. The less
correlated the signal response between the antennas is (that is the less alike these
individual field distributions are) the sharper the field enhancement at the receiver
can be produced.

In this regard the difference between LOS and NLOS scenarios is evident. In
the LOS scenario the strongest propagation paths, being nearly collinear with the

SPT (r) = Re(
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positive z-axis direction, have narrow angular spread, which results in interference
patterns with wide maxima. In contrast, when direct paths are obstructed, incident
power has a more uniform and wide angular spread; this results in higher angular
diversity in the incident rays (larger “aperture”) and sharper focusing along y-axis,
as can be seen at Fig. 3.8b.

On the other hand, in the NLOS scenario the strongest propagation paths are
blocked, which results in more than 3 times lower absolute average of SE¢7'(0,0).

To compare the focusing effect in both scenarios we calculate full width at half
maximum (FWHM) of the spatial distribution relative to the background, along x
and y axes, as shown at the top and left side of Fig. 3.8a and 3.8b.

For LOS and NLOS we found FWHM(y)~39 mm or 0.45\ and FWHM(z)~63 mm
or .74\ respectively. We use the average of two values as the focusing performance
indicator, which in this case approximately equals 51 mm or 0.59.

Another measure of focusing performance is the power density gain reached
with the EGT precoding relative to power density of non-precoded BS transmission.
This aspect and spatial variation of the power density at a larger scale is discussed
in more details in the following sections.

3.3.3 Spatial distribution of SAR

We use psSAR g, to study localized exposure in the head of the heterogeneous
phantom model as described above. Due to a highly focused EM-field distribution
in proximity of the head, peak-spatial SAR averaged over 10-gram cube is a
suitable quantity for the EMF-exposure estimation. 10-gram averaging cube and the
maximum permissible psSAR o, are standardized by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) in [35].

The FDTD simulations are performed for two rotation angles of the phantom
(0° and 90°) relative to the BS were conducted for each environment sample. As
discussed in Section 3.2, psSAR o, varies significantly with the incidence direction;
exposure from the back of the head (0° rotation) and exposure from the side (90°
rotation) are examined to study this effect.

Fig. 3.9a and 3.9b depict the distributions of SAR g, in a horizontal slice of
the phantom’s head, averaged over 19 UEs in the LOS scenario, exposed from the
back and from the side respectively. When exposed from the back the maximum
psSAR o, value is almost two times lower compared to the one found with exposure
from the side setup. This is largely explained by the irregular structure of the ear,
where the peak-cube is a almost always found in the side-exposure case, which
agrees with a single-plane wave exposure studied in [16]. More generally, this
effect can be attributed to the fact that in the LOS scenario most of the radiation is
incident from the half-space where the BS resides. Location of the peak-cubes are
on average aligned with the direction to the BS in LOS for both angles of rotation,
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Figure 3.9: Color shows SAR ¢, distribution, normalized to 1 W BS power and averaged
over all 19 UEs in 10 environment samples; z coordinate of the slice is coincident
with the maximum average SAR o, and indicated in the top-right corner; black
squares depict peak-psSAR o cubes in each exposure sample projected onto the
slice. (a): Exposure from the back in the LOS scenario; (b): Exposure from the
side, LOS; (c¢): Exposure from the back, NLOS; (d): Exposure from the side,
NLOS.

which also supports the argument above. Most of the psSAR o, cubes are found in
the top of the head when the phantom is exposed from the back, which is why the
slice depicted on Fig. 3.9a is located higher than on the others of Fig. 3.9.
Distributions of SAR o, for two angles of the phantom’s head rotation averaged
over 10 environment samples and all UE positions in NLOS scenario are shown
on Fig. 3.9¢c and 3.9d. As mentioned in Section 3.3.2, NLOS scenario results in a
broader distribution of DoA in the incident rays. Thus the location of the peak-cube
in the phantom’s head is less correlated with the direction to the BS (or the angle
of rotation of the head) compared with the LOS scenario. For both the 0° and 90°
degrees rotation in Fig. 3.9c and 3.9d, most of the peak-cubes were located in the
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cars.

3.3.4 Large-scale variation of the localized SAR

In this section we evaluate the power density in free space and psSAR o, in the
phantom’s head as a function of the UE distance from the BS.

3.34.1 LOS

Results for the LOS scenario are given in Fig. 3.10a. The graph at the top depicts the

sample average of the free-space power flux density, calculated for 100 environment
samples.
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(a) The LOS scenario. (b) The NLOS scenario.

Figure 3.10: As a function of distance to the BS. Top row: time-averaged power flux density
at the locations of the UE. Black dashed line shows EGT-precoded sample
average and error-bars denote 25" - 75" percentile range; red dash-dotted line
shows average power density with no precoding applied; blue dotted line gives
a free-space path-loss reference. Bottom row: psSAR g in the phantom’s head.
Black solid line shows average over 100 environment samples and 2 phantom
rotation angles; blue dashed and red dash-dotted graphs show rotation-specific
average values, for 0° and 90° rotation angles respectively; grey shaded area
marks 5™ - 95" percentile range. All values are normalized to 1 W BS total
transmitted power. (a) The LOS scenario. (b) The NLOS scenario.

Secr and S, g are the free-space time-averaged Poynting vectors evaluated at
the location of the UE when the BS antennas transmit with EGT-precoded and with
independent random (in [0, 27)) phases respectively. The ratio |S gar|/|Srandl
is the EGT-precoding gain in terms of the time-averaged power density. It is
fairly stable over the distance; varying between 13.2 and 15.5 dB, its average
approximately equals 14.4 dB. It is also interesting to compare these values with
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the power density calculated with the free-space path loss model S¢ ., shown with
a dashed blue line. It is calculated using Friis free-space transmission formula [32]
for a single isotropic radiator with the total power of 1 W as the BS. Everywhere
Srand is larger than Sy, with their ratio increasing from around 3.9 to 6.9 dB as
the distance to the BS increases. This can be explained by the presence of the PEC
scatterers which reflect EM-energy and channel it through the environment, instead
of absorbing it. This is confirmed by extensive measurement campaigns [36] carried
out in industrial indoor environments, which report PL exponent less than 2 in the
studied frequency range.

The graph at the bottom of Fig. 3.10a depicts the maximum psSAR o, averaged
over 10 LOS environment samples with the phantom exposed from the back (0°
rotation, blue line), side (90° rotation, red line) and 5™ - 95™ percentile range
taken from the distribution of all 20 exposure values (shaded region). At all UE
locations exposure from the side is found to be higher than from the back by a
factor of 2.6 on average. Overall, the average maximum psSAR g value is closely
proportional to S g7 in the hotspot with the proportionality factor varying from
around 2.7 - 1072 m?/kg to 4.4 - 10~2 m?/kg.

3.34.2 NLOS

Power flux density magnitude in the NLOS scenario is shown at Fig. 3.10b (top)
(100 samples). The precoding gain in the NLOS scenario varies slightly more with
distance and has a nearly equal absolute average value of around 14.3 dB, compared
with LOS. The former is the result of a more rich scattering environment which
NLOS provides, as mentioned in the previous section.

Another interesting effect is the increased relative variation of EGT-precoded
power density S pgr for all UE positions. This is expected: the signal variation
is related to the geometry variation across the environment samples. Randomly
generated scatterers play a less significant role in the non-obstructed propagation
(LOS), as the direct component is constant and shared among all samples.

The comparison of the large-scale fading with the free-space model shows
a larger PL in the NLOS. This is the effect of shadowing by the LOS-blocking
scatterer (see Fig. 3.2). It is interesting that UEs at an intermediate distance from
the BS experience less shadowing; it might indicate that the signal is more likely to
reach those UE locations through less interactions with the environment (e.g. with
only 1 reflection).

At the bottom of Fig. 3.10b, the psSAR ¢, variation with distance in 10 NLOS
environment samples is depicted. It is found to be around 3.5 times lower than that
of the LOS scenario. The relative difference between exposure from the back and
from the side is found to be lower in NLOS than in LOS as a result of a less directive
incidence. Exposure from the back is as well lower than from the side, though for
some UE their average values are very close (e.g. at 10 and 25 m distance).
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Another effect of the wider DoA spread in the NLOS scenario, mentioned in
Section 3.3.3, is that the EMF power is deposited and distributed more evenly over
multiple regions of the head, as can be seen comparing the top and bottom plots
of Fig. 3.9. As aresult, the maximum psSAR o, normalized to the power density
in the free-space hotspot (obtained in the same exposure conditions) is lower on
average in the NLOS compared to that in the LOS case.

3.3.5 Comparison with the guidelines

From the evaluated normalized exposure, we now determine the power that the
BS would need to transmit in order to violate the ICNIRP basic restrictions for
the general population (2 W/kg [35]) at a given distance in the LOS and NLOS
scenario, denoted as P os and Pyros respectively.
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Figure 3.11: BS output power violating ICNIRP guidelines. Blue dashed line - the LOS
scenario; red dotted line - NLOS.

Fig. 3.11 presents P os and Pnros as functions of distance to the BS. F og
increases from around 31 to 39 dBW nearly linearly with distance. Pyios has a
slightly steeper trend line and on average exceeds P os by 5 dB. As an example,
at the shortest studied distance (8 m) this results in the BS transmitted power per
antenna limits of around 1.3 kW in the LOS scenario and around 5 kW in the NLOS
scenario, which by a large margin exceeds potential transmit power of indoor
wireless communication systems.
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3.4 Conclusions

This chapter presented a numerical framework that for the first time allows to
estimate the human EMF-exposure and localized absorption caused by a massive
MIMO system. We applied the method to a generic model of an indoor industrial
environment with a single massive MIMO BS. The calculated wireless channels
were analyzed, and the results were compared to the data available in the literature,
showing good agreement. The gain of the system in terms of the time-average
power flux density at the receiver antenna terminal was obtained when using EGT
precoding at the BS. In the assumption of single-user transmission, exposure in
terms of psSARog was assessed for users in LOS and NLOS propagation conditions
at distances to the BS ranging from 8 to 26 m. Detailed results presenting psSAR o,
distributions and peak-cube locations are discussed with respect to the exposure
conditions. psSAR g variation with distance to the BS was analyzed and compared
to the power density observed in free space at the same location. Finally, maximum
allowed powers of the massive MIMO BS were obtained in LOS and NLOS
scenarios.

The main limitation of the presented method is that the channels of the UE
was obtained directly from the RT simulations. Though the RT method outputs
physically accurate and spatially consistent DoAs of the incident EMF, it implies
that the UE is located sufficiently far from any reflecting or absorbing objects.
However, in realistic scenarios, such as the one studied in this chapter, the UE is
positioned in a close proximity to the phantom. This alters the UE’s free space
radiation pattern (in receive), mainly through absorption by the user body. In
turn, this alters the channel matrix seen by the BS, and therefore its transmit
weights. Propagation paths blocked by the user body would contribute less to
the channel matrix, compared to the ones that reach the UE unobstructed. It is
reasonable to assume that precoding schemes that maximize the received signal
would then allocate a larger portion of the transmit power to the paths that result in
less absorption. Moreover, the increase in the UE antenna pattern directivity should
be expected to improve the system performance in scenarios with multiple UEs by
acting as a spatial filter to select the UE-specific propagation paths (assuming the
high-gain directions are not shared by the UEs).

The next chapter extends the approach introduced here to account for the
coupling effects of the UEs and the user body. The effect of the perturbed UEs’
radiation patterns on the channel matrix is investigated. In addition, more advanced
precoding techniques and multi-user scenarios are explored from the exposure point
of view.
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User Body Coupling Effects

4.1 Introduction

Chapter 3 introduced the methodology of estimating human EMF exposure to a
large antenna array BS, implementing the massive MIMO equal gain transmission
scheme. However, the effect that the variability of the receiver’s radiation pattern
due to its orientation in space and the effects of the near-field coupling with the
user body remained unaccounted for. In this chapter we propose an extension to
the established framework that allows to include the aforementioned effect and
quantify the impact that it has on the massive MIMO channel and the resulting
human exposure.

To the best of the author’s knowledge, this chapter for the first time describes
the numerical approach that takes both the well-known effects of cluster non-
stationarity [1] and user body coupling into account. These effects will be utilized
by the Massive MIMO downlink precoding schemes to produce compact space
regions of an elevated Electromagnetic field (EMF) around the receiver antennas
(hot-spots). Therefore, we apply the proposed approach to calculate the EMF
distribution in proximity of a user on a small scale, and use it to estimate the human
EMF-exposure. The same method can also be adapted for a 5G near-user antenna
design.
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4.2 Methods

The proposed approach is based on a hybrid Ray-Tracing (RT) method that is used
to model large-scale propagation and the Finite-Difference Time-Domain (FDTD)
method, used for refinement of the RT results. In the following sections each step of
the approach is discussed in detail and the connection between them is explained.

4.2.1 Ray-Tracing

The RT procedure is described in section 3.2.2 of Chapter 3. In this chapter the
same environment model, BS and UEs’ parameters as described in section 3.2.2.1
(as shown in Fig. 3.2). Only the NLOS environment configuration, in which the
direct path is blocked by a PEC cuboid, will be studied further in this chapter.

For each Tx-Rx pair (n, k) in the simulation, the RT solver returns a collection
of rays {r}, ». A ray holds properties of the propagation path it models, such as
direction-of-arrival (DoA), time-of-flight (ToF), Path Loss (PL), EMF strength, etc.
We use these properties to calculate the wireless channel in Section 4.2.3.

4.2.2 EMF Coupling Effects

This section explains how the radiation pattern of the UE close to a phantom’s head
is calculated using FDTD simulations.

In realistic scenarios, such as a mobile phone call, a user penetrates the near-
field of his UE. This results in EM-coupling which affects the radiation pattern of
the UE. We account for this by simulating the UE antenna in a usage mode together
with a realistic human body model using FDTD method.

To model the UE antenna, we use a generic half-wavelength dipole antenna
model, designed for the central frequency of 3.5 GHz. The overall dipole antenna
length is 37 mm, arm diameter and the feed gap are 2 mm. The dipole arms are
modeled as perfect electric conductors.

In this chapter we use the same section of the ViP v.3.1 heterogeneous Duke
human phantom [2] as in Chapter 3.

The Sim4Life v4.4 (Ziirich, Switzerland) software package is used for FDTD
simulations throughout this chapter. Fig. 4.1 shows the FDTD computational
domain. The antenna is positioned at the center of the global coordinate system and
oriented vertically. The phantom’s head is positioned near the dipole, such that its
bounding box center is coincident with the y-axis and the distance from the left ear
to the dipole center is 20 mm. This setup aims to reproduce the effects observed in
a real-life phone call scenario, such as signal blockage by the user’s head.

The dipole is fed with a sinusoidal signal at 3.5 GHz and 1 W of total input
power. The output of the simulation is a complex amplitude of the vertically
polarized far-field E-field A(6, ¢). A(0, ¢) is sampled on a surface of a 1 m radius
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Figure 4.1: The FDTD simulation setup. Solid black lines show the domain boundaries. The
original model of ViP v.3.1 Duke phantom’s head is presented alongside with its
voxelized approximation. The dipole near the phantom’s left ear is shown in blue
together with its radiation pattern. Global Cartesian and spherical coordinate
systems used throughout this chapter are given. The | A| color-bar indicates the
magnitude of the normalized radiation pattern A(6, ¢) of the dipole coupled
with the phantom’s head.

sphere for elevation angle € in range [0, 7] and azimuth angle ¢ in range [0, 27)
with a 2° step. Its ratio to the far-field E-field strength of an isotropic radiator fed
the same input power (~7.74 V/m) is the normalized far-field A(9, ¢), which will
be used throughout the following sections.

The computational domain center is coincident with the center of the phantom’s
head bounding box and its dimensions are set to 256 mmx256 mmx250 mm. It
fully enclosed the head and the antenna, at the same time significantly reducing
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the computational demands needed for simulations described in the next section.
A maximum discrepancy of around 8% is observed in the antenna directivity if
compared to the full-body simulation, which is considered acceptable, taking into
account a simplified model of the UE.

4.2.3 Channel Matrix

This section explains how the channel matrix is calculated using rays at the Rx and
the radiation pattern from the FDTD simulations.

First, a free-space channel matrix H/* is constructed from the collection of all
rays {r} = U{r}, . A channel between the Tx antenna with index n and the Rx
antenna with index k is found as

W o= > El “.1)
TESn k
and
E? = E? exp(—2mif.r,). (4.2)

Here s,, ;; are the indices of the rays in {r}, x, Ef and 7, are the vertical polarization
component of the E-field and the ToF of the " ray respectively.

Second, a reciprocity of an antenna in transmit-receive is utilized to introduce
the DoA dependence into (4.1). As a ray holds the information about its DoA
(0, ¢r), by weighting its contribution to the channel in (4.1) with the corresponding
radiation pattern value A(6,, ¢,), coupling effects are introduced into the channel
matrix elements

hit = > A(r,¢,)EL. (4.3)
TESn . k

For an arbitrary incident direction (0., ¢,), A(6,,p,) is calculated by the
bilinear interpolation of A(0, ¢). Evaluating (4.3) for every Tx-Rx pair, we obtain
a full massive MIMO channel matrix H"7.

We calculate the Singular Value Spread (SVS) x(H) of the channel matrix and
Matrix Power Ratio (MPR) v(G), given by (3.5), of the channel correlation matrix
G (given by (3.2)) to quantify how the inclusion of the UE radiation pattern into
the model affects the channel.

4.2.4 EMF distribution

To determine the EMF distribution in proximity of the user and the UE, FDTD sim-
ulation based on the RT results are performed. A ray with index 7 is modelled as a
plane-wave source p, = (k, a,, ¢,) that spans across the complete computational
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domain. It is described by its wave-vector k,., amplitude a,. and phase delay at the
domain center ¢,..

To reduce the required computational resources, DoAs of the rays in r are
substituted by the outer normal vectors of the faces of an icosahedral sphere (ico-
sphere) {n;.,(m)} [3], with m being the ico-sphere frequency. The wave-vector
of a plane wave that corresponds to the ™ face of the ico-sphere is then the inner
normal of that face

ki = —njcoi- (4.4)

The amplitude and phase of the plane wave with index ¢ are obtained by taking
a sum of the complex amplitudes of the rays, DoAs of which have the smallest
angular distance to the ™ ico-sphere outer normal. Each ray’s amplitude is weighted
with the precoding matrix element w,, 1., where (n, k) is the Tx-Rx pair indices for
which the ray is calculated.

In this chapter we investigate the Maximum Ratio Transmission (MRT) precod-
ing scheme [4]. MRT matrix W is proportional to the complex conjugate transpose
of the channel matrix and its elements are given by

W g =l 4.5)

where the normalization coefficient « is chosen such that W has unit Frobenius
norm.

The amplitude and phase of the plane wave with index ¢ at the Rx with index &
is then given by the magnitude and argument respectively of

N
Pik = anyk Z Ef. 4.6)
n=1 TESn k

Here the outer sum is taken over the BS elements, with N being their overall
number.

Using (4.5) to calculate the precoding with (4.3) as the channel matrix, we
obtain a set of the plane wave sources that models the EMF incidence at a massive
MIMO user

N
Pl =ad > (hI)EL. (4.7)

n=17r€sy

4.2.5 FDTD setup

One FDTD simulation is required for each user in the environment. The result of a
simulation is a 3-dimensional distribution of the electromagnetic field in free-space
around the phantom and inside its tissues. Knowing the dielectric properties of
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the phantom’s tissues we are able to calculate its EMF-exposure in terms of the
Specific Absorption Rate (SAR). We use the peak-spatial SAR averaged over a
10-g cube (psSAR ), calculated according to the IEEE/IEC 62704-1 standard [5].
psSAR o, captures local exposure peaks, that highly-focused fields distinctive to
the massive MIMO technology, are expected to produce.

As explained in Chapter 1, the International Comission on Non-Ionizing Radi-
ation (ICNIRP) specifies basic restrictions for psSAR o, below 6 GHz [6] in the
head for the general public (2 W/kg) and workers (10 W/kg). Based on these limits,
reference levels on time-averaged power density are established using FDTD simu-
lations with a single incident plane wave (10 W/m? and 50 W/m? for the general
public and workers respectively). We will compare massive MIMO exposure and
free-space power density with the ICNIRP guidelines in the following section.

A more detailed description of the FDTD simulation setup, its sensitivity and
error analysis are given in Chapter 3 (see also [7]).

g /2
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e
3 ™
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M 37/4 7”%
o
w/2 T g
T 2
/4 5 =

e e
0 #n/4 w/2 3x/4 7 bmw/43n/2Tr/4 27
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Figure 4.2: Radiation pattern of the dipole antenna coupled with the phantom’s head. Top:
Amplitude. Bottom: Phase.
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4.3 Results

In this section, the results are given in the order of the subsections of the previous
section.

4.3.1 Far-Field Pattern

The normalized radiation pattern A (6, o) is calculated as described in Section 4.2.2.
Fig. 4.2 shows its magnitude and phase in spherical coordinates. Azimuth angle
¢ = 7/2 corresponds to the incident radiation that is not obstructed by the user’s
head (see the coordinate system at Fig. 4.1).

A global maximum of | A| is observed around this azimuth angle in the hori-
zontal plane (6 = 7/2). This is expected, as the UE dipole is vertically oriented,
it favours propagation in the horizontal plane. The phase response shown at the
bottom of Fig. 4.2 is relatively flat around the magnitude maximum, varying for no
more than 7 /4 in the 7/2 neighbourhood of (6 = 7/2,p = 7/2).

A global minimum of A magnitude is found near ¢ = 37 /2. This is also
expected, as at these angles the incident radiation is attenuated by the user’s head.
The amount of attenuation is significant; it reaches around -18 dB (a factor of 63) if
compared to the global maximum.

The phase of A oscillates rapidly around ¢ = 37/2. This can be explained
by a superposition of multiple diffraction paths that become dominant when the
LOS is blocked by the head. However, this rapid phase variation does not make any
noticeable contribution to the channel due to a low relative power of the propagation
paths associated with it.

4.3.2 Channel correlation matrix

100 environment samples are simulated using the RT as described in Section 3.2.2.1.

First, a free-space channel correlation matrix Gf* is calculated. This is done by
evaluating (3.2) with H given by (4.1) for rays traced in each environment sample.
At the top of Fig. 4.3 the magnitude of a sample average of G7* is shown.

Second, the channel correlation matrix G, that accounts for the UE radiation
pattern is calculated. For each UE in the environment, the radiation pattern A(6, ¢)
(Section 4.2.2) is rotated around the z-axis to an angle sampled randomly in [0, 27).
This models a random positioning of users with respect to the BS, when all user
orientation directions are equally probable. The average G"/ taken over all 100
environment samples is shown at the bottom of Fig. 4.3.

The diagonal elements of G are proportional to the power received in the
downlink (DL) by users, if the MRT precoding is applied. Both G/* and G™/ are
diagonally dominant. This means that a significant portion of the DL transmitted
power reaches the intended receiver. However, in case of G/ there is an apparent
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coupling effects H™/
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increase in a relative magnitude of the super- and sub-diagonal elements. This
corresponds to the increased interference of users with their closest neighbors in
the simulated environment. Such effect is not observed in G™/. An average ratio
between the elements on the sub-diagonal (or super-diagonal) and the diagonal
elements is around 12% for G/* and less that 8% for G™/.

This difference in the channel correlation (around 30% decrease) can be ex-
plained by a highly correlated incident field, viewed as a function of DoA between
closely separated locations. Presence of a highly-directional individual radiation
patterns helps to resolve users that do not have enough spatial separation, which
will have a positive effect on a massive MIMO system performance. For instance,
it is likely that the propagation paths are similar for the adjacent UEs due to the
presence of shared reflection and diffraction clusters. Therefore, any two adjacent
UEs with omnidirectional antennas receive to a high degree correlated total signal,
as seen from a relatively high magnitude of the sub-diagonal elements in Fig. 4.3
(Top). At the same time, the propagation paths in either half of the environment
(with respect to the y-axis) are statistically independent (by construction). This
property can be beneficial for UEs with directional antennas, as the one shown
in Fig. 4.1. Considering an extreme case, if any two adjacent UEs patterns are
pointing in the opposite y-axis directions, they on average receive less correlated
signal, compared to the UEs with omnidirectional antennas, by effectively “filtering
out” shared propagation paths.

To study statistical properties of the channels, we calculate the MPR and SVS
for different numbers of active UEs in the environment and Tx elements used at the
BS. First, two and five UEs are selected randomly from the full simulated set and
channel matrices (4.1) and (4.3) are calculated with only those UEs (index k) and a
full 36-element array at the BS. Second, the same calculation is performed with five
and ten randomly selected BS antenna elements and five randomly selected UEs.
This is repeated 100 times in 100 environment samples, resulting in 10* samples per
dataset. Additionally, x(H) and v(G) of the full channel (19 UEs) are calculated.

Fig. 4.4a depicts histograms of x(H) and v(G) for 2, 5 and 19 (all) UEs (as
shown in Fig. 3.2) in black, blue and red, respectively. As the number of users
in the channel increases, MPR (left column) decreases for both G/¢ (top) and
G/ (bottom). This is in line with definition (3.5), as the number of the off-
diagonal elements of a square matrix is roughly proportional to the square of the
number of its diagonal elements. However, v(G") has a larger positive skew and
average values compared to (G7#). Higher v(G) corresponds to channels with
less correlation between UEs, being unity for purely orthogonal channels (with
the correlation matrix G being diagonal). This means that the near-field user-UE
coupling decreases (on average) correlation between massive MIMO users.

The right column in Fig. 4.4a shows x(H) (in dB) for G/* (top) and G"/
(bottom). For both G¥*# (top) and G™/ larger user count yields larger SVS values.
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Figure 4.4: Matrix Power Ratio 7(G) (left column) and Singular Value Spread «(H) (right
column) empirical distributions of 100 environment sample channels. In each
sub-figure free-space channels (top rows) and channels with the coupling effects
(bottom rows) are shown.

This is expected, as x(H) is determined by only two most correlated rows of G.
The more UEs are included in the channel (the greater dim(G) is), the higher
chance there is for any two users to have correlated channels.
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Fig. 4.4b presents histograms of «(H) and ~y(G) for a fixed number of 5 UEs
and a varying number of the BS antenna elements. With an increase of the element
count, the mean of (G monotonically grows for both G¥* and G™f. The mean
of v(G™/) remains larger than v(G7#) for all (equal) studies BS antenna counts.

Increasing the number of the BS antennas leads to a decrease of x(H), as shown
in the right column of Fig. 4.4b. Moreover, the amount of «(H) variation strongly
depends on the ratio N/K between the number of the BS antennas and the UEs.
Increasing N from 5 to 10 (N/K from 1 to 2) leads to around 6 dB (4 times)
decrease of mean values of both x(H"/) and x(H7#). Increasing N from 10 to
36 (N/K from 2 to 6.2) decreases the mean value of x(H/*) around 1 dB. This
observation agrees well with the results of measurements in NLOS conditions [8].

Mean values of the histograms shown at Fig. 4.4 are compiled in Table 4.1. In
summary, the near-field coupling leads to the increase in the average of both v(G)
and kH.

#Tx/#Rx | v(GP®) | v(G™) | k(HS®) | w(H")
36/2 0.92 0.97 3.3dB 3.8dB
36/5 0.73 0.79 7.1dB 9.8 dB
36/19 0.33 0.45 18.1dB | 20.7dB
5/5 0.62 0.68 145dB | 16.1dB
10/5 0.68 0.74 9.5dB 9.6 dB

Table 4.1: Mean values of x(H) and v(G) for different combinations of active Tx and Rx
antenna counts.

4.3.3 Hot-spot

In this section we present the results of the FDTD simulations described in Sec-
tion 4.2.4.

We perform FDTD simulations for all UEs in 10 environment samples. To
evaluate the focusing of the EMF in proximity of the UE antenna we calculate the
time-averaged Poynting vector at the receiver k as

E; x H}
2
where electric and magnetic field vectors E; and Hy, are interpolated on a rectilinear
grid. A horizontal slice coincident with the phantom’s head center (z = 0) of ||S,

averaged over all 19 UEs in 10 environment samples is shown at Fig. 4.5.

A strong focusing of ||Si]| is present near the dipole center, shown with a
black circle in Fig. 4.5. This is the compound effect of the MRT precoding and
the propagation environment. The precoding forces the signals from different BS

S), = Re( ), (4.8)
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Figure 4.5: Magnitude of the time-averaged Poynting vector distribution. Slice in the hori-
zontal plane (z = 0) shows the average of 19 user locations in 10 environment
samples.

elements to arrive coherently at the antenna terminal and a sufficiently diverse
environment makes it very unlikely for them to be in-phase at any other point in
space.

To quantify the focusing effect we calculate the ratio between time-averaged
power density at the antenna center r,, = (0,100,0) (shown with a circle) and
I'sym = (0,—100,0) that is symmetric to it with respect to the zz-plane (marked
with a black cross at Fig. 4.5)

S — [Sk(rraz)| (4.9)

1Sk (xsym)I
As both the environment model and the phantom body are symmetric with respect to
the xz-plane, it is reasonable to assume that for DL transmission with no precoding,
the average of S would be 1.

Fig. 4.6 shows a histogram of S, (dB scale). Average Sy, is around 10 dB, and
5t - 95™ percentile range spans from just above 3 to slightly over 16 dB. This
means that that the average hot-spot values of the power flux density are 10 times
higher than in the surrounding space.
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Figure 4.6: Sample density of left/right time-averaged Poynting vector gain.

4.3.4 Specific Absorption Rate

The psSAR , is calculated in the phantom’s head using built-in algorithms available
in the Sim4Life software. We evaluate SAR o, in the same environment samples
and UE locations as were analyzed in Section 4.3.3, resulting in 190 overall number
of exposure samples. Fig. 4.7 depicts SAR o, distribution in the horizontal slice at
z = 0 and projections of the peak-cubes on that plane.

The largest portion of the peak-cubes (~78%) is found near the left ear (see
Fig. 4.7, red circle). These exposure peaks are produced by the EMF hot-spot at the
UE antenna, located close to the ear.

In contrast to that, only around 9% of all peak-cubes is found at the right ear
(indicated with the green circle at Fig. 4.7). These peak-cubes are spatially more
concentrated than the cubes at the left ear, which suggests that they are mainly
caused by the ear geometry. High curvature of the ear tends to concentrate EMF
in the surrounding tissues even if exposed to a plane-wave [9]. This effect can
be observed in Fig. 4.5 by noting the in-tissue local maximas of the power flux
density. The most of the remaining peak-cubes are located at the back of the head,
in the direction to the BS. In three samples the psSAR(, is found in the eyes. This
allows to conclude that most of the Massive MIMO DL exposure is produced in the
vicinity of the UE.

To perform the exposure analysis, we introduce 7 - the psSAR o, normalized to
the time-averaged Poynting vector magnitude

SAR
y = D220 (4.10)
S
The normalized exposure aids the analysis in two aspects. First, the influence of

the BS transmit power and the PL is eliminated. Thus, values that are assessed
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Figure 4.7: psSAR o, and peak-cubes in the phantom’s head. Slice in the horizontal plane
(z = 0) shows the average of 19 user locations in 10 environment samples.

at the UEs located at different distances to the BS can be correctly compared.
Second, 7 indicates how adequate the existing safety regulatory limits are. Current
regulations require the EMF measured in free-space to comply with a predefined
threshold (reference levels). The threshold value is established based on the results
of extensive direct measurements, simulations and additional safety factors, in
which conventional single-antenna transmitters are used.

The definition of 7 depends on the location and conditions at which the EMF
is assessed for normalization. Two normalization strategies are compared. First,
Nhs is calculated as psSAR g, normalized to the maximum ||S|| in the domain
(hot-spot normalization). This is the time-averaged power flux density, that would
occur close to the UE in operation.

Second, 7, 18 calculated by normalizing psSAR o, to the average of the power
flux densities in the incident plane-wave sources defined in (4.6). This is the value
that would be observed in free-space when no user is present, as currently followed
by the ICNIRP exposure guidelines [6].

As a reference we use 7,.r = 0.2 m?/kg, calculated from the ICNIRP general
public restrictions (psSAR{GNTRY = 2 Wikg, ||S[|T“NEP = 10 W/m?).

Fig. 4.8 depicts mean values and 5" - 95" percentiles of 7, and Npw calculated
for 190 exposure samples, plotted versus the distance to the BS. For all studied
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Figure 4.8: psSARo; normalized to the time-averaged Poynting vector (dB scale). 75
(blue) - normalization using values at the hot-spot. 77,., (green) - normalization
with the average of the incident plane waves. For all UE locations 7 is lower
and 7. 18 higher than the value calculated from the ICNIRP basic restrictions
(used for the dB reference).

distances 7y, is nearly constant and around 3 times lower than 7),..s. It also had a
relatively low variance: 90% of all samples fell between -3 and -7 dB. Addition-
ally, psSAR g is highly correlated with the hot-spot power flux density (Pearson
correlation coefficient p = 0.96). This is in agreement with the analysis of the
peak-cube locations: most of the exposure is observed near the hot-spot. Hence,
power flux density close to the receiver could be used to estimate the EMF-exposure.
In addition, applying existing reference levels would overestimate psSAR g, at least
by a factor of 2.

In contrast, the average 7,,, is about 15 dB higher than 7,..; and has larger
sample variation compared to 7, s. This indicates that free space EMF measurements
cannot reliably estimate the massive MIMO exposure. The existing free-space
reference levels underestimate psSAR o, by a factor ranging from 10 to 100.

Finally, a comparison with the results obtained in Chapter 3 can be made. The
average psSAR o, normalized to the free space hot-spot power flux density 7¢,
(see Fig. 3.8) is calculated by evaluating (4.10) with the psSAR;¢, and S values
show in Fig. 3.10b (the NLOS scenario), for the head rotated at 0° and 90°. In
Fig. 4.9, 1175(0°) and 77(90°) sample-average values are shown with solid blue
and green lines, respectively, while their 5"to 95" percentile ranges are marked with
shaded regions of matching colors. For all BS to UE separation distances 7¢5(0°)
is (up to 3dB) lower than 7)7,(90°), which results from the lower psSAR ¢, levels
in the head exposed predominantly from the back, as can be seen in Fig. 3.10b



80 Bobpy COUPLING EFFECTS

UE id
01 23456 7 8 9101112131415161718
21— 77.(0%) — 17.(90°) E———

n, dB(0.2 m? /kg)
|
o

8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26
Distance to the BS, m

Figure 4.9: psSAR o, normalized to the time-averaged Poynting vector assessed in free space
(Chapter 3). n¢s(0°) (blue) - incidence from the back of the head; 755(90°)
(green) - incidence from the side.

(bottom). On average, 7, is below 7, (Fig. 4.8) by around 3 dB to 5 dB. This
means that failing to account for the UE-to-head coupling effects when estimating
the massive MIMO channel and forming the transmit vector underestimates the
induced psSAR o by at leas a factor of 2. Such noticeable discrepancy can be
explained by the disruption of the EMF focused in free space by the head, which is
apparent when comparing the peak-cube distributions in Fig. 3.9 and Fig. 4.7. This
result, once again, underlines the importance of accounting for the antenna coupling
with the human body when assessing the downlink massive MIMO exposure.

4.4 Conclusions

A novel numerical approach to massive MIMO channel modeling based on the RT
and the FDTD methods was presented. For the first time, to the authors’ knowledge,
massive MIMO channels were simulated with the effects of near-field coupling
between the receiver antenna and the user body. The importance of this effect
was studied with models of a generic dipole antenna, a realistic human phantom
and an industrial indoor environment. It was shown that including the coupling
effects decreases correlation between closely spaced UEs by around 30%. The time-
averaged Poynting vector magnitude enhancement at the UE was around 10 dB.
The psSAR |, in the phantom’s head was found to be directly proportional to the
hot-spot power flux density. Normalized psSAR o, complies with the ICNIRP
guidelines, but assessing the reference levels in free space (with no active receiver)
would lead to its underestimation by at least a factor of 10.
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Although the presented study was carried out at a sub-6 GHz frequency, the
same approach can be applied to a mm-Wave system analysis. The RT method is
more accurate at higher frequencies with no performance loss. The FDTD memory
grows as the third power, and time as the first power of frequency, which can limit
the overall performance.

In Chapter 5 we will study the exposure to a distributed massive MIMO BS in a
larger indoor industrial environment. The influence of the UE position relative to
the phantom’s head on the hot-spot size, position, and the exposure it induces, will
be investigated. Comparison with the ATTO-cell technology studied in Chapter 2
will be made.
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RF-EMF Downlink Distributed Massive
MIMO

5.1 Introduction

Chapters 3 and 4 introduced a method to assess the human exposure in a massive
MIMO hot-spot and applied it to an indoor environment with a compact (\/2
inter-element distance) BS array. As mentioned in Chapter 1, such 5G New Radio
(NR) BSs are already being deployed across the world. In addition, as of the latest
release of the 3™ Generation Partnership Project (3GPP), it is planned to augment
the existing cellular cites with large array 5G-NR BSs [1] to facilitate a gradual
transition of the cellular traffic towards 5G. We also stressed in Sections 3.3.1 and
4.3.2 the importance of having strong reflections in the environment for the massive
MIMO performance. Favorable propagation conditions, resulting from e.g., rich
multipath propagation, are assumed and relied upon to multiplex UEs with no
need for computationally-intensive interference cancellation techniques [2]. Under
these assumptions, a massive number of the BS antennas transmit to multiple UEs
through uncorrelated spatially separated streams.

However, it was shown that in some cases, e.g., strong line-of-sight (LOS)
components in channels of closely-spaced UEs, favorable propagation does not
occur [2, 3], if the BS is sufficiently compact in size. Indeed, by comparing
Fig. 3.6b and Fig. 3.6¢ in Section 3.3.1, it is clear that the latter (LOS scenario)
results in a significantly more correlated channel vectors. In addition, intra- and
inter-cell channel correlation of the UEs that share pilot signals, causes pilot
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contamination [4] which hinders the system performance, and eventually limits the
theoretically achievable data-rates [5].

Several architectural improvements to massive MIMO were proposed to solve
these problems. In Distributed massive MIMO [6, 7] (DMaMIMO), a distributed
collection of neighboring remote radio nodes cooperatively and coherently serves
the receiver nodes in an opportunistic manner. The radio nodes dynamically form
arrays to optimize their beam-forming capacity. A similar concept of cell-free
massive MIMO was independently proposed in [8, 9]. It was shown theoretically
that access points (APs) spread out randomly in the environment and transmitting
coherently deliver an almost 20 times higher per-user throughput compared to a
‘small-cell’ system in which UEs are connected only to a single AP. In [10, 11],
Radio Stripes - a concept hardware implementation enabling massive distributed
antenna systems was presented and discussed.

These concepts, are unified in [12] under the Extremely Large Aperture Arrays
(ELAA) paradigm. The ELAA encompasses any massive antenna array (structured
or unstructured) distributed over a much larger area, compared to the size of
a traditional BS, e.g., a building facade outdoors or a ceiling surface indoors.
The large physical size of such arrays increases their spatial focusing resolution,
compared to a compact array with equal antenna element count, and effectively puts
served UEs in its near field region, if the entire array is treated as one electrically
coherent structure.

This common feature of distributed networks is also expected to have an im-
mense impact on the interaction of the user’s body with the electromagnetic field
(EMF) radiated in the down-link (DL). In scenarios involving a collocated BS,
signals reaching a UE in far-field often have a dominant direction of arrival (DoA),
determined by the relative location of the BS. This may result in the UE being
largely shadowed by the user body from the incident EMF. In such situations, the
BS array capable of dynamically adjusting its transmission, is either forced to utilize
the reflected paths in the environment, or increase its transmit power to ensure a
sufficient signal-to-noise ratio (SNR). The latter inevitably leads to the increase of
the EMF power dissipated in the user body blocking the UE device.

A distributed massive MIMO system has higher chance of having multiple
unobstructed paths to diverse scenarios of user-UE mutual placement, allowing for
a more optimal resource allocation in the DL inducing lower exposure of the users.
In this chapter, for the first time to our best knowledge, we present a numerical
study of the human EMF exposure to the DL transmission of a distributed massive
antenna array BS. The numerical approach developed in Chapters 3 and 4, which
combines the propagation modeling with the RT method with the FDTD-based
exposure evaluation of a realistic human phantom, is applied in new industrial
environments. Scenarios with distributed and collocated BSs are directly compared
in cases with and without the UE device blockage by the phantom’s head. The
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reported insights are valuable for exposure-aware next generation wireless network
planning, optimization and standardization of the experimental exposure assessment
procedures in such networks.

5.2 Methods

In this chapter we apply the method described in Chapters 3 and 4, with modi-
fications improving its computational performance, but not altering the general
structure. This section describes the new modeling aspects and gives references to
the previous chapters whenever possible. A new environment model is studied, as
described in the following section.

5.2.1 Environment model

The parameters of the RT solver are given in Table 3.1. The geometry of the new
floorplan is structurally similar to the one described in Chapters 3 and 4, but has a
larger size to allow for a more diverse BS-UE mutual positioning. Fig. 5.1 shows
the new model of an indoor industrial environment consists of a cuboid floorplan
with smaller cuboid scatterers distributed within it. The floorplan has dimensions
of 100 mx 100 mx 10 m. Dielectric properties of a concrete material at 3.5 GHz
(e, =7, 0 = 1.5-1072 S/m) were assigned to its floor, ceiling and walls [13].
The scatterers have a fixed dimensions of 2.5 mx1.25 m in x and y directions,
respectively, and each scatterer height is selected independently from a uniform
random distribution from 3 m to 7 m. The scatterers are positioned on a uniform
rectilinear grid with a step of 5 m in both  and y, and after that 30% of them is
removed via random selection, resulting in 87.5% of the free floor surface. Each
of the remaining scatterers is then rotated at a random angle around the z-axis
and assigned perfect electric conductor (PEC) material properties. The cuboid
scatterers can be viewed as simplified models of a heavy industrial machinery or
mobile robotic equipment (factories of the future setting), or metal storage racks
(warehouse setting), that were placed without the knowledge of the potential APs
locations.

All transmitter (Tx) antenna elements were assigned isotropic vertically-polarized
(parallel to the z-axis) radiation patterns at f. = 3.5 GHz central frequency
(A ~ 86 mm) Two BS configurations were considered. The collocated BS is
modeled with a 10-by-10 planar rectangular array of uniform half-wavelength (\)
inter-element spacing. The array surface is normal to the z-axis and its center was
set at the center of the floorplan at z = 9 m, as indicated in Fig. 5.1. The distributed
BS has identical parameters, except for the inter-element spacing, which was set
to 10 m to uniformly cover the floorplan ceiling leaving a 5 m distance from any
side-wall.
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Figure 5.1: The top view of the RT environment sample. The collocated (BSc) and dis-
tributed (BSp) Tx elements are drawn with the green square and red circles,
respectively. The grey rectangles show the outlines of the cuboid scatterers.
The UE tracks Rx "~ are shown with black dashed lines, upon which the UE
locations are marked with arrowheads, indicating the positive direction of the
z-axis in the FDTD domain.

The receiver (Rx) positions form straight lines (tracks), crossing the floorplan
parallel to the y-axis at the height of 1.65 m. The first Rx track Rx* is located at
y = 72.5 m and consists of 18 Rx locations with the z-coordinate spanning from
7.5 m to 92.5 m with a uniform 5 m step. The coordinates of the second Rx track
(Rx~ in Fig. 5.1) are symmetric to Rx* with respect to the yz-plane at z = 50 m
(center of the floorplan).
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5.2.2 Finite-Difference Time-Domain

Figure 5.2: The FDTD simulation domain. Voxels of the Duke phantom’s head included in
the domain are shown. The points at which the UE radiation pattern is evaluated
are marked with white dots, and their distance to the head (in mm) is marked
with a call-out.

The FDTD simulation domain is shown in Fig. 5.2. The setup is similar to the
one described in Chapters 3 and 4 and uses the same human phantom model (ViP
v.3.1 Duke [14]). The domain dimensions were increased up to 350 mm by 350 mm
by 300 mm to allow the UE to be positioned further away from the phantom’s head
and gain more insight into the EMF distribution in the residual peaks around the
hot-spot, The head’s bounding box is centered with respect to the domain in the
zy-plane.

To interface the RT and the FDTD domains, a UE position is fixed relative to
the phantom’s head (some of the UE locations studied in the following sections
are shown with white dots in Fig. 5.2). The head-UE separation distance is further
denoted as 6. A UE location corresponds to the location of an Rx point in the
RT simulation, and the directions of coordinate axes of both simulation domains
coincide. For a fixed Rx point k, the RT solution provides a set of incident rays
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emanating from each Tx point n. DoAs of the incident rays are then discretized by
replacing them with the outer normal vectors of an icosahedral sphere, to which
they have the shortest angular distance. An icosahedral sphere of frequency 3 was
used, which has m = 220 triangular faces. After that, the discretized rays with
matching DoAs are superimposed by taking a sum of their complex amplitudes,
producing a reduced set of rays per Tx-Rx pair, which we further denote as {7; } .
Performing this procedure for each Tx-Rx pair yields a discretized set of rays in an
RT simulation {r;} = (J{7; }xn. Index i tracks the icosahedral sphere normal and
does not exceed their overall count.

5.2.3 Channel matrix

In Chapter 4 a half-wavelength dipole was representing the UE antenna. In this
section, a more straightforward and realistic approach to model an electrically-
small 5G antenna [15] is used. The channel matrix Hy,, is constructed using the
discretized rays {r; }xn (see (3.3)). Presence of the head disrupts the EMF at the
UE obtained with the RT method (in free space). To take this into account, vertical
component of the E-field E, is sampled at the UE (at distance d from the head) from
the single-plane-wave FDTD simulation performed for each of the discretized rays
incidence directions, yielding a set of complex coefficients A4;(d). According to
the receive-transmit antenna reciprocity, A; is proportional to the far-field radiation
pattern of a small vertically-polarized dipole separated by distance d from the head
in the DoA corresponding to the direction outer normal of the icosahedral sphere
with index ¢.

Then, the channel coefficient h;,, between the Tx antenna with index n and the
Rx antenna with index £ is found as

hin(d) = > A(d)EY, .1

r€{ri}kn

where Ef is given by (4.2) and r tracks the index of all rays in {r; }x,,. Compared
to (4.3), (5.1) is less computationally expensive, as the summation is taken over a
much smaller (and fixed) number of incident directions than the overall number of
rays produced by the RT solver. Evaluating (5.1) for every Tx-Rx pair, we obtain
the full massive MIMO channel matrix H(d) with a UE at distance d from the head.

5.2.4 Transmission precoding

A massive MIMO BS dynamically sets the amplitudes and phases of its antenna
elements (according to the UE channels), which are described by the transmit vector
t € CN*!, In general, t depends on the precoding scheme used by the BS, active
UEs in the network with their channel coefficients, and symbols transmitted to
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(possibly a subset of) these UEs. In the following sections we analyze the Maximum
Ratio Transmission (MRT) precoding scheme. The MRT precoding matrix Wyrr
is given by (4.5).

The user selection vector s € {0, 1 selects the UEs to which the transmis-
sion occurs (target UEs). Its length equals to the number of rows in the channel
matrix, its k*"* element equals 1 if the k" UE is targeted, and O otherwise. With
this we obtain the transmit vector as

}K><1

t = aWwRrTS, (5.2)

where « is a normalization coefficient that determines the total BS output power. In
this chapter, « is always chosen such that t has unit norm, setting the BS output
power to 1 W.

5.2.5 EMF distributions

To determine the EMF distribution in proximity of the head and the UE, an FDTD
simulation based on the RT output is performed. A ray with index r was modelled as
a plane wave (PW) traversing the entire computational domain. For every direction
1, an FDTD simulation with a single vertically-polarized PW is performed. We
denote the resulting single-PW E-field distribution, normalized to the amplitude of
the incident plane wave, as e;(x, y, z).

To obtain the EMF distribution for the ‘" UE in the DL of the BS, e;(z, y, 2)
are superimposed with elements of the transmit vector ¢,, as weights.

m N
ez, y,2) = Z e;(x,y,2) Z tn Z E)|. (5.3)
i=1 n=1 r€{ritin
Here, the inner-most sum is taken over the amplitudes of the (discretized) rays that
share the incidence direction (index ¢ in {r;}x,), and the outer-most sum combines
the E-field distributions. Therefore, it is only necessary to sum at most m E-field
distributions, which greatly reduces the computation time compared to using the
full set of the RT rays directly. The described procedure is also computationally
more efficient than performing one FDTD simulation for each scenario, as was
done in Chapters 3 and 4.

5.2.6 Exposure assessment

Evaluating (5.3) yields the E-field distribution in the FDTD domain. The ratio of the
EMF power dissipated in the FDTD voxel to the mass of that voxel approximates
the local Specific Absorption Rate (SAR). First, SAR is calculated in the phantom’s
tissues with the knowledge of their density and dielectric properties. Then, around
each lossy voxel in the domain, the SAR is averaged over a cube containing 10



90 DISTRIBUTED MASSIVE MIMO

grams of media, according to the IEEE/IEC 62704-1 standard [16]. Finally, the cube
with the highest average SAR is determined (peak-cube). The corresponding SAR
value is called peak-spatial SAR averaged over a 10-g cube (psSARqz). psSAR o,
in the head is one of the quantities for which basic restrictions are specified by
International Comission on Non-Ionizing Radiation (ICNIRP) [17]. psSAR g limit
at 3.5 GHz for non-occupational exposure is 2 W/kg. In addition ICNIRP specifies
the basic restrictions for the incident EMF power density (10 W/m?). The power
density below the reference level in the far field of an antenna is considered to result
in the psSARo; complying to the basic restrictions. Indeed, extensive numerical
studies [18-20] in the sub-6 GHz frequency range, in which human phantoms
were exposed to a single PW in full range of incident directions with vertical
and horizontal polarization found psSAR ¢ in the head to closely approach the
ICNIRP reference. It was also shown in Chapter 4 (see also [21]) that in favourable
propagation conditions, a collocated 36-antenna BS array transmitting to a single
UE with the MRT precoding, resulted in psSAR o, that is on average 5 dB lower
than the ICNIRP basic restriction, with the BS power normalized such that the peak
(‘hot-spot’) power density in the domain was 10 W/m? with the phantom present.
In this chapter, we extend the approach proposed earlier in Chapter 4 and introduce
the normalized psSAR ¢, that now includes the explicit dependence on the EMF
sampling location (r), as

_ psSARyq,

=" )
where s(r) is the time-averaged EMF power flux density at point r. It is important
to keep track of the location at which the EMF is assessed, as in proximity to a hot-
spot its value may vary significantly over sub-wavelength distances. In ‘hot-spot’
scenarios the time-averaged EMF distribution varies greatly within sub-wavelength
distances, and the exact location in which the EMF is assessed (e.g., when measured
for compliance testing) plays an important role, as shown further.

5.4)

5.3 Results

This section presents the simulation results. First, the EMF distribution in vicinity
of the head are discussed and its variation with the change of the UE-to-head
distance is established. Then, we look at the EMF exposure and compare different
normalization approaches. Lastly, we also look at the organ-specific SAR to find
out which parts of the head are more easily exposed in each scenario.
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Figure 5.3: Horizontal plane cross-section of the Rx™ track-average RMS E-field with MRT

precoding and 6 = 27 mm head-UE distance (top: distributed BS, bottom:
collocated BS). At all UE positions from the Rx ™" track, the phantom head
blocks the LOS paths to the collocated BS elements. The white circle marks
the UE position. The black solid rectangles show the peak-cube sizes and
positions. The black dotted line shows the outline of the phantom’s head. The
half-maximum FErys level is outlined with the dashed red lines. The BS input
power is 1 W at 3.5 GHz.
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5.3.1 EMF Distributions

First, we examine the E-field focusing produced by the two studied BS layouts
using the MRT precoding to target a single UE with a fixed 27 mm distance to
the phantom’s head J (see Fig. 5.2). We consider the UE locations that belong to
the Rx* and Rx ™ tracks (see Fig. 5.1). The arithmetic average of the root-mean-
square (RMS) E-field (Frms) taken over the UEs from one track approximates the
time-average E-field of a user moving along that track with a constant speed in the
direction indicated in Fig. 5.1 with arrows. Here, the effects of the non-zero UE
speed on the channel are neglected, i.e. the movement is assumed to be quasi-static.

5.3.1.1 Hot-spot size

Fig. 5.3 shows the Frys in the horizontal slice coincident with the UE and averaged
over the Rx™ track in 10 environment samples (190 Frys samples per configura-
tion). For all Rx locations in this track, the phantom’s head blocks the LOS paths
from all collocated BS antenna elements, thus shadowing the UE (Fig. 5.3, bottom).
This is not the case for the distributed BS (Fig. 5.3, top), for which around a quarter
of all Tx elements are in LOS, some of which are possibly blocked by the PEC
scatterers in the environment. Nevertheless, due to a higher average propagation
loss (larger average Tx-Rx distance) of the distributed BS, the maximum E-field
produced by the collocated BS array exceeds it more than twofold (compare the
pseudo-color scales in Fig. 5.3). The MRT precoding ‘hot-spot’ is centered around
the UE location in both cases, marked with the white dot in Fig. 5.3. One parameter
of interest we use to characterize the hot-spot is its half-maximum width in « and y
directions, which we denote as A, and A, respectively. A, (A,) is defined as the
x (y) dimensions of the axes-aligned boundary box drawn around the contiguous
region in which Frys exceeds its half-maximum level in the domain. The red
dashed contours in Fig. 5.3 show the Frys half-maximum level. The time-average
hot-spot is clearly identified for the distributed BS topology, and A, ~ 52 mm
(=~ 0.6)), Ay ~ 43 mm (=~ 0.5)), as indicated (Fig. 5.3, top). With the collocated
BS, the half-maximum boundaries extend outside the FDTD domain. This is caused
by a relatively high (approaching the half-maximum value) background Egrys, i.e.
the E-field levels observed in proximity of the head, but outside of the peak Frms
neighborhood.

We then examine the distribution of the instantaneous A, and A, over those
samples for which the averaging was performed. The Cumulative Distribution
Functions (CDFs) of A, and A, for the two BS layouts and two Rx tracks are
shown in Fig. 5.4.

We first discuss the hot-spot size distributions for the UEs on the Rx™ track.
In the distributed BS configuration transmitting to Rx™, nearly no instantaneous
hot-spots are larger than 100 mm (~ 1.1)\) in z and 75 mm (~ 0.9) in y (black
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and red solid lines in Fig. 5.4). Their distributions’ median value approximately
equals the hot-spot size calculated for the sample-average Frys, indicating that
the hot-spot shape and position are consistent throughout the Erys samples. The
median value of AY" and A (green and blue solid lines in Fig. 5.4) is slightly
above 70 mm, and 51 mm, respectively, which is larger than what is found with
the distributed BS. Importantly, a significant portion of hot-spots extends outside
the FDTD domain. For A{ that means having values greater than around 75 mm
(approximately 30% of samples) and for Ag - greater than 150 mm (nearly 20% of
samples). This shows that in some cases the collocated BS produces notably worse
E-field focusing, which might result from its propagation diversity deficiency, i.e.
narrow DoA spread shared by a large fraction of the collocated BS elements.

We also look at the hot-spot properties of Rx™ track. The distributions of
AP(Rx™) and AD(Rx™) (black and red dashed lines in Fig. 5.4) are almost
identical to those of AL (Rx") and AP (Rx™), respectively, with slightly fewer
Az? (Rx™) samples having values above 50 mm. Interestingly, the collocated BS
performs worse compared to the Rx™ track. This is especially distinct in case of
AY (Rx™) (green dashed line), for which the median value is around 100 mm, and
around a quarter of all samples approaches 300 mm. The distribution of AyC(Rx’)
is nearly identical to that of AC (Rx™). As more antenna elements of the collocated
BS reach Rx™ in LOS, experiencing less reflections, the DoA diversity is further
reduced, resulting in poorer EMF focusing. However, it is clear that A is sensitive
to the choice of the Erys threshold value for the hot-spot size evaluation.
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Figure 5.4: Cumulative distributions of the hot-spot widths A at half-maximum in x and
y directions for Rx" (solid) and Rx~ (dashed). Hot-spots produced by the
distributed BS are displayed in black (AZ) and red (Aflj ). The collocated BS A
are shown in green (A2) and blue (Alv’,D ).
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Figure 5.5: Cumulative distributions of the peak-to-background ratios ~ for Rx" (solid)
and Rx™ (dashed). The values obtained with BSp are displayed in solid black
(yp(Rx™)) and dashed red (yp(Rx~)). The values obtained with BSc are
displayed in solid green (yc(Rx™)) and dashed blue (yo (Rx™)).

5.3.1.2 Peak-to-background ratio

Another metric with which we characterize the EMF focusing is the Frys peak-to-
background ratio -y, defined similar to the power density ratio Sy (4.9) in Chapter 4.
We calculate it by taking the ratio of the maximum FEgys in the domain (hot-spot)
to the Frvs value at the location symmetrical to the maximum location with respect
to the xz-plane, which is also (approximately) a symmetry plane of the phantom’s
head. Therefore, v quantifies a small-scale Frys gain that the massive MIMO
precoding achieves by comparing Eryms at two locations equivalent with respect to
the geometry in their closest vicinity. Fig. 5.5 shows CDFs of v for different BS
layouts transmitting to different Rx tracks. All samples of -y in every configuration
have values greater than one, meaning that the MRT precoding always enhances
the signal strength at the UE side of the phantom’s head, compared to the opposite
side. This is indeed not a trivial result, in particular in scenarios with the collocated
BS. For example, the Rx in the center of Rx™ has around 60% of all power incident
from the right side (direction to the BS). This would result in v < 1 due to the effect
of shadowing by the phantom’s head, if not for the BS transmission precoding. As
a reference, if exposed by a single plane wave propagating in the positive direction
of the y-axis, v can be as low as 0.25. However, the median value of o (Rx™) is
only slightly above 2, which explains why the hot-spot cannot be clearly resolved
at its half-maximum level: at least half of the time the Erps enhancement is not
strong enough. The median of v (Rx™) is just below 5, the shadowing effect in
this case aids the Frys focusing.

With the BS in the distributed configuration, significantly higher values of v
are observed. The median values of vp(Rx™) and vp (Rx ™) are around 10 and 12,
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respectively. The difference between the tracks is not as pronounced as with the
collocated BS. Indeed, with the BS antennas distributed at the ceiling, though the
UE at the Rx™ track is facing around three times more antenna elements than the
UE at the Rx™ track, most of these extra antenna elements are also considerably
further away from the UE, which reduces their contribution to the total incident
power.

5.3.2 Head-to-UE distance

To generalize the results obtained in the previous section, we repeat the same set of
simulations that was executed for 6 = 27 mm for four more UE-head separation
distances 0 € {2 mm, 7 mm, 12 mm, 47 mm}. The Frys distributions in proximity
of the hot-spot are compared for 6 € {7 mm, 27 mm, 47 mm} with BSp (top row)
and BS¢ (bottom row) of Fig. 5.6. The FDTD domain is cropped such that only its
portion around the UE (white dot in Fig. 5.6) is shown in each configuration. In
addition, the red cross marks the location of the peak Fgrys in the hot-spot, which
we consider to be the hot-spot center.

6 = Tmm 6 =27Tmm

0.6 &

0.308
&)

0.0

Yy, mm

Figure 5.6: The average Frms hot-spots for different head-UE separation distances d. The
top and bottom rows show scenarios with BSp and BS¢ array layout, respec-
tively. The value of § is fixed in each column and indicated at the top. The peak
E-field location is marked with the the red cross. The UE location is marked
with the white circle. In addition, the red dashed line delimits the half-maximum
E-field region. The BS input power is 1 W at 3.5 GHz.

It is clear that the hot-spot (on average) is not centered around the UE for
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6 € {7mm,47 mm}. The hot-spot position and shape for § = 7 mm are nearly
identical to those when § = 27 mm, as can be seen comparing the left and the center
columns of Fig. 5.6. With the UE further away from the head (6 = 47 mm), the hot-
spot increases in size in y direction, and at the same time its center is shifted towards
the UE (but does not coincide with it). These results are counterintuitive: one would
expect the MRT precoding to ensure the optimal constructive interference of the
incident EMF at the UE location, and the large BS antenna count - to make the
same unlikely at any other location. An explanation to this observation is given in
the following section.

5.3.2.1 Peak-to-UE distance

To study this effect in more detail, in Fig. 5.7 we plot the CDFs of the distance p
from the instantaneous hot-spot to the UE calculated for the 6 configurations shown
in Fig. 5.6.

—pp (7mm) —pp(27mm) —pp (47mm)
------ pc(Tmm) -==== pc (27mm) --=== pc (47mm)

15
Peak-to-UE distance p, mm

Figure 5.7: Cumulative distributions of the hot-spot center distance from the UE p for Rx ™.
Hot-spots produced by the BSp and BSc are drawn with solid and dashed
lines, respectively. The black, blue, and green lines show p for scenarios with
0 = 7 mm, 27 mm, and 47 mm, respectively.

Interestingly, with the BS configuration irrespective of the UE-to-head distance
d, in around half of all samples the hot-spot peak was not found near the UE
(CDF(pc) < 0.51n Fig. 5.7). However, this does not mean that the collocated BS
often fails to produce the EMF gain at the UE (as Fig. 5.5 shows the opposite). This
rather suggests that the gain is not strong enough to dominate the EMF peaks that
occur naturally (e.g., in single-PW exposure scenarios [18]) near the irregular the
anatomical features of the phantom model (i.e., ears’ edges, nostrils).

The distributed BS forms the hot-spot around the UE at p = 27 mm with
the accuracy of around 5 mm in almost all simulated samples (green solid line in
Fig. 5.7). If the UE is 47 mm away from the head, nearly in all cases the hot-spot
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peak was not further than 15 mm from it (not exceeding 10 mm most of the time).
However, with the UE very close to the head (§ = 7 mm, black solid line in
Fig. 5.7), the hot-spot was never formed around it. The similarity of the average
EMF distributions in Fig. 5.6 and, at the same time, the shapes of the CDFs of p for
scenarios with § = 7 mm and § = 27 mm suggests that, in fact, a nearly identical
transmission precoding is performed by BSp.

5.3.2.2 Radiation pattern correlation

To understand how this happens we examine the evolution of the UE radiation
pattern (A;(d) in (5.1)) as it moves further away from the head (along the black
dashed line in Fig. 5.2). We calculate the correlation coefficient

C(ddy) = LA AT )] 53
2 [Ai(dy)[[Ai(dp)]

where (-)* denotes the complex conjugate, and |- | is the absolute value of a complex
number. In (5.5), the icosahedral sphere facet index ¢ tracks the components of the
radiation patterns, viewed as vectors A = [A1, As, ..., A,,]T € C™*L. The closer
X (dj,dy) is to unity, the more similar A(d;) and A (d}) are. Equation (5.5) is first
evaluated with the electrically small antenna pattern for d = ¢ € [2 mm, 72 mm)].
In addition, we also evaluate (5.5) with the radiation pattern A, 5(d) of the half-
wave dipole model used in Chapter 4, with its center matching the small dipole
location. Fig. 5.8 shows x(d;, dj) matrices of the short (below the diagonal) and
the half-wave (above the diagonal) dipoles. The correlation is strong (x(d;, dx) ~ 1
for d; ~ dy,) for both dipole models, and the near-diagonal elements are close to 1.
The red dashed line in Fig. 5.8 delimits the area, within which x exceeds 80%.

Interestingly, the short dipole radiation pattern is highly-correlated for all values
of ¢ from 2 mm to around 35 mm. Therefore, the channel matrix (5.1), the precoding
matrix (4.5), and hence the BS transmit vector (5.2), do not change significantly
with the small dipole position in that range. This explains the similarity of the EMF
distributions in the hot-spots for 6 = 7 mm and § = 27 mm in Fig. 5.6: the BS
transmits with almost the same weight.

To explain why the hot-spot is formed consistently around the small dipole
at 0 = 27 mm and not at § = 7 mm, even when the latter was targeted, we also
plot the arithmetic mean (|A| = ’% 37" |A;(d)|) and the maximum magnitudes
max(|A|) = max; |A;(d)|, as (normalized with 8; and () functions of §, shown
in Fig. 5.9.

Both the average and the maximum magnitude of the small dipole pattern fall off
rapidly as it approaches the head (dashed black lines in Fig. 5.9). A;(J) are defined
as the Frys measured at distance § from the phantom’s head after it is exposed
with a plane wave incident with the DoA ¢ (see section 5.2.3). Taken together

with the observation in the previous paragraph, this means that the combination
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Figure 5.8: Correlation matrix of the UE radiation pattern as a function of the UE-head
separation distance J. The top-left and the bottom-right triangles (delimited
by the dashed black line) show the matrices corresponding to the half-wave
(JA]x/2(d)) and the small dipole (JA|(d)) antennas, respectively. The red
dashed lines mark the boundary of the region where the correlation crosses the
80% level.

of plane waves interfering constructively close to the head (e.g., at 6 = 7 mm),
combine (nearly as) constructively, but with a larger amplitude further away (e.g.,
at § = 27 mm). Quantitatively, as shown in figure Fig. 5.9, at § = 7 mm both |A|
and max(|A|) are approximately two times smaller than at 6 = 27 mm, where they
(nearly reach their maximum). This agrees well with what is shown in the first two
columns of Fig. 5.6.

At even larger distances from the head (e.g., § = 47 mm shown in the third
column of Fig. 5.6), the correlation of A decreases considerably (down to around
67% relative to § = 27 mm), while | A| and max(|A|) are only around 10% lower,
as can be seen from Figs. 5.8 and 5.9. Hence, it is possible to form the hot-spot
more accurately at 6 = 47 mm, though its peak tends to up to 15 mm lower values
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Figure 5.9: UE directivity magnitude as a function of the UE-head separation distance. Solid
and dashed lines show the half-wave (| A |y /2(d)) and the small dipole (|A|(d))
values, respectively. Top: maximum pattern magnitude (directivity). Bottom:
pattern magnitude averaged over the direction of arrival.

of d, as shown in Fig. 5.7.

The half-wave dipole’s radiation pattern A 5 /5(d) correlation and magnitudes
are shown in Figs. 5.8 (upper triangle) and 5.9 (solid black lines), respectively.
A /2(d) exhibits more variation (Fig. 5.8), especially at small 6, compared to A (d),
possibly due to its larger size. This could help to decorrelate two closely spaced
receivers near the head, e.g., in a multi-antenna UE. The variation of |A |y /2(d)
(Fig. 5.9) is qualitatively similar to that of |A|(d), though in this case it cannot be
directly related to Frys at the UE location.

In the next section we analyze the exposure in the hot-spots produced with the
small dipole. Investigation of the hot-spots with the half-wavelength dipole (or a
more realistic UE antenna model) is out of this chapter’s scope, but could be one of
the future research topics, as indicated in Chapter 8.

5.3.2.3 Peak-spatial SAR

This section presents 7 the peak-spatial SAR averaged over a 10 g cube (psSAR jq,),
normalized to the time-averaged power flux density (s(r)), as defined in (4.10). As
mentioned in Section 5.2.6, it is important to keep track of the point r at which
s is sampled, as the time-averaged EMF levels may vary significantly in vicinity
of a hot-spot. In this section two normalization strategies are compared. First,
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Figure 5.10: The sample-average psSARos normalized to the time-average power density
(n) at the UE location (top) or at the FDTD domain maximum (bottom), as
a function of §. 7 in scenarios with BSp (BSc), calculated for the Rx™ and
Rx™ tracks are shown with the black solid (dotted) and dashed (dash-dotted)
lines with circle (triangle) markers, respectively. 7 calculated from the ICNIRP
reference values is shown with the dash-double-dotted horizontal green line as
a reference.

sur = s(ryg) is measured at the UE location, which is known in advance in each
scenario. Second, the maximum of s(r) over the complete FDTD domain S,;,4 is
taken. The location of the maximum r,,,, is determined for each sample, and often
is not found close the UE, especially with BS¢, as mentioned in Section 5.3.2.1
and is seen in Fig. 5.7. Fig. 5.10 shows the sample-average values of nyg (top) and
Nmaz (bottom), for the BSp and BS¢ configurations, averaged over the Rx* and
Rx~ UE tracks.

The psSAR o, normalized with both strategies is higher in scenarios with BS¢
than in the corresponding scenarios with BSp. The sample-average of 7,4, With
BS¢ (Fig. 5.10, bottom) slightly decreases with ¢, staying around 12 dB lower than
the ICNIRP reference (0.2 m?/kg) for both Rx* (dotted line) and Rx~ (dash-dotted
line). For BSp, the sample-average of 1,4, is approximately constant and around
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13 dB below the ICNIRP reference for § € [2mm, 27mm] and drops to around
14 dB below at § = 47 mm.

In contrast to that, the sample-average of nyg goes up rapidly at small 4.
However, this is only due to the fact that it is less likely to find the peak EMF
near the UE for § < 27 mm, as was discussed in Section 5.3.2.1. Thus, while
the average psSAR o, does not increase at small §, the EMF at the UE location
decreases, causing the increase of the normalized quantity nyg. fug with BS¢
and Rx™ (the collocated BS and the UE blocked by the head) reaches the ICNIRP
reference at § = 2 mm (dashed line in Fig. 5.10, top), and falls to the level of
around -10 dB at § > 27 mm. 7y is around 2 dB lower than that at all § for BS¢
transmitting to Rx™ (dash-dotted line). With BSp, fjyr has nearly equal values in
scenarios with Rx* and Rx™ (solid and dashed lines in Fig. 5.10, top), reaching
their maximum of around -4 dB at § = 2 mm and falling to around -13 dB at
6 = 27 mm (where it coincides with 7,,44)-

fuk can be interpreted as the normalized psSAR o, under the assumption that
the BS performing the power control that maintains the received signal level at the
UE. As the UE close to the user head cannot be accurately focused towards, the
BS is bound to higher the output power, which increases psSARqg. In addition,
functional dependencies similar to the ones shown in Fig. 5.10 (top), e.g., with
site-specific RT simulations, and BS/UE parameters, could be applied to the DL
exposure estimation by measuring the UE received power. By first simulating the
EMF distribution around the phantom head and then using the UE measurements (at
a known position with respect to the head) as the calibration factor, the psSAR o,
can be determined. It is worth pointing out that currently the reference levels are
assessed in free space, according to the ICNIRP guidelines. The presented results
indicate that it is essential to carefully consider both the UE and the user body
position relative to each other and the BS, to accurately measure the actual peak
EMF levels.

Finally, a comparison with the normalized psSAR 1o, determined in Chapter 4
can be made. In Section 4.3.4 (see Fig. 4.8), the average value of 7;,; ~ —5 dB is
given, with the UE-head distance of 20 mm. In this chapter, a value from around
-7 dB to -10 dB is found by linear interpolation of 7,4, in a similar (collocated) BS
configuration transmitting to Rx™ or Rx~. The 2 dB to 5 dB lower result is likely
due to a larger BS antenna count (100 elements in this chapter vs. 36 in Chapter 4),
resulting in a better EMF focusing.

5.4 Comparison with ATTO-cells

The normalized exposure results allow comparing the massive MIMO deployment
to the ATTO-floor network, studied in Chapter 2. It is worth noting that the two
technologies are complementary in terms of the wireless coverage, use-cases and the
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exposure they induce. The ATTO-floor was shown to always induce the psSAR o,
in the phantom’s feet, while massive MIMO produces highly-focused psSARq; in
the head.

In Chapter 2 it was shown that to violate the ICNIRP basic restrictions, a
power of around 1 W per ATTO-cell would be needed. The same approach, with
respect to the ICNIRP basic restrictions for the head (2 W/kg), calculated with
the sample-average psSAR (. of BS¢ yields the threshold value of around 10* W
per BS, or 100 W per antenna element. The same analysis with BSp yields an
even higher value of around 103 W per antenna element, which is around an order
of magnitude higher than the maximum fofal BS power [22]. Such high values
are explained by a large BS-UE separation distance (> 25 m), compared to the
near-field EMF interaction (< 0.1 m) with the ATTO-floor. This allows to conclude
that the existing exposure protection standards are conservative enough with respect
to the DL transmission of both collocated and distributed massive MIMO in indoor
scenarios.

5.5 Conclusion

In this chapter, the EMF distributions and the psSAR o, induced in the collocated
and distributed massive MIMO configurations were compared in a model of an
industrial indoor environment. It was shown that in both cases the hot-spot produced
by the BS transmitting with the MRT scheme does not coincide with the UE (small
dipole) antenna, if its distance to the user head is shorter than 27 mm. The psSAR o,
induced in the phantom’s head normalized to the time-averaged power flux density
assessed at the hot-spot maximum, showing values from 12 dB to 14 dB lower
than the ICNIRP reference. If the EMF values are measured at the UE location,
the normalized psSAR o, approaches the ICNIRP reference with the UE-head
distance of 2 mm. The obtained insights can be useful in practical DL 5G exposure
assessment procedures.

This chapter concludes the study of the FDTD-based massive MIMO exposure.
In Chapter 6 the exposure to large antenna arrays outdoors will be investigated.
In addition to the MRT precoding scheme studied so far, we will also consider a
codebook-based beamforming approach, relevant to the currently deployed SG-NR
BSs, and the Zero-Forcing interference-cancelling scheme, which is expected to
be implemented in the near-future 5G releases. The exposure will be assessed
indirectly by means of the time-averaged antenna array gain - an important BS
property when determining the compliance boundary, as mentioned in Chapter 1.
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Massive MIMO Exposure in Outdoor
Urban Environment

In Chapters 3 to 5 we devised a methodology for the evaluation of human exposure
in terms of psSARqe in hot-spots formed by the massive MIMO arrays. The
proposed methodology was applied to calculate psSARog in a human phantom
model positioned in indoor environments, though the same approach could be used
with models of outdoor environments as well. We determined the ratios between the
hot-spot EMF and the exposure induced in the phantom’s head, such that it could be
directly compared to the ICNIRP basic restrictions. However, it is often desirable
to know how much power, on average a BS can output in a certain direction, e.g.,
when determining the compliance boundary size, as mentioned in Chapter 1. The
compliance boundary is determined by the distance from the BS, beyond which the
EMF it induces complies with both the ICNIRP basic restrictions and reference
levels.

Methods for numerical estimation of the compliance boundary size were de-
veloped for the previous generations’ technologies [1-3], in which BSs have fixed
radiation patterns. The radiation pattern of an antenna array depends on the ampli-
tude and phase ratios of its element excitation signals. By selecting the elements’
amplitudes and phases in a specific way, a BS can produce directed *beams’ in its
far-field - the main lobes of the array radiation pattern. This technique is referred to
as beamforming, as explained in Chapter 1. The more elements the antenna array
has (up to a certain limit), the more narrow the beams it is capable of forming. A
more narrow beam means a higher maximum gain for equal total transmit power, as
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the EMF energy gets focused more tightly in the desired direction. Several different
beamforming and precoding techniques are discussed below.

Multi-User Multiple-Input Multiple-Output (MU-MIMO) with codebook-based
beamforming simultaneously generates a subset of a predefined set of beams (the
"codebook’) at a time. A user equipment (UE) uplink (UL) signaling is processed
at the BS to choose the beam that best reaches the UE location. In line-of-sight
(LOS) conditions, this typically is the beam which has the closest direction-of-
departure (DoD) to the true direction to the UE. However, in non-LOS (NLOS), the
largest portion of the EMF power might reach the UE through interactions with the
propagation environment (e.g. reflections, diffractions), and thus the DoD of the
beam chosen by codebook-based precoding does not necessarily correlate with the
path of the shortest distance to the UE.

The Maximum Ratio Transmission (MRT) precoding scheme aims at maximiz-
ing the signal-to-noise ratio (SNR) at the target UEs [4]. If the UE in focus has a
dominant LOS path, this results in forming a precisely directed single beam. If the
UE is in a deep shadow region with multiple scattering paths, the BS distributes
the available power over all these paths. This results in a less directive array pat-
tern that forms a compact region with an elevated EMF around the target UE, a
so-called hot-spot. The Zero-Forcing (ZF) on the other hand, aims to maximize
the signal-to-interference ratio (SIR) at the target UEs. If the target UEs’ channels
correlate considerably, a large portion of the BS resources is spent for interference
mitigation. By doing so, unintended hot-spots might be created in the regions of
the environment without active UEs. The effect of these precoding schemes on the
power distributions in the angular domain serviced by the BS will be investigated
in the following sections.

Human EMF exposure in the far-field is directly related to the incident electric
field (E-field) strength, typically averaged over time. The International Commission
on Non-Ionizing Radiation (ICNIRP) specifies a time duration of 6 min to be
used for the EMF averaging in compliance assessment [5], [6]. The averaging
interval of 30 min is specified for the whole-body surface area of the E-field
averaging in the most recent version of the guidelines [5]. In free space, the E-
field can be directly derived from the antenna gain, which is used in practice to
establish the BS compliance boundary [7]. Actual E-field values observed in an
environment are influenced by propagation or blockage of the transmitted signals.
Nevertheless, the time-averaged array gain is a meaningful indicator of the typical
EMF exposure induced by a BS. Since array antennas adapt their radiation patterns
to the environment, it is essential to include this inherently dynamic attribute
in the modeling. In this chapter, we compare codebook beamforming and the
aforementioned Massive MIMO transmission precoding schemes in terms of the
maximum time-averaged antenna array gain they yield to distill conclusions about
their effect on the EMF exposure in the serviced area.
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This problem was first addressed in [8, 9] for a single antenna array performing
codebook-based beamforming. Several analytically-defined DoD distributions,
acting as a proxy for the distributions of users inside the serviced area (i.e. uniform,
cosine in elevation and azimuth) were analyzed. All UEs were modeled in free
space, thus having the LOS to the BS (no environment model was included). An
analytic network utilization model was implemented to determine the number of
simultaneously active UEs. The results showed around 6 dB reduction for the
95™ percentile (p°°) of the maximum time-average BS gain as compared to the
theoretical maximum, for high system utilization values.

In [10] the approach of [8] was extended to a BS capable of MRT precoding
(dubbed eigen-beamforming [10] or conjugate beamforming [11]). The 3GPP
statistical model [12] was used with an urban environment, a single 64-element BS,
and both indoor and outdoor UEs. Depending on the number of simultaneously
served UEs, the 95 percentile of the compliance distance (which is proportional to
the maximum time-averaged BS gain [7]) constituted 30% to 50% of the theoretical
maximum.

The method presented in this chapter builds upon and extends the approach
proposed in [8, 10] to more realistic precoding schemes and a more advanced Ray-
Tracing (RT) channel model. The RT modeling yields spatially consistent channels,
which depends on the environment geometry and UEs locations. For the MU-
MIMO systems one important implication is a realistic UE DoD distribution, which
governs the beam directions. The magnitude of the inter-UE channel correlation
depending on the distance between the UEs is captured in the RT modeling -
a factor that greatly impacts the BS pattern when using interference-canceling
precoding schemes such as ZF. It has been shown that the RT method reproduces
key parameters of measured Massive MIMO channels [13], whereas the state-of-the-
art statistical model (WINNER-II) tends to underestimate the amount of correlation
in the channels of closely spaced UEs [14]. Various other approaches to 5G channel
modelling have been proposed in the literature, and we direct an interested reader
to recent overview articles [15, 16].

6.1 Materials and Methods

In this section we describe the environment model used in the RT simulations and
methods for the results processing. An overview of the beamforming and precoding
schemes is given.

6.1.1 Environment model

The RT model consists of the environment geometry description and the transmitter-
receiver (Tx-Rx) parameters. A geometrical entity is represented by the coordinates
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Cell edge

Figure 6.1: An example of an environment sample. The BS array is depicted in red. The
cell boundaries are shown in blue. The Rx locations are shown in green.

of its boundary faces (polygons) and the dielectric parameters (relative permittivity
€, and conductivity o) of each face. A Tx (Rx) antenna is defined with its location,
radiation pattern and the carrier frequency. For every Tx antenna rays are launched
from its location, in directions (nearly) uniformly distributed on a surface of a
sphere centered at the Tx [17]. A ray is an abstraction which represents a flat wave-
front, described with its (complex) EMF amplitudes and the propagation direction.
The rays are propagated (traced) through the environment and their interactions
(reflections, diffractions and transmissions), as well as the Path Loss (PL) and
time-of-flight (ToF), are tracked by the ray-tracer. If a ray passes sufficiently close
to an Rx location, it is considered to be received and its state is recorded. The
output of the simulation is a set of received rays for every defined Tx-Rx pair.

The RT output is site-specific, i.e. the channel between a fixed Tx-Rx pair
depends on the surrounding geometry. To generalize the results a number of
geometrical entities was generated stochastically, based on a few macroscopic
parameters. Each realization of the environment geometry we call an environment
sample [18]. Fig. 6.1 presents one of the environment samples obtained from the
model we describe below.

We simulate an outdoor urban macrocell bounded by a fixed flat square area
100 m by 100 m in size. Building blocks are represented by cuboids, width and
length of which are sampled from a uniform random distribution in range from
15 m to 25 m. The height of a building block is drawn from a uniform random
distribution in range from 5 m to 20 m. The buildings are positioned on a rectilinear
grid, such that any two neighboring blocks are separated by exactly one empty grid
cell. Rows of building blocks and straight lanes form a Manhattan-like urban city
landscape. The spacing (lane) width is set equal to 10 m, 15 m or 20 m randomly
with equal probability. The dielectric properties of the cuboids model concrete
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Figure 6.2: UE DoD density averaged over 25 environment samples, viewed from the center
of the BS array. The dashed line marks the cell limits.

material with €, = 7, 0 = 1.5 - 1072 S/m. The ground plane is assigned asphalt
dielectric properties with &, = 5.7,0 = 5 - 10~* S/m.

The locations and properties of the Tx and Rx antennas are fixed in the model.
The simulations are performed at a single frequency of 3.5 GHz, foreseen to be
heavily used in 5G networks. The BS (Tx) is a rectangular 10-by-10 element array
of vertically polarized half-wave dipole antennas with a half-wavelength uniform
inter-element spacing (A ~ 85 mm at 3.5 GHz). The center of the Tx array is
positioned at x = 1 m, y = 50 m and z = 25 m (Fig. 6.1). The BS height of 25 m
correspond to the macrocell scenario in the 3GPP model [12].

In the following simulations the BS coverage range spans from —60° to +60°
in azimuthal (¢) and from 105° to 135° in polar angular directions (6) in coordinate
system shown in Fig. 6.1. This is in accordance to the model used in [8]. To include
most of the simulated ground-plane area within its coverage range, the BS array is
tilted down by 30° around the y-axis through its center.

A UE (Rx) is modeled as a single-terminal device equipped with a vertically-
oriented vertically-polarized half-wave dipole antenna. The UEs are arranged on a
regular rectilinear grid with 2 m spacing in x and y directions, at a height of 1.5 m
above the ground-plane (z-axis). Only the grid nodes that fall within the cell and
are located outside the building block interiors are kept in the simulation, which, on
average, results in around 600 UEs per simulation. These UEs are used as potential
active receivers in the analysis described in Section 6.1.3.

The density of the UE locations obtained in 25 environment samples is presented
in Fig. 6.2. The (¢, 6) coordinate system is shown in Fig. 6.1. Fig. 6.2 describes
the UE locations in the DoD space, as viewed from the BS. The UE distribution
averaged over the environment samples is symmetric with respect to the plane
@ = 0, as a result of the matching (statistical) symmetry of the environment
geometry. The UE density increases towards the upper cell edge (further away from
the BS) as the polar angle of incidence decreases.
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The RT simulation parameters were set as recommended in [19], limiting the
environment interactions to up to 6 reflections, 1 diffraction and 1 transmission.

6.1.2 MIMO Channel Matrix, Beamforming and Precoding

The free-space channel coefficient, denoted in this chapter as ﬁkn, where indices
k and n track the Rx and Tx antennas, respectively, is given by (4.1) (see also
e.g. [20]). The MIMO channel matrix H is obtained by evaluating h;m for each Tx-
Rx pair in the simulation. Rows hy, of H are channel vectors to the Rx with index
k. The distance from different UEs to the BS in the outdoor environment may vary
significantly. Therefore, UEs will experience differences in PL in comparison to one
another. Thus, channel equalization is performed by normalizing H row-wise [4]

h; hy hg 7
H=[ L . ] (6.1)
[y |7 [[hal| |Ihl|
where || - || denotes the Frobenius norm.

Elements of the MRT precoding matrix W j; g7 are given by (4.5), in which
hkn are understood as the elements of H. Using the same normalized channel
matrix H, the ZF precoding matrix Wz is given by [11]

Wyr = aHI(HH?) (6.2)

where (-)# denotes the Hermitian transpose and « is a real-valued normalization
coefficient, chosen such that W has unit Frobenius norm.

The codebook steering matrix W g is constructed from the steering column-
vectors b, € CV as [21]

by = [exp(27mi(dy, ck)/A), exp(2mi(dz, ck)/N), ..., exp(2mi(dy, ck)/)\)]T,
(6.3)

WCB:Oé[bl,bQ,...,bK}. (64)

In (6.3), d,, is a distance vector from the BS array center to the n® element, ¢y, is
a unit vector in the codebook direction assigned to the k" UE, and (-, -) denotes
the dot product. Knowing the channel vector hy, the beamforming direction cy, is
chosen as

¢ = arg max [(hy, b;)]. (6.5)
{ei}
In (6.5) the maximization is carried out over the set of all beamforming directions
c; supported by the BS. The beamforming direction vector c; is a unit vector in the
direction (6;, ;) of the i beam center
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c; = c(0;, i), (6.6)
c(0, @) = [sin O sin ¢, sin Osin @, cos 0], 6.7)

where 6 and ¢ are the polar and azimuthal angles, respectively, in the spherical
coordinate system depicted at Fig. 6.1. The modeled system differentiates 32 beam
directions in azimuth and 8 in elevation.

The transmit vector t € C¥ is obtained by multiplying the precoding or steering
matrix by the vector of transmitted symbols s

t = Ws. (6.8)

As the EMF exposure is further assessed in terms of the time-average root mean
square (RMS) values, with no loss of generality we set all transmitted symbols to be
real-valued and positive. In addition, we assume that no per-user power management
is implemented at the BS and equal share of transmit power is directed to each
UE. Therefore, we define s = [\/1/K,/1/K,...,/1/K]T. The normalization
\/1/K is needed for the transmit vector t in (6.8) with W given by (6.2) or (6.4)
to satisfy the overall transmit power constrain.

6.1.3 Time-average Antenna Array Patterns

An instantaneous array pattern is calculated as a sum of the patterns of its individual
elements, weighted with the components of the transmit vector t. As all antennas
in the BS array are identical dipoles, this gives

N
A(@, ©, t) = Z Adip(ev Qp)tn exp(—2m'(dn, C(97 @))/)‘)7 (6.9)
n=1
where Ag;p is a half-wave dipole radiation pattern [22], and ¢,, denotes the nth
element of t. Here we do not account for the effect of mutual coupling in the
antenna array, i.e. the modification of the free-space antenna element pattern by the
currents in the neighboring elements.

In the far-field region of a BS, the incident EMF is proportional to the antenna
gain in the direction where the measurement is preformed. As mentioned above,
ICNIRP specifies [6] an EMF time-averaging interval 7,4, = 6 min for the human
exposure assessment. At the same time, it is foreseen that in a typical scenario 5G
DL traffic will be transmitted in short bursts (in the order of tens of seconds [8]),
switching between sets of UEs that demand it at any given moment. If the served
UEs are distributed uniformly enough within the cell, the BS would focus the
transmission in many different directions over a sufficiently long time interval.
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Therefore, a realistic time-average BS antenna array gain is expected to differ
significantly from the theoretical maximum one.

To quantify how much the time-averaged gain is reduced relative to the the-
oretical maximum we follow the approach proposed in [8, 10]. We introduce a
constant 7' - the duration of one connection (’drop duration’ in [10] or ’scheduling
time’ in [8]). We model a network in which independent sets of K UEs are served
for time 7" in series with no overlaps. Then the time-average BS array radiation
pattern A%’K (0, p) is calculated as a weighted mean of the instantaneous patterns
1 produced during the averaging interval

ANK(0,0) = " wi ANK(0, 0,87, (6.10)

where m € {CB, MRT, ZF'} denotes the transmission precoding scheme used
at the BS; N, K are the number of utilized antenna elements and the number of
simultaneously served UEs, respectively, and w; is the fraction of the averaging time
during which pattern ¢ was active, varying from O (not in the averaging interval)
to T'/T.g (fully inside the averaging interval). In the following for convenience
we choose 7" such that T, is its integer multiple, then w; = T'/T,,4. Next, the
normalized gain GY-¥ is given by

maxe»sﬂ [A%’K (97 SD)]
GN ’

max

GNE(T) = (6.11)

where G is the maximum gain of an array of N elements. The maximum
gain of a planar antenna array is calculated as a product of the maximum antenna
element gain and the maximum array factor. The maximum array factor equals to
the number of elements in the array [23]. Therefore, for an antenna array composed
of identical half-wave dipoles, GX . = maxg, ,[Agip] - N ~ 1.64 - N. This value
is further used in (6.11) as a normalization factor.

The RMS E-field strength at the location of the UE, to which GY-X would
be directed, can be estimated using a free-space approximation according to the

following expression

N,K
cos (T — Opmaz) | ZPGm G%ax’ 6.12)

E =
RMS hps — hug o

where 0,4, is the polar angle of GI-X, Z ~ 376 Ohm is the impedance of free
space, P is the BS total radiated power, and hgs = 25 m and hyg = 1.5 m are
the BS and the UE height above the ground, respectively. For example, taking a BS
with 64 antenna elements and 200 W nominal power [24], the highest achievable
Erus (GNX = 1) in pure LOS path in the direction normal to the BS array plane
(Ornae = 120°) equals around 18.6 V/m, which falls below the ICNIRP reference
level of 61 V/m [6].
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To calculate G%’K (T) for given m, T, N, and K, a numerical experiment is
performed. Figure 6.3 shows a flowchart describing the procedure.

Select an environment sample.

v
Select K active UEs randomly out of all simulated Rx points.
Construct a vector of symbols s.

v
Select IV antennas from the center of the BS array.
Evaluate (4.1) and equalize (6.1) the channel matrix.

¥
Calculate the precoding matrix (4.5), (6.2) or (6.4).
¥

Calculate the transmit vector (6.8).

’ Calculate the instantaneous array radiation pattern (6.9). ‘

—{ Repeat Noyg = Toug/T times. }—

¥
’ Calculate the time-averaged array pattern (6.10). ‘

v
‘ Calculate the time-averaged gain (6.11). ‘

—{ Repeat N, times with independently selected active UEs. }—

+ Repeat N.,,, times with stochastically created environment samples. }

Figure 6.3: A flowchart of the procedure used to generate distributions of the time-averaged

gain values G ™ (T'). The complete procedure yields Ny, - N time-averaged

gain evaluations.

We studied configurations with 2-by-2, 4-by-4, 6-by-6, 8-by-8 square sub-arrays
selected from the center of the simulated 10-by-10 Tx array, as well as the complete
array itself. These correspond to total array counts N of 4, 16, 36, 64 and 100
elements. Scenarios with K = 1, 2, 5 and 10 simultaneously active UEs were
studied for each N. Connection duration 7,4, equal to 60 s, 10 s and 1 s was
considered for each N and K. In total N,, = 25 environment samples were
simulated. Including gain values obtained from the 25" sample were found to
change the 95" percentiles of the time-averaged gain distributions by less than 1%,
which was accepted as a sufficient level of accuracy. Finally, in every environment



116 OUTDOOR URBAN ENVIRONMENT

sample Ny = 100 time-averaged gain evaluations were performed, which amounts
to 2500 evaluations of G- (T') for each value of N, K, T and precoding scheme
m. In the following section, the distributions of GX-X are presented and discussed.

6.2 Results

6.2.1 Average Array Patterns

Fig. 6.4 shows the DoDs of Gy (first column), G35 (second column) and G2
(third column), for N = 4 (first row), N = 36 (second row) and N = 100 (third
row), calculated with a connection time 7" = 60 s. The DoD of each time-averaged
gain sample is depicted with a black circle in the (¢, #) coordinate system. The
circle size is proportional to G:%, and its opacity is proportional to the number
of samples observed at the corresponding DoD. The background pseudocolor plot
shows the sample-average of A%’K (0, ), illustrating the difference in the average
beamwidths of the obtained patterns. G‘;% is undefined, as the condition N > K
must be satisfied for HH¥ to be invertible, which is necessary to calculate Gz g
according to (6.2). Its plot was therefore not included in Fig. 6.4.

6.2.2 Normalized Gain

Fig. 6.5 shows the Cumulative Distribution Functions (CDFs) of GfX’K in the
layout matching that of Fig. 6.4. Each plot in Fig. 6.5 presents a CDF for K =1
(black), K = 2 (red), K = 5 (blue) and K = 10 (green). In addition, the 95t
precentile of each CDF is marked with a vertical dashed line of the same color.
Table 6.1 lists the 95" percentiles for all possible combinations of the studied
parameters. Additionally, the table cell background color saturation is proportional
to its numerical value, ranging from white for zero to deep blue for one. This
gives a visual cue to how different parameter combinations affect the normalized

time-averaged gain.

6.3 Discussion

6.3.1 Array patterns for CB, MRT and ZF

The left column of Fig. 6.4 shows the DoD of the time-averaged gain observed
when applying codebook precoding. The maximum value of the time-averaged
array pattern was always found within the cell boundary. This was expected, as any
instantaneous single-user codebook pattern has its main lobe pointing approximately
towards an active UE, which was always situated within the cell. As a result of the
linearity of (6.4), (6.8) and (6.9) with respect to the steering vector b, the 6-min
time-averaged pattern is expressed as an average of the instantaneous patterns
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towards the UEs served during the averaging interval. The maximum of such
averaged pattern was most likely to be found at the intersection of the instantaneous
array patterns, i.e. somewhere within the cell. In the scenario with a 2-by-2 BS
array (top-left), the maximum tends to be located around the cell center in azimuth.
The reason for that is the low directivity of a typical pattern produced by an array
of only 4 elements. For NV = 36 (center-left), then the maxima distribution follows
the average UE density peaks (Fig. 6.2), with two clusters that correspond to the
lanes between the building blocks, parallel to the x-axis (Fig. 6.1). With 100 BS
antenna elements (bottom-left), finally, the gain maxima closely follow the regions
of high UE density (Fig. 6.2), nearly covering the full azimuth range of 120°.

The center column of Fig. 6.4 shows the DoDs of the time-averaged gain found
using MRT precoding. Similarly to CB, when the antenna count is low (N = 4,
top-center plot), the maxima tend to be concentrated around the cell center. As N
increases, Gys gy tends to be directed towards the regions densely occupied with
the UEs with higher probability. However, MRT shows an increased spread of the
gain DoD compared to CB. This can be attributed to the fact that unlike CB, which
assigns a single beam per active UE, MRT superimposes a set of multiple beams
with powers proportional to the contributions of the corresponding propagation
paths to the total signal received by the UE. If a UE has a direct propagation path
to the BS (i.e. LOS), the instantaneous MRT pattern is likely to have a global
maximum in that direction (second strongest path - the ground reflection, if present,
being orders of magnitude weaker). In case the target UE resides in a shadow region
(NLOS), several propagation paths typically contribute comparable amounts to the
total received signal. E.g. if a UE is obstructed by a building, the main propagation
mechanisms that make the connection possible are over-the-rooftop diffraction and
reflections from the walls of the surrounding buildings. As a result, the time-average
pattern maximum is sometimes found outside the cell boundary, as can be seen on
the plots showing Gif}’;T (center-center) and G}V(}(;fT (bottom-center) in Fig. 6.4.

This effect is even more pronounced when ZF precoding was used, although the
underlying reason is different. ZF minimizes interference between the target UEs
by canceling the transmission via shared paths. In scenarios with a large number of
spatially correlated UEs, a portion of the total transmit power dedicated to fighting
interference may exceed that of the intended signal, i.e., an instantaneous ZF pattern
can have higher gain in its side-lobes than in the beams intended to reach the UEs.
Such effect is observed in the DoD distribution of G‘?I’VS (center-right) in Fig. 6.4. In
the areas with the highest UE density, where both CB and MRT generally produced
their time-average gain maxima most often, ZF showed very few time-average
array pattern peaks. The ZF precoding efficiency generally increases with the N/ K
ratio [4]. For N = 100 the gain distribution (bottom-right) was similar in shape to
what was obtained using MRT, although the spread of the gain locations noticeably
exceeded both MRT and CB.
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Figure 6.4: DoD (¢, 0) of the maxima of the time-averaged BS array patterns as observed over 2500 cases (100 simulations with randomly distributed
UE:s in 25 different environment samples) when serving K = 5 UEs simultanously, with connection time 7" = 60 s. Each maximum
direction is marked with a black circle. The circle size is proportional to the corresponding value of the time-averaged maximum gain
(normalized to the maximum of all samples of the respective parameter combination). The circle opacity is proportional to the number of
maxima found in the corresponding (i, 0) direction. Left, center, and right columns show data for CB, MRT, ZF transmission schemes,
respectively. In the first, second, and third rows scenarios with 2-by-2, 6-by-6, and 10-by-10 base station arrays are depicted. The ZF
transmission with 2-by-2 BS array (N = 4) is undefined and was omitted. The dashed line depicts the cell boundary. The normalized time-
and sample-averaged BS array patterns are shown in blue.
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6.3.2 Normalized time-averaged gain

The CDFs in Fig. 6.5 compare the G\*X values for parameter configurations that
correspond to those shown in Fig. 6.4. Increasing the BS antenna count NV decreases
the normalized time-averaged gain for all studied schemes, with other parameters
fixed. Two factors are contributing to this effect. First, the normalization coefficient
in (6.11) is proportional to /N, which counteracts the increase in the absolute array
gain. Second, with larger IV the BS is capable of producing narrower beams, which
are less likely to interlap in the DoD region within the cell, reducing the maximum
of the average taken according to (6.10).

Decreasing the connection time 7" also decreases the time averaged gain, that is
GNE(T =605s) > GNE(T =10s) > GNX(T = 1 5) for any fixed m, N or
K. This observation is explained by the fact that the more independent UE sets
are served in the averaging time-span Ty, (or, equivalently, the less the T" value
is), the closer GN-X approaches the normalized average of instantaneous array
patterns A(6, ¢, t) over the cell. Conversely, in the limit of a single UE served
with T' = 17,4, as follows from (6.9), (6.10), (6.11), the time-averaged gain is the
instantaneous BS pattern maximum. In this case, the CB beamforming realizes
the maximum theoretical gain G,,,, for the codebook directions coinciding with
the maxima of the BS antenna element’s individual pattern. This can be seen
by substituting t = by, into (6.9), assuming that the beam center DoD satisfies
(Ok, pr) = argmaxy ,[Adip|-

When only a single UE is connected at a time (K = 1, shown in black in
Fig. 6.5), CB, MRT, and ZF show very similar distributions of the normalized gain.
In fact, as can be seen from (6.2) in the degenerate case of K = 1, the matrix inverse
of HH* becomes a reciprocal of a squared channel coefficient magnitude. The ZF
and MRT formulations are then equivalent, with appropriately chosen normalization
coefficients « in (6.2). The minor discrepancy in Table 6.1 between the MRT and
ZF (< 1%) for K = 1 is due to the numerical round-off error propagation. The
difference between Gﬁ’}w and Gg}gl, gradually increases with increasing IV and
decreasing T'. Both G}lv’flRT and G‘éi]lg are decreasing monotonously from around
0.85 for T' = 60 s to around 0.66 for for T' = 1 s (see Table 6.1). At N = 100,
GN-1 drops rapidly to around a half of that (~ 0.42 for CB) for 7' = 60 s, around a
third (~ 0.22 for MRT) for T' ~ 10 s and less than a quarter (~ 0.15 for MRT) for
T=1s.

Increasing the number of simultaneously served UEs K was found to decrease
GJJ\\} gT and Gg}f{ for any fixed IV and T'. Increasing K decreased G g;BK only for
larger BS arrays (N > 16) for T" = 60 s, and led to its increase with any N for
shorter connection time values. For N = 4, the CB time-averaged gain closely
approached the theoretical maximum for any 7" and K > 5 (Gg;BK > 0.9). This
indicates that smaller BS antenna arrays implementing CB beamforming offer little
to no benefit in terms of human EMF exposure reduction.



Scheme | CB MRT | ZF

4 16 36 64 | 100 4 16 36 64 | 100 | 16 36 64 | 100

047 E- 046 | 0.42

042 | 035 | 031 | 0.44 | 0.37 | 0.32 | 0.29
0.49 | 0.36 | 0.30 | 0.25 | 0.29 | 0.24 | 0.21 | 0.19
048 | 0.35 | 0.27 | 0.23 | 0.27 | 0.19 | 0.17 | 0.16

0.46 | 0.43
044 | 037 | 0.33
042 | 0.35 | 0.29
0.42 | 0.34 | 0.30

60 s

T

" 0.40 | 0.29 | 0.24 | 0.20 042 | 031 | 025 | 0.22 | 0.42 | 0.31 | 0.26 | 0.21
= 0.40 | 0.27 | 0.21 | 0.17 0.38 | 0.27 | 0.22 | 0.19 | 0.31 | 0.24 | 0.19 | 0.17
g 042 | 0.28 | 0.22 | 0.18 0.36 | 0.27 | 0.20 | 0.16 | 0.20 | 0.15 | 0.13 | 0.11
044 | 0.31 | 0.24 | 0.20 0.36 | 0.25 | 0.19 | 0.16 | 0.18 | 0.11 | 0.10 | 0.09

0.32 | 0.21 | 0.17 | 0.13 0.36 | 0.26 | 0.20 | 0.15 | 0.35 | 0.25 | 0.19 | 0.16

- 0.32 | 0.21 | 0.16 | 0.13 0.34 | 0.24 | 0.19 | 0.15 | 0.26 | 0.20 | 0.16 | 0.14
J 0.37 | 0.25 | 0.18 | 0.14 0.33 | 0.23 | 0.18 | 0.14 | 0.16 | 0.12 | 0.10 | 0.09
10 042 | 0.29 | 0.21 | 0.18 0.32 | 0.23 | 0.18 | 0.14 | 0.14 | 0.09 | 0.08 | 0.06

Table 6.1: Summary of the 95" percentiles of Gop, Garrr, and Gz for T € {60s,105s,1s}, K € {1,2,5,10} and N € {4, 16,36, 64, 100}. The
background color saturation is proportional to its numerical value, ranging from white for zero to deep blue for one.
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In a realistic usage scenario, take 7' ~ 10 s [8]. If the BS is equipped with 64
antenna elements, p% of Gg4,’3K is just above 0.2 (around 7 dB reduction) for any K.
This is in agreement with the results in [10] obtained with a similar configuration
in the outdoor macrocell environment. Direct comparison with [8] is not possible,
as in that case the UE count was varied during the averaging time. Increasing the
averaging time 7" to 60 s increases the 95" percentile of G5 to 0.35 (4.6 dB) for
CB, 0.30 (5.2 dB) for MRT and 0.21 (6.8 dB) for ZF.

Adding more BS antenna elements while using either the CB or MRT scheme,
does not decrease G-X significantly. Their lowest 95" percentile values were
observed for T' = 1 s: G}\S%g o~ G}\%%’lTO ~ (.14 and Gg)g’l o~ Gg)jg’2 ~ 0.13.
The 95" percentiles of GJZV},K were lower than the respective G]A\/[[’ gT and ngBK
values for all K > 2. This difference was larger with for larger K and shorter
connection time 7. In the realistic scenario with 7' = 10 s, the 95® percentiles
of G%’;K were equal to around 0.19 (7.2 dB), 0.13 (8.9 dB) and 0.1 (10 dB) for
K =2, 5, and 10, respectively. These values are nearly two times lower that the
MRT and CB schemes demonstrated in the same parameter configurations. The
lowest p°3 was found with G p'% ~ 0.06 (12.2 dB), which is around one third of
the corresponding CB value, and more than two times lower than the minimum for
the MRT or CB scheme.

As the time-averaged gain is directly related the average Frjss measured
at some location in the cell. The far-field instantaneous E-field magnitude is
proportional to the square root of the antenna gain. Therefore, the time-averaged
ERps is reduced at least in proportion to the square root of the time-averaged
gain GV K relative to the Erprs estimate based on the maximum achievable gain
GX .- Inascenario with N = 64, K = 5 and T' = 10 s, this leads to the E-field
reduction in 95% of the observations by at least a factor of around 2.1 (3.2 dB),
2.2 (3.4 dB) and 2.8 (4.5 dB) for the CB, MRT and ZF schemes, respectively,
compared to the theoretical maximum. The theoretical maximum gain value was
never reached in samples with K > 5.

6.4 Conclusions

A numerical approach that utilizes the RT method to model a time-averaged array
gain of a 5G BS operating in a macrocell outdoor urban environment was presented.
The RT approach provides a more realistic signal propagation and user spatial
correlation properties compared to analytical and stochastic approaches. In a
realistic scenario, with a BS consisting of 64 antenna elements that serves 5 UEs
simultaneously and a 10 s per-user connection duration, 95% of the 6-minute
time-average gain observations fell below 0.22 (more than 6.6 dB reduction), 0.20
(7 dB) and 0.13 (8.9 dB) of the theoretical maximum, using codebook beamforming,
Maximum Ratio Transmission, and Zero-Forcing schemes, respectively. With user
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connection duration of 60 s, the corresponding 95" percentiles increase to 0.35
(4.6 dB), 0.30 (5.2 dB) and 0.21 (6.8 dB), respectively. In all studied scenarios,
increasing the BS element count decreased the normalized time-average gain. With
the MRT and ZF transmission schemes, lower time-averaged gain was always
observed when the number of multiplexed UEs was increased. With the CB
beamforming that was the case only for larger BS arrays. In all multi-user scenarios,
the ZF yielded the lowest p?® values of the normalized time-average gain (0.06
or 12.2 dB reduction with 100 BS antennas and 10 UEs), which is more than two
times lower than any other studied precoding scheme.

This chapter concludes the numerical investigation of the massive MIMO
exposure. One of the shared foundations of all simulations presented in Chapters 3
to 5 was the propagation prediction and channel matrix calculation using the RT
method. Crucially, the amount of correlation in the channel vectors observed at
closely-spaced receiver locations is one of the key properties, that can be directly
linked to the hot-spot size (on a small scale) and the BS ability to multiplex UEs (at
a larger scale). In the next chapter we will validate the RT approach by comparing
the channels measured with a real massive MIMO test-bed to the simulated ones.
Similar stochastic geometry elements used throughout the last four chapters will
once again be applied to the environment modeling, which will give experimental
basis to the obtained exposure results.
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Experimental validation






Massive MIMO Test-Bed
Measurements

7.1 Introduction

This chapter provides the experimental evidence to support the results of the massive
MIMO simulations presented in Chapters 3 to 6. Measuring psSAR o, directly
is technically challenging, as a complex setup including a phantom (filled with
tissue-simulating liquid) and a high-precision 3D-positioning system equipped with
a calibrated EMF probe is required. To measure the EMF in free space (e.g. in
the hot-spot around a receiver), a compact in size (to approach the receiver close
enough) and at the same time highly-sensitive EMF probe is needed. In addition,
the movement of the probe might significantly disturb the channel estimate at the
massive MIMO base station, which in turn alters the hot-spot EMF being measured.
An alternative to these approaches is to utilize the BS estimates of the channel to the
receiver, the position of which is controlled with precision, to indirectly evaluate
the hot-spot EMF distribution. A large number of elements in the BS array and
precoded transmission ensure that the EMF strength decreases with distance from
the intended receiver, as the observed channel vector becomes less and less similar
to the one at the initial location. The rate at which the correlation between two
channel vectors decreases with the distance between the corresponding receiver
locations, determines the size of the hotspot.

The correlation properties at the transmitter (Tx) side are studied extensively
in the literature from analytical [1] and experimental [2] standpoints. The Rx side



130 TEST-BED MEASUREMENTS

received less attention so far. Relevant information can be found in [3], where
performance of a wireless power harvesting beacon was studied. From these results,
we estimate the hotspot cross-section radius to be around 0.3 m, or 3 wavelengths
at 2.6 GHz and 1.6 m Tx-Rx separation distance. In Chapters 3 to 5 (see also [4, 5])
the hot-spot power density distribution was modeled as an interference pattern
of a large number of plane-waves incident at the Rx. The hot-spot size almost
never exceeded 1 wavelength (86 mm) at 3.5 GHz. Relevant results are found
in the COST 2100 model [6] study of the temporal autocorrelation function of
moving users in LOS 64-antenna element massive MIMO channels at 2.6 GHz. The
correlation coefficient rapidly dropped to around 0.5 at a distance of approximately
0.1 m (1)), and remained at the same level at larger distances. In [7], scalar
products of channel vectors measured at 5.8 GHz are reported for users in LOS at
approximately 15 m distance from a 64-element BS. The scalar product was around
0.4 for 0.2 m (4)\) between users and dropped to nearly 0.2 at 1 m (20).

This chapter presents the study of the spatial correlation properties of Massive
MIMO at the Rx side, comparing measured and simulated channels. The measure-
ments were conducted using a Massive MIMO test-bed with 64 elements [2, 8] (KU
Leuven, Belgium), operating at the center-frequency of 2.61 GHz. The simulations
were performed using the Ray-Tracing (RT) method in a synthetic environment,
approximating the one in which the measurements were taken. The main goal of
this chapter is the validation of the Ray-Tracing approach for prediction of the
correlation properties of Massive MIMO channels.

In addition, to evaluate the multipath contribution we studied pure line-of-sight
(LOS) channels, derived from the RT simulations. The effect of the environment on
the correlation profile was quantified by comparing the LOS and measured channels
at different distances from the BS. The power ratios of LOS and diffuse fractions of
the RT channels were analyzed at different distances from the BS to explain how
the environment alters the correlation profile.

7.2 Materials and methods

7.2.1 Measurements

A top view of the measurement setup is shown schematically (to scale) at Fig. 7.1a.
The KU Leuven massive MIMO testbed is a TDD-LTE based system controlled by
the MIMO Application Framework of National Instruments, with a center frequency
of 2.61 GHz. The testbed comprises two parts, the BS and user equipment (Rx).
The BS is equipped with N = 64 dual-band patch antennas, located as a planar
array of 8-by-8 elements. For the user equipment a single dipole antenna is used
per data stream. The BS parameters are summarized in Table 7.1. The center of
the BS array is located at z = 5 m, y = O m, 2 = 1 m in the coordinate system



CHAPTER 7 131

Name | Element # (N) | Frequency | Subcarrier # | Bandwidth
Value 64 2.61 GHz 100 20 MHz

Table 7.1: Parameters of the KU Leuven massive MIMO test-bed.

depicted in Fig. 7.1a.

Two pairs of Rx antennas, (Rz}, Rz}) and (Rxb, Rx}) in Fig. 7.1a, are each
mounted on a positioning system 2.2 m and 3.5 m shortest distance from the plane
of the BS, 0.3 m above the ground. The positioning systems are controlled from the
operator’s center (Fig. 7.1a). Simultaneously, they move the Rx antennas parallel to
the y-axis. Rz} and Rx), are moved fromy = 1.45mto y = 0.17 m, and Rz} and
Rax, are moved from y = —0.17 m to y = —1.45 m (1.28 m of movement range
for each Rx). This receiver arrangement was chosen to collect channel samples
in the left (upper index /) and right (upper index r) half-space of the BS array
symmetrically. In the following sections we evaluate how much the deviation from
symmetry in the measurement environment influences the absolute channel values
and their correlation properties. After each 10 mm traveled, the positioners halt
the motion for 10 s to allow the BS control unit (CU) to record enough channel
state samples, resulting in K = 129 fixed positions per Rx. The positioners report
the local coordinates of each halted Rx and the Network Time Protocol (NTP)
timestamp [9] at the moment it arrives at the location.

The BS CU records the complex channel coefficients of each Tx-Rx pair at
every subcarrier frequency and the NTP timestamps of the measurements. This
procedure is carried out simultaneously for all Rx antennas with a sample rate of
approximately 1.3 sample per second.

The wireless channel between each UE dipole antenna and the 64 antennas
at the BS is recorded as H € CM*¥ where M = 64 is the number of the BS
antennas, and /' = 100 is the number of subcarrierrs.

Fig. 7.2 shows the channel coefficients’ (hé',o) absolute values measured at one
of the BS elements (with index 0) for 16 consecutive fixed Rx positions. Red and
green colors in Fig. 7.2 show channels to Rxé and Rz, j € {1, 2}, respectively.
Lines depict the channel magnitudes for the sub-carrier with the center-frequency
of 2.61 GHz, and the shaded regions show the minimum-maximum range across
all sub-carriers. Solid dots mark the channel values at the NTP timestamps which
have the smallest time difference with the timestamps reported by the positioning
system.

The channel magnitude shows a staircase-like behavior - periods with relatively
stable values are followed by abrupt jumps, forming an alternating pattern. The
stable periods correspond to the time instances when the Rx antennas are static and
the channel variation is caused by thermal noise or changes in the environment.
Rapid jumps of the channel always occur when the Rx antennas are moved from one
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Figure 7.1: a) Top view of the measurement environment. The BS is shown with a red
rectangle, two Rx tracks are shown with dashed lines. b) RT environment
sample. The BS is shown with a pink box, while the dashed colored lines
indicate the locations of A;,7 € {1,2,3, 4} in the simulation.

stationary location to another. This can be seen from the positioner NTP timestamps
Fig. 7.2 (marked with solid dots) which follow these jumps.
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It should also be noted that none of the channel sample series are correlated
between receivers (absolute value of the Pearson’s correlation coefficient < 0.02.),
which is expected, as Rx are separated by over 1 m (around 7)) distance at any time-
instance. The inter-subcarrier correlation decreases monotonously with frequency
and its average over all BS elements and Rx locations drops to around 0.15 over
the complete frequency band (20 MHz). The channel coefficient variation across
the subcarriers is significant, as can be seen from Fig. 7.2. The amount of time it
takes for the Rx to be moved from one stationary position to another is below 0.5 s
and at most a single channel sample can be measured by the BS CU during this
time period. These samples are undesirable and therefore excluded from further
analysis.

Each stationary Rx position is treated as an element of a virtual array of receivers
with channel matrices H; € CN*X, j € {1,2},i € {I,r}. The matrix element
h; kn, OF Hj is then defined as the arithmetic mean of the channel coefficient samples
measured between the BS element n and the Rz, at the location k. The average
relative standard error of both real and imaginary parts of h; wn (ripple of the
channel samples with stationary Rx) is around 3% and is much smaller than its
variation across the subcarriers.

7.2.2 Ray-Tracing

The RT simulations were conducted with the Wireless InSite 3.3 (REMCOM)
software suite. Environment geometry, dielectric material properties, transmitter
(Tx) and receiver (Rx) positions are the input for the RT solver at 2.61 GHz.

7.2.2.1 Model of the environment

A simplified model of the measurement site is constructed. The reason for such
simplification is twofold. First, low polygon count of the RT geometry saves com-
putational resources and speeds up the simulation. Second, this allows to determine
whether key massive MIMO channel properties can be accurately reproduced by
using an approximate representation of the environment, similar to the ones studied

The complete RT geometry is contained within a single cuboid (the floorplan).
A dielectric material with parameters €, = 7, o = 1.5 - 1072 S/m was assigned
to its walls, floor and ceiling (concrete material model). Its sides are aligned with
the coordinate axes. In addition, scatterers are distributed randomly inside the
floorplan to diversify the propagation process. The scatterers are non-intersecting
cuboids of a fixed footprint. Their centers are positioned in the horizontal plane
using the Poisson Disc Sampling algorithm [10] inside the room. Each scatterer is
rotated around the vertical axis, that passes through its center, at an angle, sampled
independently from the uniform distribution in [0, 27]. After the positions of all
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scatterers have been determined, those that are not contained within a given distance
from any wall are discarded. A geometry with defined scatterer positions is further
referred to as environment sample.

One of the simulated environment samples is depicted in Fig. 7.1b. The coordi-
nates of the BS center and relative positions of its antenna elements match those
used during the measurements. The Rx arrays are shown with solid colored lines
in Fig. 7.1b. The Al and Ag arrays have the same coordinates as the measured Al
and Al The A3 and A4 arrays have the same y and z coordinates, but are shifted
along the x-axis to z = 9.8 m and = = 11.1 m, respectively. Indexed this way, the
larger the index of an array, the larger the distance of this array from the BS.

t,s
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60 S N < © %0 — ™ 10
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o
Y

o o o o 0 - b~ - ©

o) 3] = ) © o N 1 0

& N o) e 5] 7] <t < <
Sample #

Figure 7.2: Channel magnitudes at the first BS element (2.61 GHz subcarrier) as the Rx
antennas pass through 16 stationary locations are shown with solid and dashed
lines. Bottom axis tracks the channel sample number, top axis - time since the
first measured sample. Shaded regions show the channel magnitude min — max
range across all 100 subcarriers. Channels of Rz and Rx» are shown in red
and green, respectively.

The y and z dimensions of the room are equal to the corresponding dimensions
of the measurement site (7 m and 3 m, respectively). The room size in the z
direction was extended to 15.5 m (compared to 10.7 m of the measurement site), in
order to fit the A3 and Ay arrays into the simulation domain. All geometric entities
are assigned identical dielectric properties €, = 7, o = 1.5 - 1072 S/m, modeling
concrete material [11].

Vertically polarized half-wave dipole patterns are assigned to the antennas of all
BS array elements and receivers. The RT simulations are narrow-band, that is, trans-
mitters are excited with a continuous sinusoidal signal. The RT simulations were
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carried out at a single frequency f. = 2.61 GHz (the test-bed center frequency).

7.2.2.2 Channel matrix calculation

The ray-tracer calculates the channel coefficient between the n!” BS antenna
element and k' Rx location as
hign =Y urexp(—2mifer,), 7.1

res;(n,k)

where j is the virtual array index, s;(n, k) is the set of indices of rays found for the
(n, k) Tx-Rx pair, u, is the amplitude of the voltage induced by the ray r at the Rx
antenna terminal and 7, is the time-of-flight of the ray r. The RT channel matrix
H ; is obtained by evaluating (7.1) for each Tx-Rx pair in the BS and the A;.

7.2.3 Free-Space Line-of-Sight model

It is possible to modify (7.1), such that only the direct paths between the Tx-Rx

pairs are accounted for. Replacing s;(n, k) with the LOS ray er,kOf (the LOS path

exists for all Rx locations in the studied scenario), we obtain the Free-Space LOS
(FS-LOS) channel coefficients

h e = ur exp(—QﬂichT.)|T%C>ns, (7.2)

that form the channel matrix H f .

7.2.4 Channel equalization

To exclude the effect of the Path Loss (PL) we equalize the channel vectors. This
is achieved by multiplying the channel matrix by the vector of its inverse column
norms. For any channel matrix H,

H = [|[ho[ 7", a7, i |71, (7.3)

where hy, = [hro, i1, - .., hen]T is the k" channel vector.
Equalization (7.3) removes the channel magnitude variation, but preserves the
BS antenna amplitude and phase ratios.

7.2.5 Spatial correlation function

The equalized channel correlation matrix is defined using the equalized channels as

G=HHT. (7.4)
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As grr = hihiT = ||hg|| = 1, any diagonal element of G equals to unity, as
a norm of the equalized channel vector. The absolute value of the off-diagonal
element gy, is the signal magnitude received by the [*" Rx, when the BS transmits
to the k** Rx using the Maximum Ratio Transmission (MRT) precoding, with
signal fading variation removed. This is proportional to the interference between
the k' and [*" Rx locations, assuming the MRT precoding.

As the distance between any two consecutive Rx positions is constant (6 = 10
mm), the absolute values of the elements on the [-diagonal of G are also the
interference signals received by the elements separated by distance A(l) =1 - 4.
Therefore, we define a correlation function p,(A), the argument of which is the
distance A(l) between any two Rx locations in A;, as the arithmetic mean of the

absolute values of the elements on the [!* diagonal of G
Cii 190
pi(A) = K_i* : (1.5)

where gi. , is the element of G7. Due to the channel equalization (7.3), p(0) =
1, which means that the channel of any element is fully correlated with itself.
If p(A) = 0, then all elements separated by the distance d; are pairwise fully
decorrelated, that is, their channel vectors are orthogonal. From (7.5) and (7.4) it
also follows that p;(A) is an estimate of the average normalized power received
at the distance A([) from the intended receiver parallel to the Rx array. Thus, the
correlation function can be viewed as a hotspot power cross-section in the direction
parallel to the BS array, averaged over the location of an intended receiver in the
Rx array.

7.3 Results

In this section we compare the correlation functions of the measured and simulated
massive MIMO channels. On the one hand, comparing the measurements and the
FS-LOS model, we quantify the effect that the multipath propagation paths have on
the spatial correlation properties of the channels. On the other hand, by comparing
the measured and RT-simulated channels, we demonstrate that including a generic
RT environment significantly improves the accuracy of the correlation prediction,
especially as the Tx-Rx distance increases.

7.3.1 RT vs. measurements

By p; we denote the correlation function of the RT channel matrix of the virtual
array j. 25 environment samples were simulated and in each one p; was calculated
with (7.5), in which the correlation matrices of the channels are given by (7.1).
Similarly, by p;- we denote the correlation function measured in the array A;
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A, wavelengths
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Figure 7.3: Correlation function p calculated using measured and simulated channels. p;
and p2 are shown with red and green color, respectively. The RT channels
are shown with dashed with triangle markers lines and shaded regions depict
min — max range over the 25 environment samples. The measured channels
are shown with solid and doted lines for Aé and A7, respectively, and error-bars
show 5-95 percentile range over subcarriers.

Fig. 7.3 compares p in channels obtained from the measured (Aé-, Aé) and simulated
(flj) arrays for A up to 1.25 m.

The top axis at the Fig. 7.3 displays A in the units of wavelength at 2.61 GHz.
In general, all presented functions are decreasing with A. The distance to the BS is
the primary factor influencing the rate at which the correlation drops.

The measured receiver array pair (All, A7) is the closest to the BS (2.2 m). pl1
and p7 are similar and fall off steeper than ph and pj5. They reach their minimum of
around 0.12 at A ~ 0.6 m (=~ 4\). ph and p} both fall more steadily and bottom
outat A ~ 0.8 m (=~ 5.5) at a level of approximately 0.2.

The RT simulations show a very good agreement with measurements, predicting
the absolute values and general behavior of the correlation functions. For A arrays
the largest absolute error was found at the sub-wavelength distances, where the
RT underestimates the initial drop by around 0.1. The underestimation is slightly
higher for A, arrays, but unlike the previous case, the largest absolute error of
around 0.13 was observed at A ~ 0.55 m. To further quantify the accuracy of the
RT method in predicting the correlation function, we performed the least-square fit
of the Gaussian function

F(A,0) = exp (- 23), (1.6)

to pj, pé and p; over parameter 0. By o(p) we denote the value of o obtained
after fitting (7.6) to p. We found that o (p}) ~ o (p}) ~ 0.27, while o(g;) ~ 0.25,
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which means that the RT estimate relative error was around 8% at 2.2 m distance
from the BS. At 3.5 m, o(p}) ~ 0.39,0(ph) ~ 0.37, and o(g2) ~ 0.34, which
resulted in the relative error of around 10%.

7.3.2 FS-LOS vs. RT

We constructed the FS-LOS channels of all four RT-simulated receiver arrays, as
described in the Section 7.2.3. We denote the correlation function derived from
the FS-LOS channel matrix H;~ as p;”. Graphs of p; and p;”, j € {1,2,3,4} are
given at Fig. 7.4

A, wavelengths
3 4 5 6 7 8

! ! ! ! ! !

1.00

0.75+

2 0.50+

0.25+

0.00 ‘ | e TR
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 7.4: The correlation function RT/FS-LOS comparison. Graphs of p for full RT and
FS-LOS channels are shown with solid and dotted lines, respectively. The line
colors matches the color of the arrays shown in Fig. 7.1b.

The FS-LOS correlation functions overestimate the RT at smaller values of A
and underestimate it for larger A. While FS-LOS model predicts a smooth concave
fade-out of the correlation with A, the full RT simulations show an abrupt drop
at A < 1), followed by a nearly linear descent at larger A. The initial drop at a
sub-wavelength scale increases in magnitude with the Tx-Rx distance: for Ay, it
approaches 40%.

7.4 Conclusions

This chapter we experimentally explored the spatial correlation of the massive
MIMO channels with controlled distance between the receivers. We introduced
the spatial correlation function as a measure of the average correlation profile in
proximity of a given location. The channels measured with the massive MIMO
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test-bed were compared to the simulations using the RT method and the FS-LOS
model at different separation distances between the BS and receiver.

The correlation functions calculated from the measured channels were decreas-
ing with the inter-receiver distance, with the higher decrease rate the further the BS
to receiver distance was. In general, the RT simulations show a good agreement
with measurements, predicting the correlation minima and values. The FS-LOS
model was unable to accurately predict the correlation profiles, overestimating their
falloff at the sub-wavelength distances and underestimating their minima locations
and values.

These results show that the RT-based simulations in an environment model
augmented with stochastic elements are able to predict the realistic correlation
properties of massive MIMO channels. Though the measurements were carried
out in an indoor environment with a limited Tx-Rx distance range, their excellent
agreement with the RT simulations in that range gives more credibility to the RT
simulations’ results conducted in Chapters 3 to 6 in different environments and at
larger distances. Extending the experimental support of the RT massive MIMO
simulations to more diverse environments (e.g., outdoor) and scenarios (e.g., pure
non-LOS) could be a major track of the future research, as will be mentioned in the
next chapter.
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Conclusions and Future Work

This chapter concludes the dissertation by briefly summarizing the obtained results
and outlining promising directions of the future research.

8.1 Conclusions

This dissertation presented several approaches for numerical modeling of the down-
link human Radio Frequency (RF) Electromagnetic field (EMF) exposure to ultra-
small cell and massive MIMO antenna array SG techologies. In Part I, the exposure
to a prototype ultra-small cell technology - ATTO-floor, was studied. In Part II,
the exposure of users in the indoor and outdoor environments served by massive
MIMO base stations was investigated. In Part III, the experimental validation of the
numerical methods used in Part II is presented.

Part 1

In Chapter 2, the exposure of a human worker standing on the ATTO-floor was
evaluated in terms of the peak-spatial Specific Absorption Rate, averaged over
10 grams (psSAR ) of tissue in the legs. The studied ATTO-floor network operated
at the center frequency of 3.5 GHz and the output power per cell was 1 mW.
The Finite-Difference Time-Domain (FDTD) method with a realistic male human
phantom model was used to calculate psSAR,, based on the EMF induced in its
tissues. It was shown that limiting the ATTO-floor size included in the simulation
domain to a patch of 4-by-4 cells underestimates the exposure induced by the
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complete ATTO system by at most 2.5%. It was then established that the average
ATTO-floor exposure is around 5 mW/kg, while the worst-case exposure was found
to be around 21 mW/kg. These values were found to constitute no more than 0.5%
of the basic restrictions for general public specified by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) guidelines. The average exposure
of the realistic phantoms having different body morphologies, age, and gender was
found to be below the values found with the male phantom. Therefore, the ATTO-
floor was concluded to comply with the existing regulations by a wide margin,
largely due to the low power at which it operates.

Part 11

In Chapter 3, a methodology for assessment of psSAR o, in the phantom’s head
induced by a massive MIMO base station (BS) in an indoor environment was
introduced. The EMF propagation at the frequency of 3.5 Ghz in a model of
an indoor industrial environment was calculated using the RF Ray-Tracing (RT)
method. Scenarios with users having the line-of-sight (LOS) propagation paths
from the BS and users with no LOS paths (NLOS) were considered. The wireless
channels were calculated based on the RT results, showing that the NLOS scenarios
offered more favourable propagation conditions for the massive MIMO system,
as indicated by lower channel matrix condition numbers and higher matrix power
ratios of the channel correlation matrix, compared to the LOS scenarios. In addition,
the EMF enhancement (hot-spot) resulting from the BS precoding its transmission
with the Equal Gain Transmission scheme, was evaluated in free space. The average
EMF hot-spot size was found to be around 51 mm, or 0.59A at 3.5 GHz, in both
LOS and NLOS scenarios. The EMF gain, expressed in terms of the time-averaged
power flux density in the hot-spot normalized to its non-precoded value, was found
to be around 14 dB in both LOS and NLOS. The psSAR g, in the head to the
free-space hot-spot EMF was evaluated and based on that a maximum permissible
BS output power satisfying the ICNIRP basic restrictions was derived. At the
distance of 8 m, the maximum permissible BS power was found to be 35 W and
110 W for the LOS and the NLOS scenarios, respectively.

In Chapter 4, the approach developed in Chapter 3 was extended to account for
the presence of the user head in proximity of the user equipment (UE). Influence of
the head on the massive MIMO channel matrix, and thus precoded transmission,
was included in the model by simulating the radiation pattern of the UE coupled
with the head, at the distance of 20 mm from it, using the FDTD method. The
results showed that presence of the head has a positive impact on the massive MIMO
channel properties, decreasing for up to 30% the channel correlation between the
UEs that are close to each other. The BS was transmitting using the Maximum
Ratio Transmission precoding scheme. The hot-spot time-averaged power flux
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density enhancement relative to its value at the location symmetrical with respect
to the head sagittal plane, was found to be around 10 dB, taken over the exposure
sample average. The psSAR g, location was highly correlated with the position
of the UE (relative to the head), and in around 78% of the exposure evaluations
was found in its closest vicinity. The psSAR o normalized to the time averaged
power flux density in the hot-spot was compared to the same quantity derived
from the ICNIRP basic restrictions and reference values. The hot-spot normalized
psSAR o, was found to be on average 5 dB lower that the value derived from the
ICNIRP guidelines. This means that the ICNIRP incident power density reference is
conservative in the context of massive MIMO, i.e. the massive MIMO hot-spot with
the peak power density level equal to the ICNIRP reference induces, on average,
5 dB lower psSAR g than that of the ICNIRP basic restrictions.

In Chapter 5, the methodology developed in Chapters 3 and 4 is applied to
study and compare the exposure induced by a distributed and a collocated massive
MIMO arrays. A model of an industrial indoor environment was proposed, in
which the distributed massive MIMO BS deployment was uniformly covering
the entire ceiling surface, while the collocated BS was a compact (A/2 element
separation distance) uniform linear array, positioned in the center of the ceiling,
both operating at 3.5 GHz frequency. It was shown that in scenarios when the
phantom head blocks the LOS paths from the UE to the collocated BS, the latter
was not able to produce compact hot-spots. At the same time, the instantaneous
hot-spots produced by the distributed BS rarely exceeded 100 mm (around 1.1)) in
size. In addition, the UE was positioned at a varying distance from the phantom’s
head. Importantly, it was found that for short UE-to-head distances (e.g., 7 mm),
the hot-spot maximum location does not coincide with the UE. An explanation
was proposed based on the analysis of the UE radiation pattern as a function of
its distance from the head. The exposure of a phantom in a series of consecutive
locations across the environment was evaluated in terms of psSAR o, normalized
to the time-averaged power flux density assessed at either the hot-spot peak, or the
UE location. The psSAR o, normalized to the hot-spot peak EMF level was found
to be around 12 dB lower with the collocated BS, and from 13 dB to 14 dB lower
with the distributed BS, than the ICNIRP reference. This is at least 7 dB lower than
the results of Chapter 4, possibly due to a larger number of the BS antennas used in
this chapter’s system modeling. However, if the EMF is assessed at the UE location,
the normalized psSAR o, closely approaches the ICNIRP reference (and exceeds it
at the 2 mm UE-to-head distance, in the collocated BS array configuration). The
importance of accurately specifying the location in which the EMF is assessed (e.g.,
in experimental compliance testing) is pointed out.

In Chapter 6, an outdoor urban environment with a single BS capable of the
multi-user codebook beamforming, Maximum Ratio and Zero-Forcing massive
MIMO transmission precoding schemes was studied. The exposure of users in
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the environment was assessed in terms of the time-averaged BS array gain. It
was evaluated by first, simulating the propagation in the environment with the RT
method, then modeling the user scheduling stochastically, and finally generating
and averaging the array radiation patterns, according to one of the BS transmission
regimes. The statistical distributions of the maximum time-averaged BS gains,
calculated for different numbers of the simultaneously active UEs and the BS array
elements, were presented and analyzed with respect to their theoretical maximum
values. The results showed lower maximum time-averaged gain values for the BS
arrays with larger number of elements (e.g., 100) compared to those with a smaller
number of elements (e.g., 16) regardless of the transmission scheme. It was also
found that the massive MIMO transmission schemes always result in lower time-
averaged gain values with larger numbers of the simultaneously served UEs. At
the same time, the opposite was observed with the beamforming BS that had 16 or
fewer elements and was serving fast-switching UEs. The lowest average maximum
time-averaged gain (around 6% of the theoretical maximum) was produced by the
Zero-Forcing BS having the largest studied element count (100), and transmitting
to 10 UEs concurrently.

Part 111

In Chapter 7, the spatial correlation of the massive MIMO channels was studied
experimentally. The channels measured with the massive MIMO test-bed were
compared to the simulations using the RT method and the free-space LOS model at
different separation distances between the BS and receiver. The spatial correlation
function was introduced as a measure of the average correlation profile in proximity
of a given location. The correlation functions calculated from the measured channels
were decreasing with the inter-receiver distance, with the higher decrease rate the
further the BS to receiver distance was. In general, the RT simulations showed a
good agreement with measurements, predicting the correlation minima and values.
The free-space LOS model was unable to accurately predict the correlation profiles,
overestimating their falloff at the sub-wavelength distances and underestimating
their minima locations and values.

8.2 Future work

The results presented in Parts II and III of this thesis can be potentially extended in
several ways, some of which are briefly outlined below.
8.2.1 Huygens’ box approach in FDTD

One major improvement in the accuracy of the FDTD hot-spot modeling can be
achieved by realizing the Huygens’ box RT-FDTD hybridization interface [1],
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that could replace the plane-wave-based FDTD excitation proposed in Chapter 3.
This will allow introducing highly complex and inhomogeneous EMF excitations
into the FDTD domain, e.g. in scenarios when the RT rays’ reception spheres
intersect the FDTD domain only partially. Such scenarios are especially relevant
for the mmWave technologies (short wavelengths), or when the EMF distribution
around the entire phantom model is of interest (large FDTD domain size). However,
this approach is computationally challenging, especially at high domain size to
wavelength ratios, as every boundary FDTD grid cell has to be represented by a
receiver in the RT simulation. A thorough performance optimization of the complete
simulation pipeline will have to be performed.

The new approach can then be applied to study the exposure of the future (6G)
wireless communication technologies, such as the holographic massive MIMO and
Intelligent Reflecting Surfaces [2, 3], e.g. in context of the SHAPE project. In these
systems, the number of independently controlled antennas and their surface density
are so high that practically continuous wavefronts of arbitrary shape can be radiated
towards users. The Huygens’ box approach is very well suited for introducing such
wavefronts in the FDTD domain, to further evaluate the interaction of the resulting
EMF with realistic human phantoms.

8.2.2 Realistic environment models

Throughout the dissertation, simplified environment models were used to model the
EMF propagation with the Ray-Tracing method. In the future, more realistic envi-
ronments will be studied, e.g., site-specific scenarios of potential 5G deployments.
The environment will be constructed based on the openly available 3D GIS data
obtained with Light Detection And Ranging (LiDAR) scanning, photogrammetry
methods or a combination thereof [4]. Raw meshes obtained using LiDAR scanning
or aerial imaging photogrammetry contain millions of facets per square kilometer,
making them unusable directly in the Ray-Tracing simulations. To render it suitable
for the RF propagation modeling at sub-6GHz and mmWave (26-28 GHz, 140 GHz)
frequencies, the geometry will be segmented and simplified, e.g., using the level of
detail generation algorithms [5]. Frequency-specific dielectric material properties to
facets will be assigned to the simplified geometry facets, e.g., based on their texture
color or entity type. Lastly, accurate vegetation data will be extracted, improving
the modeling accuracy, particularly at the mmWave frequencies.

8.2.3 Future exposure metrics

In Chapters 2 to 6, the main dosimetric quantity was the peak-spatial Specific Ab-
sorption Rate (SAR) averaged over a 10 g cube, in line with the ICNIRP guidelines
below 6 GHz. However, as was shown in Chapters 2, 4 and 5, most of the time the
peak cube was found in the ear close to the receiver in the hot-spot or in the toes
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close to the transmitting antennas. Due to the geometrical features of the ear and
the definition of the averaging procedure, such peak-cubes are mostly filled with
air and often contain disconnected sections of the phantom body. An alternative
approach could be to assess the organ-specific SAR [6], e.g. in the brain or the
ear cartilage tissue. This metric account for the anatomical features and assures
spatial continuity during the absorption averaging. Absorbed power density was
introduced as the new restricted quantity at frequencies above 6 GHz in the most
recent ICNIRP guidelines release [7]. It accounts for a short EMF penetration depth
into the biological tissues at higher frequencies. Being a surface-averaged quantity,
it could allow more efficient numerical assessment methods, compared to SAR.

8.2.4 Realistic network-level effects

One particularly important aspect of the real massive MIMO operation, with regard
to the downlink exposure, is the imperfect channel state knowledge at the base
station. The simulations and analysis conducted in Chapters 3 to 5 assumed that
the channel matrix is known exactly at any given moment, and the BS is able to
calculate the transmission weights accordingly. In reality, however, this is never the
case. First, the channel state is quantized before sent uplink by the user equipment,
as only a limited portion of the time-frequency resources can be allocated for that to
avoid excessive overhead. In addition, noise and (inter-cell) interference introduce
errors to the channel estimates [8, 9]. As a result, the BS transmission may differ
significantly from the model case, which is likely to alter the location and shape of
hot-spots the BS creates. These effects can be studied by combining the RT (exact)
channel prediction and the massive MIMO network model that accounts for the
channel estimate uncertainty.

8.2.5 Direct hot-spot EMF measurements

In the measurement campaign presented in Chapter 7 the correlation of the channel
vectors of a receiver at different locations was used to derive the spatial correlation
profiles, which were then linked to the EMF hot-spot shape. This approach has
several drawbacks. First, the EMF (e.g., the E-field, which is the quantity of interest
in exposure assessment) is not measured directly, but indirectly derived after the fact
from the recorded channel state. Second, the receiver antenna had only one (vertical)
polarization, and was not calibrated, i.e. its antenna factor was unknown. Third,
The movement of the positioner itself (mostly metal) also altered the channel, and
this uncertainty was not accounted for. The aspects outlined above will be improved
upon in the next measurement campaign. A calibrated 3-axial E-field probe in
combination with a spectrum analyzer (e.g. NARDA SRM-3006) is going to be used
to measure the frame-averaged Erys over each sub-carrier bandwidth and derive
the the 6-minute time-averaged values, according to the ICNIRP guidelines. The
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effect of the positioning system movement on the channel state will be quantified
using the method developed in Chapters 3 and 4 and minimized, e.g., by increasing
the probe to any moving part of the positioner, covering the positioner with the
EMF-absorbing pads, etc. The actual disruption of the channel state is then going
to be measured to validate to the simulated data.
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