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Jan M. KELNER, Ph.D. D.Sc. Eng.

The main objective of this dissertation is the assessment of accuracy of 5G radio link budget
estimation from the perspective of joint modelling of directional antenna beam pattern and angular
spread phenomenon, due to impact of this estimation on the efficiency of 5G network planning and
optimization.

First are clarified the definitions of nominal antenna pattern (as measured in anechoic
chamber) and effective antenna pattern (as determined in scattering environment). Afterwards
presented are simulation results of 5G network performance, which indicate significant
overestimation if nominal antenna patterns are assumed during evaluation instead of effective
antenna patterns. This part is concentrated on radio link budget for serving and interfering downlink
(DL) signals in millimeter-wave cell and indicates methods for its accurate calculation.
Additionally, a method for improvement of DL signal to interference plus noise ratio (SINR) by
optimization of effective antenna pattern is proposed and evaluated. This method is based on the
patented proprietary algorithm, which matches the geometry of antenna array to the azimuth and
zenith angular spread in the given channel. In the consequence the effective antenna pattern,
understood as a spatial filter of multipath components, is optimized and its effective antenna gain
IS maximized.

The next study evaluates for 5G the accuracy of methods for assessment of radio frequency
(RF) electromagnetic field (EMF) exposure inherited from previous systems. It is presented that
legacy methods may lead to significant overestimation of the maximum RF EMF exposure
associated with 5G base station (BS) in scattering environment if nominal antenna pattern is

assumed instead of effective antenna pattern. Therefore, a simple solution is proposed to improve
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the accuracy of RF EMF exposure assessment, which is indicated in the latest version of standard
62232 defined by International Electrotechnical Commission (IEC). Proposed solution is based on
closed-form formulas, which allow to extrapolate the maximum exposure by calculation and
comparison of effective antenna gains. Obtained values of RF EMF exposure are more accurate
than estimated based on nominal antenna gains and at the same time do not require comprehensive
system-level simulation with 3D channel model.

By the example of Citizens Broadband Radio Service (CBRS) it is presented how the
accurate modeling of antenna pattern may improve performance of radio resources distribution in
spectrum sharing environment. Obtained simulation results allow to assess the accuracy of
interference evaluation and channels distribution between CBRS devices (CBSD) if centralized
controller for spectrum access system (SAS) does not have enough knowledge about effective
antenna pattern. It is also indicated that for the assumed scenario of CBRS network implementation
the mutual interference between each pair of CBSDs can be significantly underestimated, which in
consequence leads to insufficient co-existence conditions, if nominal antenna pattens are used by
SAS instead of effective patterns. Therefore, a proposal for improvement of standards relevant for
CBRS networks is made.

The final study allows to compare different approaches for joint modeling of antenna pattern
and angular spread phenomenon in scattering environment. The concept of effective antenna pattern
is compared with multi-elliptical propagation model (MPM) approach. This comparison is enabled
by the use of common input data. Comparable simulation results, obtained from both approaches
for selected simulation scenarios, allow to conclude that MPM model ensures good accuracy
without the need for full 3D channel modeling in time-consuming and computational power-
consuming statistical simulations.

Findings and conclusions of all studies included in this dissertation are aligned with the
thesis stated in its introduction and can be considered as a noticeable contribution to the current

state of the art.
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Streszczenie

MODELOWANIE RADIOWEGO £ACZA KIERUNKOWEGO A POPRAWNOSC ESTYMACJI
BILANSU ENERGETYCZNEGO W SYSTEMACH 5G

Autor: mgr inz. Kamil BECHTA
Promotorzy: dr hab. inz. Cezary ZIOLKOWSKI, prof. WAT
dr hab. inz. Jan M. KELNER

Glownym celem niniejszej rozprawy jest ocena poprawnosci estymacji bilansu
energetycznego tacza radiowego w systemach 5G z punktu widzenia wspolnego modelowania
charakterystyki anteny kierunkowej i zjawiska katowego rozproszenia mocy w kanale radiowym.
Poprawno$¢ tej estymac;ji jest istotna ze wzgledu na jej bezposredni wptyw na efektywno$¢ procesu
planowania i optymalizacji sieci 5G.

W pierwszej kolejnosci wprowadzone sa definicje nominalnej charakterystyki antenowej
(zmierzonej w komorze bezechowej) oraz skutecznej charakterystyki antenowej (okreslonej w
kanale radiowym z rozproszeniami). Nast¢pnie przedstawione sg wyniki symulacyjnych badan
wydajnosci sieci 5G, ktére wskazuja na jej znaczace przeszacowanie jezeli skuteczne
charakterystyki zostana zastgpione podczas modelowania charakterystykami nominalnymi. Ta
cze$¢ analizy jest skoncentrowana na bilansie energetycznym uzytecznego i zakldcajacego tacza
radiowego dla sygnatoéw przesytanych w taczu w dot (DL) w komorce radiowej pracujacej na falach
milimetrowych oraz przedstawia metody jego poprawnej estymacji. Zaproponowana jest rowniez
metoda poprawy stosunku mocy sygnatu uzytecznego do szumi i interferencji w taczu w dot (DL
SINR) polegajaca na optymalizacji skutecznej charakterystyki antenowej. Metoda ta bazuje na
opatentowanym algorytmie dopasowujagcym wymiary ukladu antenowego do katowego
rozproszenia mocy w plaszczyznach poziomej i pionowej, w wyniku czego ksztalt skutecznej
charakterystyki antenowej (rozumianej jako filtr przestrzenny) zostaje zoptymalizowany, a jej zysk

zmaksymalizowany.
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W toku kolejnych badan sprawdzona zostaje dokladnos$¢ oceny ekspozycji na
promieniowanie elektromagnetyczne (PEM) pochodzace od stacji bazowych 5G wedlug metod
stosowanych dla dotychczasowych systeméw radiowych. Wyniki przeprowadzanych symulacji
wskazujg na mozliwo$¢ znaczgcego przeszacowania maksymalnej ekspozycji na PEM od stacji
bazowych 5G znajdujacych si¢ w $rodowisku z rozproszeniami, badz w przypadku braku
bezposredniej widocznosci ze stacja bazowa (non-line-of-sight, NLOS), jezeli skuteczne
charakterystyki antenowe nie sg znane. W zwigzku z tym, zaproponowana jest metoda poprawy
doktadnosci oceny ekspozycji na PEM, ktora zostata wspomniana w najnowszej wersji standardu
62232 przygotowanego przez Miedzynarodowa Komisje Elektrotechniczng (International
Electrotechnical Commission, IEC). Metoda ta bazuje na uproszczonym wyznaczaniu warto$ci
skutecznych zyskoéw antenowych oraz ich poréwnaniu. Uzyskane w ten sposob wartosci ekspozycji
na PEM s3 dokladniejsze niz w przypadku wykorzystania nominalnych charakterystykach
antenowych, a przy tym nie wymagaja przeprowadzania czasochtonnych symulacji z
wykorzystaniem pelnego modelu kanatu radiowego.

Wykorzystujac model symulacyjny sieci radiowej CBRS (Citizens Broadband Radio
Service) zbadany jest wptyw doktadnosci wyznaczania skutecznej charakterystyki antenowej na
wydajnos$¢ rozdzialu zasobdéw radiowych w systemach z dynamicznym dostepem do widma.
Uzyskane wyniki symulacji pozwalaja oceni¢ doktadno$¢ oszacowywania poziomu wzajemnych
zaklocen oraz sposobu rozdziatu kanatow radiowych pomiedzy stacjami bazowymi systemu CBRS
(CBRS Devices, CBSD), gdy centralny kontroler odpowiedzialny za rozdzial zasobow (Spectrum
Access System, SAS) nie posiada wystarczajacej] wiedzy o skutecznych charakterystykach
antenowych stacji CBSD. Zatozony scenariusz symulacyjny wskazuje, ze wzajemne zaktocenia
pomiegdzy stacjami CBSD zostajg znaczaco niedoszacowane przez kontroler SAS w sytuacji gdy
dysponuje on tylko nominalnymi charakterystykami antenowymi, w konsekwencji czego
minimalne wymagania ko-egzystencji pomigdzy stacjami CBSD nie zostaja spelnione. W zwiagzku
z powyzszym wskazane zostaja miejsca, w ktorych standardy odpowiedzialne za funkcjonowanie
systemu CBRS powinny zosta¢ poprawione.

Celem ostatniego badania jest analiza porownawcza dwoch metod wspolnego modelowania
charakterystyki anteny kierunkowej i zjawiska katowego rozproszenia mocy w kanale radiowym.
Podejscie z wyznaczaniem i1 wykorzystaniem skutecznej charakterystyki antenowej jest porownane
z metodyka modelowania katowego rozproszenia mocy wedtug wielo-eliptycznego modelu kanatu

(multi-elliptical propagation model, MPM). Poréwnanie jest przeprowadzone poprzez
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wykorzystania tych samych zalozen symulacyjnych oraz parametréw wejsciowych. Zblizone
wyniki badan wykonanych wedtug obu podejs$¢ pozwalaja uzna¢ metod¢ z wykorzystaniem modelu
MPM za skuteczng, a jednocze$nie niewymagajacag czasochtonnych symulacji z wykorzystaniem
pelnego modelu kanatu radiowego.

Wyniki badan wchodzacych w sktad niniejszej rozprawy oraz wnioski wyciagniete na ich

podstawie sa zgodne z postawiong na poczatku teza oraz moga stanowi¢ zauwazalny wkiad w

obecny stan wiedzy.
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3 OQverview of the dissertation

3.1 Introduction

Unlike any other mobile communication systems developed and implemented in the past,
the 5" generation (5G) of cellular communication standards has capabilities to become enabler and
fundamental part of the next Industrial Revolution — Industry 4.0. The fourth Industrial Revolution
aims to expand digitalization and automation from the sector of services, such as banking and the
media, towards industries handling with heavy equipment, production lines and physical materials.
These general use cases require reliable, scalable and mobile solutions which cannot be always
ensured by wired networks or wireless-local-access-network (WLAN) standards, like IEEE-802.11.

From the beginning of the work on beyond-4G (the 4™ generation of mobile communication
systems) requirements, which has started a decade ago and is continued until now, the use cases for
heavy industry were considered as a significant differentiator of the next cellular communication
standard and a driver for new inventios. Therefore, at the current stage of 5G development the
following characteristics give it the advantage to be the key part of Industry 4.0:

e High data throughput and cell capacity,

e New spectrum bands with wider channel bandwidths,
e Ultra-reliable low latency communication,

e Network slicing,

e Edge computing,

e Internet of Things,

e Open Radio Access Networks.

Even though the novel part of 5G relies on digitalization and cloud computing, it is still
radio-based communication system and in this area also introduces significant improvements. The
most representative examples are utilization of millimeter wave (mmWave) bands and
implementation of beamforming antenna patterns, which are the key enablers of high data
throughput and cell capacity in 5G system. However, such improvements may bring challenges at
the early stage of implementation, if feasibility studies are not conducted with comprehensive and
well verified models. Therefore, it is particularly important to identify potential root-causes of

inaccurate modeling before wide-range deployments of 5G begin. In traditional cellular systems
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where omni-directional or sectoral antennas are deployed, the antenna half-power beam-widths
(HPBW) are much larger than angular spread of the radio channels. Therefore, the impact of channel
angular spread on radio link budget is negligible and the simplified model works. However, 5G is
adapted to use - in both sub-6GHz and mmWave bands - antenna arrays whose beam-width is
comparable to or smaller than channel angular spread. The complex relation between 5G narrow-
beam directional antennas and channel angular spread should be carefully examined and properly
accounted for in 5G radio link budget calculation. Inheriting the simplified radio link budget model
from previous generations would lead to noticeable difference in estimated values of received power
as compared to detailed simulation results using three-dimensional (3D) channel modeling. This
dissertation investigates, in the series of simulations and measurements, the model for radio link
budget estimation important from the perspective of 5G network planning and optimization (NPO),

and proposes its improvements.

3.2 Motivation for the dissertation

In the early 2016 the 3@ Generation Partnership Project (3GPP), a standardization bodly,
started a study on radio frequency (RF) and co-existence aspects for the New Radio (NR) standard
version of 5G. The outcome of this study, consisting mostly in system-level simulation results
contributed by members of 3GPP, is summarized in the 3GPP Technical Report (TR) 38.803.

Nokia, as one of the key members of 3GPP, performed and contributed simulation results
of serving and interfering radio link budgets according to scenarios and methods agreed during
evaluation of 5G co-existence aspects by 3GPP. These results were later used for determination of
RF requirements for Release-15 NR standard, as included in 3GPP Technical Specification (TS)
38.104. Release-15 is the first full set of 5G standards developed by 3GPP, which in majority rely
on link-level and system-level simulation studies conducted according to 3D channel model for
frequencies from 0.5 to 100 GHz defined in TR 38.901. In this document 3GPP has provided
instruction on how to generate statistical 3D channel models, which include all the necessary radio
propagation phenomena that must be considered during comprehensive simulation to provide
estimation of 5G radio link budget and performance.

Part of Nokia’s contributions to TR 38.803 and TS 38.104 were prepared in Nokia
Technology Center Wroclaw. During this work it has been noticed that accurate modeling of 5G
radio link budget for beamformed antenna patterns should be performed with appropriate channel

15
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models, especially for angular spread, due to the fact that the use of beamforming and spatial
filtering of multipath propagation components is sensitive to time-variant radio channel conditions.
Therefore, the simulation study has been initiated and supported by laboratory measurements to
validate the concept of effective antenna pattern, as determined in given scattering environment, in
contrary to nominal antenna pattern, as measured in anechoic chamber. The main difference
between effective and nominal antenna patterns comes from the fact that the first one is ‘drawn’ in
3D space by multipath components (rays) with different angles of departure (AoD), angles of arrival
(AoA), delays and powers, whereas the second one results from single direct path (ray) only. In
consequence, the shapes and gains of both patterns may be significantly different, especially if
effective pattern is determined in the environment with rich scattering. Initial simulation studies
indicated that signal to interference plus noise ratio (SINR) in typical 5G downlink (DL)
transmission can be significantly overestimated if spatial filtering of radiated energy by directional
antenna patterns of transmitter (Tx) and receiver (Rx) is neglected during modeling, i.e. when
nominal antenna gains are used instead of effective antenna gains in simple radio link budget
models, e.g. (D-1):
PTxGTxGRx

P, = , D-1
= ©-1)

where, P,, indicates power of signal (from serving or interfering link) at the output of Rx antenna,

whereas P, indicates power at the input of Tx antenna. G, and G, represent gains (nominal or

effective) of Tx and Rx antennas, respectively, path loss between Tx and Rx antennas is indicated
by PL, and other losses are neglected for simplicity. In the consequence of inaccurately modeled
radio link budget, being a part of 5G NPO process, the wrongly estimated SINR gives inaccurate
picture of system performance, capacity and coverage. Under- or overestimation of these
parameters lead in turn to suboptimal deployments of evaluated 5G networks, which in most cases
would be adjustable only after initial field measurements under real operation conditions. These

initial findings were the motivation for all following studies contributed to this dissertation.

33  Summary of studies, objectives and contributions of the dissertation

Results of all studies presented in this dissertation come down to a common denominator
and constitute its main thesis: Mapping the impact of angular spread phenomenon on the

beamformed antenna patterns significantly improves the accuracy of radio link budget
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estimation and the efficiency of 5G NPO process. However, before conclusions on the
improvement of estimation accuracy were drawn, evaluation of different approaches had been made
for series of propagation environments and 5G use cases. Therefore, following subsections give an
overview of all conducted and published studies, where each of them has its own objectives and
contributions to the state of the art but at the same time is aligned with the main thesis and objective
of this dissertation, as stated above.

First are clarified the definitions of nominal and effective antenna patterns, as well as
presented are simulation results of 5G network performance evaluated when nominal and effective
antenna patterns are assumed. This part, as presented in publications [1] — [6], is concentrated on
radio link budget for serving and interfering DL signals in 5G mmWave cell and indicates methods
for its accurate calculation. Additionally, a method for improvement of DL SINR by optimization
of effective antenna pattern is proposed and evaluated. This method is based on the patented
proprietary algorithm, which matches the geometry of antenna array to the azimuth and zenith
angular spread in the given channel. In the consequence the effective antenna pattern, understood
as a spatial filter of multipath components, is optimized and its effective antenna gain is maximized.

Publications [7] and [8] evaluate for 5G the accuracy of methods for assessment of RF
electromagnetic field (EMF) exposure inherited from previous systems. It has been presented in [7]
and [8] that legacy methods may lead to significant overestimation of the maximum RF EMF
exposure associated with 5G base station (BS) (gNodeB) in scattering environment if nominal
antenna pattern is assumed instead of effective antenna pattern. Therefore, a simple solution is
proposed in [8] to improve the accuracy of RF EMF exposure assessment, which is indicated in the
latest version of standard 62232 defined by International Electrotechnical Commission (IEC).
Proposed solution is based on closed-form formulas, which allow to extrapolate the maximum
exposure by calculation and comparison of effective antenna gains. Obtained values of RF EMF
exposure are more accurate than estimated based on nominal antenna gains and at the same time do
not require comprehensive system-level simulation with 3D channel model.

By the example of Citizens Broadband Radio Service (CBRS) it was presented how the
accurate modeling of antenna pattern may improve performance of radio resources distribution in
spectrum sharing environment. Results of studies published in [9] and [10] allow to assess the
accuracy of interference evaluation and channels distribution between CBRS devices (CBSD) if
centralized controller for spectrum access system (SAS) does not have enough knowledge about

effective antenna pattern. Simulation results from [10] indicate that for the assumed scenario of
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CBRS network implementation the mutual interference between each pair of CBSDs can be
significantly underestimated, which in consequence leads to insufficient co-existence conditions, if
nominal antenna pattens are used by SAS instead of effective patterns. Therefore, a proposal for
improvement of standards relevant for CBRS networks was made.

In the end, publications [11] — [14] allow to compare different approaches for joint modeling
of antenna pattern and angular spread phenomenon in scattering environment. The concept of
effective antenna pattern has been compared with multi-elliptical propagation model (MPM)
approach. This comparison was enabled by the use of common input data, which was the 3GPP 3D
channel model of TR 38.901. Comparable simulation results, obtained from both approaches for
selected simulation scenarios, allow to conclude that MPM model ensures good accuracy without
the need for full 3D channel modeling in time-consuming and computational power-consuming

statistical simulations.

33.1  Accurate modeling of radio link budget for evaluation of performance in cellular 5G
system

3.3.1.1 Description of studlies

When designing an antenna, one of the main objectives is to obtain a specific radiation
pattern. In case of antenna arrays of 5G the expectations are mostly high maximum gain and low
level of side lobes. Antenna pattern which has been determined by design and validated by
measurements in an anechoic chamber is referred to hereinafter as nominal antenna pattern of the

antenna.
With increasing number of antenna elements in the array, the maximum gain g " of the

nominal antenna array pattern increases and its HPBW decreases. These relations are described by
(D-2) [6]:

2
Nom _ =N-G,, D-2
gmax Bh . B e ( )

0 Vo

where B,, and B,, are the nominal root mean square (RMS) beam-width in horizontal and vertical
planes (in radians), respectively, N is the number of antenna elements in the array, and G, is the

gain of a single antenna element.
In practical channel scattering environment, which differs significantly from anechoic

chamber propagation conditions, the maximum realizable gain and associated HPBW of an antenna
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array differ from their nominal values and are hereinafter referred to as effective. Therefore, the
antenna pattern measured in a scattering environment is defined as effective antenna pattern for that
channel.

Nominal antenna pattern and nominal gain are antenna specific, whereas effective antenna
patterns and the corresponding effective gains change depending on a channel. The difference
between nominal and effective antenna patterns depends on an angular spread in the scattering

environment introduced by a real deployment scenario. According to [6], (D-3) — (D-5) describe
how the effective antenna gains g=" can be analytically obtained from nominal antenna gains g"*"

and power angular spectrum (PAS) p of the assumed propagation environment.

" (¢ j J 9" (¢~ 4.6,~6)- p(¢,0)dgdo, (D-3)
J O (¢ —9)- P (2)9, (D-4)
gen (4 I gee (6,-60)- Pae (0)d0, (D-5)

-90
where ¢ and @ define angular domain in azimuth and elevation, respectively, whereas ¢, and 6,
indicate the main beam orientation angles in azimuth and elevation, respectively. gy, g, g5
and gg indicate nominal and effective antenna gains if only azimuth or elevation plane is
considered, respectively, whereas p,, and pg, represent realizations of PAS in azimuth and
elevation, respectively. Effective antenna gains g when calculated for full ranges of beam
orientation angles, i.e. ¢, e[—180°;180°) and 6, e[—90°;90°], allows to obtain 3D effective

antenna pattern in given propagation conditions specified by PAS p. For illustration, Figure D-1

(Figure 3 of [8] and Figure 1 of [2]) presents example comparison of horizontal cuts for nominal
and effective patterns of practical gNodeB antenna arrays in urban macro (UMa) propagation
environment determined by 3GPP TR 38.901. Presented patterns were obtained as mean value from
realization of (D-4) during 1000 Monte Carlo statistical simulation drops. Additional examples of

horizontal and vertical cuts of 3D effective antenna patterns are illustrated in publications
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[2],[3].[4].[8] and [10], for M xN antenna array, where M indicates number of antenna elements in
each column and N indicates number of antenna elements in each row of antenna array:

e Figures 1 and 2 of [2]: Horizontal and vertical patterns of 16 x16 antenna array in UMa
environment in 28 GHz band,;

e Figures 3 and 4 of [2]: Horizontal and vertical patterns of 8 x8 antenna array in urban micro
street canyon (UMi SC) environment in 28 GHz band;

e Figure 2 of [3]: Horizontal patterns of 16 x16 antenna array in UMa environment in 28 GHz
band with applied Chebyshev window for tapering of side lobes;

e Figure 6 of [3]: Horizontal patterns of 8 x8 antenna array in UMi SC environment in 28
GHz band with applied Chebyshev window for tapering of side lobes;

e Figures 3 and 4 of [4]: Horizontal patterns of 8 x8 antenna array in suburban fixed wireless
access (SubU FWA) environment in 28 GHz band;

e Figure 2 of [8]: Horizontal patterns for broadcast and traffic signals of commercially
available antenna panel for massive multiple-input-multiple-output (MMIMO) 5G system
in UMa environment in 3.5 GHz band;

e Figures 3 and 4 of [10]: Horizontal and vertical patterns of commercially available antenna
panel for CBRS system in UMa environment in 3.5 GHz band.

All abovementioned effective antenna patterns were determined for PAS per given
propagation conditions defined by 3GPP in TR 38.901. As can be noticed, each of those figures
includes effective patterns individually for line-of-sight (LOS) and non-LOS (NLOS) conditions.
This approach is due to the fact that angular spread of LOS and NLOS conditions differs
significantly and leads to different effective patterns. In case of LOS, the drop in effective antenna
gain (in reference to nominal antenna gain) is noticeably lower than in case of NLOS. However, the
widening of HPBW (in reference to nominal antenna pattern), and therefore the increase of side
lobes levels, is significant in both LOS and NLOS. Obtained simulation results of effective antenna
gains and HPBWs in different propagation environments and frequency bands are collected in Table
| of [2], Table Il of [3], Table I of [6] and Table Il of [8].

All indicated deviations from nominal antenna pattern shape and gain depend on angular
spread in given propagation scenario, as well as on parameters of nominal antenna pattern, and
should be taken into account during radio link budget modeling for serving and interfering signals

of 5G system with beamforming. Therefore, several simulation scenarios were investigated and
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Figure D-1. Example comparison of nominal and effective antenna patters in 3GPP UMa environment for (a)
Commescope “RRZZHHTTS4-65B-R7” antenna in 3.5 GHz band (Figure 3 of [8]) and (b) 16x16 antenna array in
28 GHz band (Figure 1 of [2])
published in [1],[2] and [4], to illustrate the error in modeling of DL SINR in mmWave 5G cell, if
effective antenna pattern is not considered during calculation of radio link budget. In case of UMa
environment it has been presented in Figures 5 and 8 of [1] and Figure 10 of [2] that overestimation
of DL SINR can be as high as 20 dB. Overestimation of DL SINR obtained for UMi SC is lower
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but still can reach more than 10 dB, as presented in FigurelO of [2], whereas simulation results
included in Figure 9 of [4] indicate overestimation of more than 5 dB in case of SubU FWA
environment. Mentioned simulation results assume that both LOS and NLOS conditions occur in
DL transmission, however it should be noted that significant overestimation in DL SINR is mainly
due to NLOS conditions. In the presence of a strong direct path in LOS condition, the effective
antenna gain is close to nominal value, whereas in NLOS conditions the effective gain is noticeably
lower than nominal value. This difference in the gains causes overestimation of power in DL signal
of serving link (DL S) if nominal pattern is used. On the other hand, angular spread of radiated
energy in horizontal plane causes increased effective gain of side lobes as compared to nominal
values in both LOS and NLOS conditions. This is the reason of underestimation of power in DL
signal of interfering links (DL 1), because the major part of interference is received by the side lobes.
Therefore, the use of nominal pattern causes overestimation of DL S and underestimation of DL I,
which leads to significantly overestimated DL SINR in all simulated deployment scenarios, as
described in more details in [2] and [6].

All abovementioned simulation results, partially presented also in Figure D-2 (Figure 5 of
[6]), clearly show that a simplified method with nominal pattern for 5G network estimation can give
an erroneous picture of performance metrics which cannot be met in real field deployments.

Therefore, to avoid inaccurate calculation of radio link budget while maintaining its simplicity, in

1 T T T T T T T T

- = Simp.+eff. pattern, PAS per scenario
— Simp.+eff. pattern, PAS per UE <y, /
08l ——Full 3D simulation ’”, |
’ — Simp.+ nom. pattern, no PAS oy
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Figure D-2. CDFs of DL SINR for mmWave 3GPP UMi SC deployment scenario (combined LOS and NLOS

links) obtained by different approaches of link budget calculation (Figure 5 of [6])
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section 111 of [6] a method was proposed how to replace the nominal antenna gain by effective gain.
It should be noted, that the proposed method can be used in case of analog beamforming or panel-
based hybrid beamforming where the beamforming vector can be drawn from Grid of Beams (GoB)
codebook, conventional Fourier transform based beamforming, or other advanced beamforming
techniques such as eigen-based beamforming (EBB) and zero forcing beamforming. Accuracy of
the proposed method has been evaluated in the UMi SC simulation scenario for 8 x8 antenna array
of gNodeB operating in 28 GHz frequency band. As presented in Figure 5 of [6], and reproduced
in Figure D-2, the cumulative distribution functions (CDF) of DL SINR obtained by the proposed
method can be within 1 dB of difference in reference to full-scale 3D simulation results (treated as
ground truth for 3GPP related studies). This comparison indicates high accuracy of proposed
method in contrary to calculation results for nominal antenna pattern, which can be over 10 dB too

optimistic at 10%-tile and over 8 dB at median.

33.1.2 Objectives and contributions of studlies published in [1] - [6]:

The main objectives and contributions of presented studies were:

e Clarification on definitions of nominal and effective antenna patterns,

e Determination of the method (mathematical equations) for calculation of effective antenna
pattern based on nominal antenna pattern and PAS in given propagation environment,

e Comparison of 5G system performance evaluations obtained based on nominal and effective
antenna patterns,

e Proposal of simplified method for radio link budget calculation with effective antenna gains

and evaluation of its accuracy.

33.2  Optimization of antenna pattern shape for improvement of radio link budget

3.3.2.1 Description of studies

Directional antenna performs spatial filtering of electromagnetic energy from the space, and
it is reasonable to match the antenna pattern to the angular spread of the channel in given
propagation conditions. To prove this concept a series of simulations and measurements were
performed. In the result of conducted studies, two detailed solutions have been derived for:

e estimation of angular spread in given propagation conditions based on measurements of
signal strength using three or more different sub-array configurations on Tx side of radio

link, as described in detail in section I11-B of [5],
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e optimization of antenna array geometry for maximization of the energy radiated to or
captured from the space under given channel angular spread constraints, as described in
detail in section I11-A of [5].
Both presented solutions are part of International Patent Application No.PCT/I1B2019/053142.

If assume that angular spread in the place of gNodeB antenna array deployment is known,
(either from statistical channel models, like 3GPP TR 38.901, or estimated based on the first of
abovementioned methods), optimization of effective gain of this antenna array may be obtained
according to the second of abovementioned methods. Summary of this method is included in [4]
and [6] and reproduced in the following paragraphs.

For this method it is assumed that N antenna elements, arranged in rectangular/square shape,

form a uniform planar array of size (K;K,), with:
KK, <N. (D-6)
The array of (K;;K,)=(LN) corresponds to a horizontally deployed uniform linear array,
whereas K, =1 indicates a vertically deployed uniform linear array. Let B, and B,, be the nominal
beam-widths of the antenna elements whose gain is G,. The nominal RMS beam-widths B,, and
B,, of the analog beams formed by antenna array of size (Kl; KZ) can be approximately described
as:

B B
B =—® , B = he ) D-7
vO0 Kl ho K2 ( )

The effective beamforming gain can be determined based on nominal antenna pattern and

channel angular spread as:

G(N,B,,B,,0. 2

' =ve?! “he? v’Gh): 2 2 ’
B. +o? B +of
Kl KZ

where o, and o, are the RMS azimuth spread of departure (ASD) and RMS zenith spread of

(D-8)

departure (ZSD), respectively.

Since the effective gain (D-8) depends on the panel geometry (Kl; Kz), and B, and B, are

determined by the antenna element via G, =2/(B,B,,), the array geometry (K;K,) can be
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optimized to maximize the effective beamforming gain G stated in (D-8) subject to the size
constraint (D-6). While ignoring the integer constraint on array dimension K, and K, , the effective

beamforming gain is maximized if and only if the array geometry is given by:

K, = NBVEO'h’K2 _ NB, o, ' (D-9)
Bher Bveah

The nearest integer pair close to (Kl;Kz) as specified by (D-9) and satisfying the total

elements constraint (D-6) gives the best analog beamforming gain and constitutes the optimal
antenna array pattern.

The principle of the invented method for antenna pattern optimization assumes that the
shape of the pattern, understood here as a spatial filter, is matched to the azimuth and zenith angular
spreads in a considered scattering environment by modification of antenna array geometry under
constant number of antenna array elements. This method has been verified by system level
simulations and laboratory measurements for determination of the optimal antenna array geometry
for uniform planar arrays with analog beamforming. Simulations performed for UMi SC
environment and presented in Figure 6 of [5] indicate that optimization of antenna pattern shape,
due to re-configuration of uniform planar antenna array geometry from 8x16 to 42x3, allows to
increase the DL SINR by around 6.6 dB. Optimization of antenna array geometry from 8 x8 to 16 x4,
as presented in Figure D-3 (a) (Figure 4 of [4]) for SubU FWA environment, allows to increase the
DL SINR by almost 2 dB in single user (SU)-MIMO scenario, which is presented in Figure D-3 (b)
(Figure 9 of [4]). Higher value of DL SINR leads to improvement of DL cell capacity by around
60% for 10%-tile of CDF as presented in Figure D-3 (c) (Figure 10 of [4]), which can be understood
as cell edge capacity improvement.

However, some concerns may be raised regarding the impact of antenna pattern widening in
horizontal plane (due to optimization) on interference in multi-user (MU) scenario. Therefore,
additional simulation results were presented in [6] to quantify the impact of antenna array
optimization on DL performance in MU-MIMO scenario. Simulation results for antenna arrays with
64 and 144 elements were obtained for 2 or 4 simultaneously served user equipment (UE) per cell
in SubU FWA scenario. In these cases, the improvement in DL SINR is still noticeable and varies
between 1.2 dB and 2 dB, as presented in Figure 11 and summarized in Tables V and VI of [6].

These results prove that proposed method allows to improve radio link budget even in the presence
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Figure D-3. (a) Horizontal cuts of nominal and effective antenna patterns for 8x8 and 16x4 configurations in NLOS
(Figure 4 of [4]), (b) CDFs of DL SINR (Figure 9 of [4]) and (c) CDFs of DL cell capacity (Figure 10 of [4]), for mmWave

SubU FWA deployment scenario with SU-MIMO
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of intra-cell interference, which is beneficial especially in challenging propagation conditions of
mmWave bands.

To verify the effectiveness of the presented method of antenna pattern optimization, a proof-
of-concept laboratory measurements were carried-out using a commercially available 28 GHz
16x16 array (Nokia AEUA AirScale Multi Antenna Array, 2Tx-2Rx, 512 antenna elements, 64

dBm of max equivalent isotropic radiated power - EIRP) as the Tx, and a 10 dBi horn antenna as

Figure D-4. Lab measurement setup for both LOS (left) and NLOS (right) where a 28 GHz phased array of 16x16 was used

as the transmitter and a 10 dBi horn as the receiver (Figure 7 of [5])

LOS, difference in effective gain as compared to 16x16 array [VaH) [dB]
Estimation is based on ASD=4" and 750=0"
16X16 16X4 16K 2 2R16  AN1E BXE BX 4 4% B 4K4

B measurement B estimation

MLOS, difference in effective gain as compared to 16x16 array (VeH] [dB]
Estimathon s based on ASD=27" and Z50=1"
16¥16  16X4 16X 2 N 16 A¥ 16 AXE axa a4K8 4

Figure D-5. Lab measurement results and estimated effective beamforming gains for LOS (upper) and NLOS (lower)

(Figure 8 of [5])
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the Rx. Detailed description of measurement procedure as well as post-processing of results is
included in section IV-C of [5]. Measurements were performed in LOS and NLOS conditions for
nine antenna array geometries (16 x16, 16 x4, 16 x2, 2x16, 4x16, 8x8, 8 x4, 4x8 and 4x4). Figure
D-4 (Figure 7 of [5]) illustrates configured measurement setup. Based on measurement results of
received power the relative effective antenna array gains were determined for all measured
geometries in relation to 16 x16 geometry. In parallel, the azimuth and zenith angular spreads were
estimated in given propagation conditions according to the method presented in section I11-B of [5].
Estimated values of angular spread allowed to calculate the relative effective antenna gains for all
assumed array geometries according to the closed-form formula (D-8). Comparison of relative
effective antenna gains obtained from measurements and estimations/calculations demonstrate good
match, but first off all indicates that antenna array geometry can be optimized to improve effective
antenna gain, as presented in Figure D-5 (Figure 8 of [5]). For example, in LOS the 16x2 sub-array
has similar gain as the 8x8 by using 2 times less antenna elements, which indicates that effective
antenna gain ‘saturates’ in analog beamforming and under given angular spread cannot be further
improved, even by higher number of antenna elements in the array. In NLOS, the effective antenna
gain of 16x2 array is only 2.2 dB worse than 16x16, whereas the effective gain of 2x16 array is 8.7

dB worse, clearly demonstrated the need of array optimization.

3322 Objectives and contributions of studlies published in [4] - [6]:
The main objectives and contributions of presented studies were:
e Preparation of the method for antenna array optimization under given angular spread

conditions for improvement of effective gain (subject of International Patent Application
No.PCT/1B2019/053142),

e Preparation of the method for angular spread estimation based on minimal number of signals
measured from different antenna sub-arrays of Tx (subject of International Patent
Application No.PCT/1B2019/053142),

e Evaluation of prepared methods by full-scale 3D statistical simulations and lab

measurements,
e Demonstration of efficiency of the method for antenna array optimization in the realistic

simulation scenarios of 5G mmWave networks.
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3.3.3  Estimation of RF EMF exposure associated with gNodeB in scattering environment

3.3.3.1 Description of the study

Together with the introduction of 5G the methods for assessment of RF EMF exposure
inherited from previous systems are being updated to account for actual transmitting, beamforming
and beam-steering performances. The IEC develops and validates methods for assessing the RF
EMF exposure due to BS in the standard IEC 62232. When the assessment is performed in-situ, it
is recommended to extrapolate the maximum level of exposure (usually associated with traffic
signal) from measurement of stable signals, such as broadcast signal with gNodeB. A comparative
analysis of extrapolation method based on nominal and effective antenna pattern of gNodeB is
presented in [7] and [8]. This analysis shows that extrapolation method with nominal antenna
pattern may conduct to significant overestimation of the maximum RF exposure in case of NLOS
conditions, up to several dB, depends on design of evaluated beam patterns.

In the study presented in [7] and [8] a commercially available 5G antenna pattern for 3.5
GHz band (Commscope “RRZZHHTTS4-65B-R7”’) was assumed with three different propagation
environments according to 3GPP TR 38.901 — UMi SC, UMa and rural macro (RMa). This study

concentrates on estimation of the extrapolation factor F, ..., as included in (D-10) ((1) of [8]).

Easmt = Ebroadcast A \/FextBeam X I:BW X FPR x |:TDC ’ (D-lO)

where E... and E are the extrapolated electric field strength of traffic signal in V/m and

asmt broadcast

evaluated (measured) electric field strength of broadcast signal in V/m per given orthogonal

frequency-division multiplexing (OFDM) resource element in 5G NR frame, respectively. F

extBeam

is extrapolation factor corresponding to the ratio of the EIRP envelope of all traffic signals to the

EIRP envelope of the broadcast signal in the direction of the measurement location. F;, , F.; and

F.oc are remaining extrapolation factors corresponding respectively to the ratio of the total carrier

bandwidth and the subcarrier frequency spacing of the broadcast signal, the power reduction factor
(if the actual maximum approach is used) and the maximum technology duty cycle of all signals.
Equation (D-10) is derived from the standard IEC 62232, which includes more accurate description

of all above parameters.
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Obtained simulation results, as presented in Figure 4 of [8], indicate that extrapolation factor
can be overestimated in NLOS conditions even by 3.7 dB, 3.6 dB and 2.0 dB in assumed UMi SC,
UMa and RMa scenarios, respectively, if high values of angular spread are assumed. Direct reason
for this overestimation are the differences between nominal and effective patterns of broadcast and
traffic beams, as presented in Figure D-1 (a) (Figure 3 of [8]), whereas consequences of this
overestimation may be unnecessary limited DL transmit power of the gNodeB or overestimate of
the RF EMF compliance distances.

Potential overestimation can be reduced by using effective antenna pattern in scattering
environments in order to better represent the actual propagation conditions, such as those found in
urban or dense urban areas. In such actual propagation conditions it is recommended to perform
extrapolation of the maximum exposure with appropriate channel models, especially for angular
spread, due to the fact that the use of beamforming and spatial filtering is sensitive to time-variant
radio channel conditions. A simple method to improve the accuracy of RF EMF exposure
extrapolation from broadcast signal measurements is introduced in section 1V of [8], leveraging
joint modeling of antenna beam pattern and PAS. As an input to the method the following parameters

are required:

e maximum nominal gain (g") in linear scale,

max

nominal HPBW of the main beam in horizontal plane (B, ) in radians,

e nominal HPBW of the main beam in vertical plane (B, ) in radians,

e RMS azimuth angular spread (o, ) of assumed scattering environment in radians,
e RMS elevation angular spread (o, ) of assumed scattering environment in radians.

The RMS azimuth o, and elevation o, angular spread of the channel can be obtained either

from standard propagation models, like 3GPP TR 38.901, or by performance angular spread
estimation using the method prescribed in section 111-B of [5]. Other methods for RMS angular
spread determination are not precluded, e.g. ray-racing simulations assuming realistic model of

deployment scenario, but it has to be noted that the accuracy of selected method impacts directly the

accuracy of F....e¢ €Stimation, as RMS angular spread determines effective antenna gain which

is required for calculation of F, ... . If Statistical channel models are selected for determination

of RMS angular spread, it is important to consider also standard deviation and not only the mean

value of angular spread for given propagation conditions and frequency band. Due to lack of single
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model which represents accurately all possible radio channels occurring in realistic propagation
environments, this approach for RMS angular spread determination allows to obtain the range of

F.seamerr ValUES Which are expected to be the most representative. Having wider range of F,,...ex

values gives the freedom to select the one which is expected to provide the most accurate RF EMF
exposure estimation or the one which gives the most conservative RF EMF exposure estimation, but

still lower than estimated on the basis of nominal antenna gains. Proposed method for F,...cq
estimation requires conversion of nominal HPBW, B°*" and B)*°", to corresponding nominal RMS

beam-widths, B}y and B)y™, and corresponding nominal gain g, . Conversion is based on the

max0 *

assumption that RMS beam-width is approximated by standard deviation of Gaussian distribution
functions which describes the antenna pattern. The complete calculation method consists in the

following steps:

1. Convert nominal HPBW of broadcast and traffic beams, B)°" and BM", to RMS beam-

widths, B*" and B¢, according to (D-11) and (D-12), respectively:

BNom
BYm—_—___ D-11
o 2/in() (b-11)

Nom
O (012

2,/In(4)

2. Calculate RMS nominal gains g™ of broadcast and traffic beams according to (D-13):

max0

o ____2__ (D-13)

gmaxo - BNom . BNom
hO v0

Eff
max0

3. Calculate RMS effective gain g of broadcast and traffic beams according to (D-14),
using RMS azimuth angular spread of assumed scattering environment ( o, ) and RMS
elevation angular spread of assumed scattering environment (o, ):

2

Omaxo = \/(Bﬁoom)z +(Uh)2 -\/(BV%Om)Z +(O-V )2 )

4. Calculate maximum effective gain g:" of broadcast and traffic beams according to (D-15):

(D-14)

Nom Eff
gnE;fX — gmax Norgnmaxo ] (D_15)
gmaxO
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5. Calculate effective extrapolation factor F

extBeamE

+ as a ratio between maximum effective

gains of traffic and broadcast beams according to (D-16).

traffic_ g="
F = =S D-16
extBeamEff broadcast_ g Eff ( )

The presented method is limited only to use cases when maximum exposure is investigated
in parts of the 5G cell where the main lobes of broadcast and traffic beams are pointed, as it allows
only for approximation of maximum effective gain of given beam pattern. This method is valid for
codebook-based type of beamforming, where patterns and gains of broadcast and traffic beams are
predefined and known before implementation. In that sense the proposed method can be used for
beamforming implementations like beam sweeping or GoB, SU-MIMO, MU-MIMO and mMIMO.
In more advanced types of beamforming, like EBB, where beam weight factors (BWF) are
determined ‘online’ based on the actual channel state information (CSI), the general concept of
maximum exposure extrapolation based on comparison of broadcast and traffic beams is not
applicable, because patterns and gains of these beams are not known in advance.

In Figure D-6 (Figure 6 of [8]) compared are simulated values of F,;.... Obtained from

full-scale 3D simulation in NLOS for UMi SC, UMa and RMa scenarios, and corresponding results
of calculations according to the above simplified method. As can be noticed, calculated extrapolation
factor demonstrates good alignment with results of statistical simulations, if the same values of
angular spread are used by both methods. However, proposed calculation method is less
computational power- and time-consuming than full statistical simulations. At the same time this
method gives an overview of statistically representative range of extrapolation factor, if proper
statistical distribution of angular spread is selected for calculation, i.e. mean value and standard
deviation of angular spread are assumed. Even if the exact value of angular spread in the point of
maximum RF EMF exposure estimation is not known, the range of calculated extrapolation factor
allows to select the value which leads to the most conservative exposure estimation but at the same
time is not excessively overestimated, because effective antenna gains of broadcast and traffic beam
patterns are assumed for extrapolation instead of corresponding nominal gains. These conclusions
allowed to include the presented method in the latest version of the standard IEC 62232, as part of

its section B.8. (Extrapolation for massive MIMO and beamforming BS).

32



Yo 8 2 Military
?5’% University
A@; of Technology

FextBeamEﬂ [d B]

FextBeamEff [d B]
N
4]

4.5

FextBeamEﬁ [dB]

MODELING OF DIRECTIONAL RADIO LINKS AND THE ACCURACY
OF 5G LINK BUDGET ESTIMATION

(@)
NLOS conditions with high AS

Fextgeamnom = 4.1 dB
- - [ |
|
UMi SC .Ma RMa
® Statistical simulations = Simplified calculations
(b)
NLOS conditions with average AS
Fext@eamnom = 4.1 dB

UMi sC UMa

RMa

B Statistical simulations ™ Simplified calculations
(©)
NLOS conditions with low AS
Fextgeamnom = 4.1 dB

M Statistical simulations B Simplified calculations

Figure D-6. Comparison of simulated and calculated values of effective extrapolation factor in NLOS conditions for

practical antenna and 3GPP propagation environments of UMi SC, UMa and RMa. Calculations based on (a) mean value of

angular spread plus twice standard deviation (NLOS conditions with high angular spread), (b) mean values of angular

spread (NLOS conditions with average angular spread) and (c) mean value of angular spread minus twice standard

deviation (NLOS conditions with low angular spread) (Figure 6 of [8])
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3332 Objectives and contributions of the study published in [7] - [8]:

The main objectives and contributions of presented study were:

e Determination, by full-scale 3D statistical simulations, of extrapolation factor for maximum
RF EMF exposure estimation based on the effective antenna gains of broadcast and traffic
beams in scattering environment and its comparison to nominal extrapolation factor,

e Proposal of simplified method for calculation of effective extrapolation factor and
comparison of its results with the outcomes of full-scale 3D statistical simulation,

e Inclusion of obtained results as a part of the standard IEC 62232.

3.3.4  Meaning of effective antenna pattern in spectrum sharing environment
3.3.4.1 Description of the study

Results of the analysis presented in [10] indicate the impact of accuracy in antenna pattern
modeling on performance evaluation in spectrum sharing environment. Intention of this study was
to assess the difference in parameters of 3.5 GHz CBRS network when nominal and effective
antenna patterns of CBSDs are assumed for interference evaluation. The current practice of using
nominal antenna pattern for estimation of interference conditions between CBSDs does not address
the antenna gain degradation and antenna pattern reshaping caused by angular spread in scattering
propagation environment.

System level simulations have been conducted and presented in [10] using a model of
commercially available antenna of CBSD (Nokia Integrated Directional Antenna AAQA for
AirScale Micro Remote Radio Head) in UMa scenario with full 3D channel model according to
3GPP TR 38.901. Figure D-7 (Figures 3 and 4 of [10]) illustrates comparison of nominal and
simulated effective antenna pattern cuts in horizontal and vertical planes, respectively. These patterns
were used during simulations to determine interference conditions between CBSDs, which were
further applied by proprietary algorithm for channels distribution inside CBRS network. Assumed
algorithm is based on Kohonen neural networks, as described in detail in [9], and is subject of
International Patent Application No.PCT/FI2017/050149.

Figure D-8 (a) (Figure 5 of [10]) presents CDFs of point-to-point interference between each
pair of CBSDs obtained for nominal and effective antenna patterns from system level simulations
for realistic scenario [10]. Comparison of CDFs reveals that the value of interference between each

pair of investigated CBSDs can be underestimated by 6 dB if nominal antenna pattern is assumed
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Figure D-7. Comparison of (a) horizontal cuts and (b) vertical cuts of nominal and effective patterns of assumed

antenna model in 3GPP UMa environment (Figures 3 and 4 of [10])

in link budget calculation instead of effective antenna pattern. In consequence, the number of
separate radio channels required to ensure co-existence between CBSDs is also different, as
obtained from assumed Kohonen algorithm implemented by SAS controller. According to Figure

D-8 (b) (Figure 6 of [10]), the minimal number of channels are 8 and 10 for nominal and effective
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patterns (in median), respectively. In other words — when nominal pattern is used for determination
of interference conditions between CBSDs in UMa propagation environment, some cells suffer

interference originated from other cells, because 2 additional channels are missing to ensure

sufficient co-existence conditions.
Evaluation presented in [10] has been performed for the 4G long-term-evolution (LTE) type

of CBSDs access points and associated antenna model. In case of 5G NR standard, which is adapted
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Figure D-8. CDFs of (a) point-to-point interference between each pair of CBSDs estimated with nominal and effective
antenna patterns (Figure 5 of [10]) and (b) minimal number of channels required to ensure co-existence between each

pair of CBSDs estimated with nominal and effective antenna patterns (Figure 6 of [10])
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to utilize antenna arrays for shaping high gain narrow-beam antenna patterns via different
beamforming techniques, the impact of scattering environments on effective antenna pattern is more
visible. Considering that at the beginning of 2020 the CBRS Alliance, an industry organization
focused on developments of CBRS, together with Federal Communication Commission (FCC) in
USA enabled support for 5G NR deployments using shared spectrum in the 3.5 GHz band, the first
CBSD implementations based on 5G NR standards are expected in 2021. Therefore, studies
conducted in [10] suggest that enhancements of requirements applicable to CBRS system, as
developed and maintained by Wireless Innovation Forum (WInnForum), should be introduced to
consider effective antenna pattern for improvement of performance in future CBRS network with
5G NR implementations. In particular, specifications WINNF-TS-3002 and WINNF-TS-5006
should be updated to include definitions of effective antenna patterns, as described by (D-3) — (D-
5), for more accurate determination of interference conditions in CBRS system and more efficient

spectrum utilization.

3.3.4.2 Objectives and contributions of the study published in [9] - [10]:

The main objectives and contributions of presented study were:

e Evaluation, by full-scale 3D statistical simulations, what is the impact of inaccurate
modeling of antenna pattern on efficiency of radio resources distribution in spectrum sharing
system deployed in scattering environment,

e Indication of the approach for enhancement of requirements ensuring co-existence and

efficient radio channels distribution between CBSDs.

33.5 Effective antenna pattern vs. MPM, as different approaches for joint modeling of

antenna pattern and angular spread phenomenon in scattering environment
3.3.5.1 Description of studies

Joint modeling of beamforming and angular spread phenomenon is required to obtain an
accurate estimation of realistic interference levels, as spatial filtering of multipath components by
antenna pattern is sensitive to time-variant radio channel conditions. Such an approach to the
modeling of 5G systems performance is more complex than simple link budget calculation, where
nominal antenna gains of Tx and Rx are assumed on top of path loss model. This problem has been
already investigated and described in section 3.3.1, where 3GPP channel models of TR 38.901 were

used as a basis for calculations of effective antenna patterns. Determination of effective antenna
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pattern is then one of the approaches for modeling of angular spread impact on antenna pattern and
gain in scattering environment. However, accurate estimation of effective gain may also be time-
consuming, especially if is based on statistical sample of PAS generated per-UE, as indicated in
Figure D-2 (Figure 5 of [6]). Therefore, an alternative approach for calculation of link budget with
directional antennas in scattering environment has been described in [11] — [13]. This method,
which is based on MPM geometrical channel model, presents comparable accuracy to effective
antenna approach but requires less complex calculations. Comparison of both methods, i.e. effective
antenna pattern based on the 3GPP channel model and MPM, is presented in section 3 of [12],
where Figures 2 and 3 illustrate detailed flow charts with step-by-step instruction for each approach.
Even though the aim of both methods is the same, i.e. joint modeling of beamforming and angular
spread phenomenon for accurate link budget estimation, they differ in detail. For example,
according to 3GPP channel model, the PAS does not depend on the assumed antenna pattern and is
specific for given propagation environment. Parameters of Tx and Rx antennas are considered
separately, when channel coefficients for each multipath cluster and each Tx and Rx element of
antenna arrays are generated. Only afterwards the results of the spatial filtering of multipath
components (clusters and rays) by the Tx and Rx nominal antenna patterns are known. In contrary,
the MPM calculates the PAS using spatial filtering of multipath components by the Rx antenna
pattern as seen on this antenna output. Just before that, the AoA histograms are multiplied with the
proper powers to obtain the PAS seen around the Rx antenna, and at this stage the local scattering
components and direct path for LOS conditions are also considered.

Effectiveness of both approaches in evaluation of interference inside 5G cell have been
compared by system level simulations. Publications [12] and [13] include results of simulations
conducted for 5G mMIMO cell in 3.5 GHz band and 5G small cell in mmWave band (28 GHz),
respectively. In both cases realistic beam patterns and simulation parameters, according to 3GPP
and International Telecommunication Union (ITU), were used. One of the conclusions, drawn after
this comparison, is that for 80% of simulated samples of DL intra-cell signal-to-interference ratio
(SIR) the difference between results obtained by the MPM and the 3GPP model is within 2 dB or
less for LOS conditions of the UMa network operating in a 3.5 GHz band, as can be seen on Figure
D-9 (Figures 7 and 8 of [12]). In the case of NLOS, the difference between both channel models is
more visible. This may result from the fact that in the MPM the scatterer locations are limited to
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Figure D-9. (a) SIRs vs. angle of beam separation for LOS and different UE-gNodeB distances obtained for the MPM
and 3GPP model (Figure 7 of [12]), and (b) CDFs of SIR for LOS and selected distances obtained for the MPM and

3GPP model (Figure 8 of [12])

the defined multi-elliptical structure related to the power delay profile (PDP) of the assumed

propagation conditions, whereas in the statistical 3GPP channel model, the potential positions of

the scatterers are characterized by more spatial variation. Nevertheless, both approaches

demonstrate good practical solutions for accurate estimation of link budget for 5G system and

beyond, and can be valid state of the art for the future studies. Especially in the context of complex
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co-existence studies, like presented in [14] for 5G and incumbents in the 28 GHz and 70 GHz Bands,
the accurate modeling of interference, SIR and SINR is required. Even though simulation results
presented in [14] were obtained from complex scenarios which assumed realistic deployment of 5G
cells and incumbents, as well as 3GPP path loss models for UMa and RMa, the full 3D channel
modeling was not performed. Therefore, the impact of angular spread on antenna patterns was not
fully modeled and obtained values of interference are expected to be underestimated in relation to
realistic values, especially for radio links which assumed NLOS between interfering and interfered
antennas. The new studies are then planned to evaluate interference between 5G and incumbents in
the 28 GHz and 70 GHz bands with the use of effective antenna pattern approach or MPM, which
will complement results presented in [14].

33.5.2 Objectives and contributions of studlies published in [17] - [13]:

The main objectives and contributions of presented studies were:

e Comparison of effectiveness of different approaches for joint modeling of antenna pattern
and angular spread phenomenon in scattering environment,

e Justification that MPM approach can be considered as a reasonable alternative to the
commonly used 3GPP channel model, especially if the performance assessment is required

for strictly determined PDP.

3.4 Conclusion

The outcome of all studies conducted and published in [1] — [14] are several conclusions
which indicate how the neglecting of a comprehensive modeling of beamforming and angular
spread phenomenon in scattering environment can distort estimations of 5G system performance
and negatively impact the NPO process. Therefore, these conclusions prove the main thesis stated
at the beginning of this dissertation, i.e. Mapping the impact of angular spread phenomenon on
the beamformed antenna patterns significantly improves the accuracy of radio link budget
estimation and the efficiency of 5G NPO process. In line with this thesis the following main
contributions to the current state of the art have been made, as a result of the conducted studies:

e Concept of effective antenna pattern was introduced and the method for effective gain
estimation was presented, together with the proposal for improvement of accuracy in

simplified radio link budget calculations,
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Invention of optimal antenna array geometry was made to increase the effective gain of
antenna array under given angular spread conditions, together with the method for angular
spread estimation based on minimal number of measurement results (International Patent
Application No.PCT/1B2019/053142),

Simple method for calculation of effective extrapolation factor was proposed and indicated

in the standard IEC 62232 to improve estimation of maximum RF EMF exposure in
scattering environments,

Enhancements for current requirements from WInnForum specifications WINNF-TS-3002
and WINNF-TS-5006 are indicated to improve spectrum utilization inside CBRS system,
especially under deployments of 5G NR-based CBSDs,

Justification that MPM approach can be considered as a reasonable alternative to the
commonly used 3GPP channel model, especially if the performance assessment is required

for strictly determined PDP.
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Figure D-9. (a) SIRs vs. angle of beam separation for LOS and different UE-gNodeB distances obtained
for the MPM and 3GPP model (Figure 7 of [12]), and (b) CDFs of SIR for LOS and selected distances
obtained for the MPM and 3GPP model (Figure 8 of [12])
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5 List of Abbreviations

3D Three Dimensional

3GPP 3" Generation Partnership Project

4G 4" generation of mobile communication systems
5G 5% generation of mobile communication systems
A0A Angle of Arrival

AoD Angle of Departure

AS Angular Spread

ASD Azimuth Spread of Departure

BS Base Station

BWF Beam Weight Factors

CBRS Citizens Broadband Radio Service

CBSD CBRS Device

CDF Cumulative Distribution Function

CSlI Channel State Information

DL Downlink

EBB Eigen-based Beamforming

EIRP Equivalent Isotropic Radiated Power

EMF Electro-Magnetic Field

FCC Federal Communication Commission

FWA Fixed Wireless Access

gNodeB Base station of 5G system

GoB Grid of Beams

HPBW Half Power Beam Width

IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
ITU International Telecommunication Union

LOS Line of Sight

LTE Long Term Evolution

MIMO Multiple Input Multiple Output
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mMIMO Massive MIMO

mmWave Millimeter wave frequency band (30 GHz — 300 GHz)
MPM Multi-elliptical Propagation Model
MU Multi User

NLOS Non Line of Sight

NPO Network Planning and Optimization
NR New Radio

OFDM Orthogonal Frequency-Division Multiplexing
PAS Power Angular Spectrum

PDP Power Delay Profile

RF Radio Frequency

RMa Rural Macro

RMS Root Mean Square

Rx Receiver

SAS Spectrum Access System

SINR Signal to Interference plus Noise Ratio
SIR Signal to Interference Ratio

SU Single User

SubU Suburban

TR Technical Report

TS Technical Specification

TX Transmitter

UE User Equipment

UMa Urban Macro

UMi SC Urban Micro Street Canyon
WInnForum Wireless Innovation Forum

WLAN Wireless Local Access Network

ZSD Zenith Spread of Departure
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6 Appendix

This Appendix includes author’s publications listed in Section 1 and Table A-1:

Table A-1. Titles of publications constituting the dissertation

Item Publication’s title
[1] Modeling of radio link budget with beamforming antennas for evaluation of 5G systems
[2] Impact of Effective Antenna Pattern on Millimeter Wave System Performance in Real Propagation Environment
[3] Efficiency of Antenna Array Tapering in Real Propagation Environment of Millimeter Wave System
4] Optimized Antenna Array for Improving Performance of 5G mmWave Fixed Wireless Access in Suburban
Environment
[5] Matching in the Air: Optimal Analog Beamforming under Angular Spread
[6] Rework the Radio Link Budget for 5G and Beyond
71 Impact of Effective Antenna Pattern on Radio Frequency Exposure Evaluation for 5G Base Station with
Directional Antennas
[8] Analysis of 5G Base Station RF EMF Exposure Evaluation Methods in Scattering Environments
(o] Centralized Spectrum Sharing and Coordination Between Terrestrial and Aerial Base Stations of 3GPP-Based
5G Networks
[10] Impact of Effective Antenna Pattern on Estimation of Interference in Citizens Broadband Radio Service
[11] Downlink Interference in Multi-Beam 5G Macro-Cell
[12] Modeling of downlink interference in massive MIMO 5G macro-cell
[13] Inter-beam co-channel downlink and uplink interference for 5G new radio in mm-wave bands
[14] Coexistence of 5G With the Incumbents in the 28 and 70 GHz Bands
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Modeling of radio link budget with beamforming
antennas for evaluation of 5G systems

Kamil Bechta, Marcin Rybakowski

Mobile Networks
Nokia
Wroclaw, Poland

Abstract—Development  of  next  generation  mobile
communication system (5G) is progressing rapidly.
Standardization and regulatory bodies like 3™ Generation
Partnership Project (3GPP) or International Telecommunication
Union (ITU) are working on definition of requirements which
will enable global usage of SG and ensure sufficient co-existence
with previous generations of mobile communication systems like
Universal Mobile Telecommunication System (UMTS) or Long
Term Evolution (LTE), as well as with other users of radio
spectrum like satellite or radars. One of the key factors which
distinguish 5G from previous technologies is the ability to operate
in radio bands not accessible for LTE, i.e. higher than 6GHz.
However, worse radio propagation conditions on higher
frequencies require the usage of more directional antennas with
higher maximum gains to compensate higher path loss in radio
link budget. Particularly important in system evaluation and co-
existence studies is correct modeling of power budget of radio
link with directional antennas, both serving link and interfering
link, as it impacts final signal to interference and noise ratio
(SINR), which is the basis of 5G requirements evaluation. In this
paper authors are concentrated on the methods of system level
simulation modeling of serving link and interfering link with
directional antennas on both sides of the link. For assumed
simulation scenarios it is shown that use of idealized antenna
gain, that neglects the angle spread, leads to an overestimation of
received power of serving link by around 15dB. A simple
approximate evaluation method is shown to be within less than
2dB of the detailed 3D channel simulation.

Index Terms—5G, link budget, spatial filtering, beamforming,
antenna pattern, channel model, effective antenna gain.

I. INTRODUCTION

3GPP work on New Radio (NR) specification is ongoing
and progressing well. Impressive content of Release 15 NR
Work ITtem [1] motivates involved partners like radio access
network equipment vendors, user equipment vendors, test
equipment vendors and mobile network operators to work in
unprecedented speed. It is enough to say that work on Release
8 Work Item of LTE system [2] took almost two times longer
period, with relatively lower content of features, than is
foreseen for Release 15 NR Work Item.

To progress according to time plan agreed in [1], 3GPP
allows to reuse LTE requirements in NR specifications if
feasible and technically acceptable. It happens especially in
case of specifications for Frequency Range 1, which covers
requirements of equipment intended for deployment in radio
frequency bands below 6GHz.

Frank Hsieh!, Dmitry Chizhik?
Nokia Bell Labs
Naperville, IL, USA!
Murray Hill, NJ, USA?

As can be predicted, the set of necessary NR requirements
is highly correlated with LTE requirements, although numerical
values of these requirements can differ between LTE and NR.
If application of LTE requirement for NR is not feasible from
technical point of view, 3GPP performs new study, usually
supported by simulation campaigns, based on which missing
requirements are determined. However, in some cases 3GPP
applies the same simulation methodologies as used during
standardization processes in the past, which may be not
accurate enough due to the high complexity of NR system.

In system level simulation, it is very important to correctly
model the antenna gains of transmitter and receiver for the
calculation of serving signal and interfering signal. This is
particularly crucial in case of antennas with narrow beams and
applied specific beamforming scheme.

The same approach should be also used in simple link
budget based estimation where only path loss model formula
and ideal antenna gains are used. The impact of radio channel
on effective antenna gain should be taken into account in this
kind of calculation, as omitting of this effect could lead to
significant inaccuracy [4].

Following sections of this paper concentrate on presentation
of three methods of antenna gains reconstruction, i.e. gains of
transmitting antenna and receiving antenna which are used for
calculation of serving and interfering signal received power
during system level simulations. Presented methods are further
compared and evaluated from the point of view of final results
accuracy and calculation complexity.

This study is concentrated on mm-Wave frequency bands
with antenna arrays and analog beamforming, where single RF
chain per polarization is connected to antenna array and beam
steering is realized by analog phase shifters.

II. METHODS FOR MODELING OF ANTENNA GAIN FOR
SERVING AND INTERFERING LINKS

A. Omni-directional path loss model with applied ideal
antenna patterns gain

First method, the simplest and commonly used for high
level analysis, is using antenna gains determined geometrically
by the line between antenna of transmitter and antenna of
receiver. In other words, the intersecting point of the line of
sight (LOS) and the transmit or receive antenna pattern is taken
as the transmit or receive antenna gain for the radio link. The
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same way is used for determination of transmitter’s antenna
gain and receiver’s antenna gain. This method is used e.g. in
[5] for calculation of link budget for serving signal as well as
for interfering signal, where determined antenna gain is called
as “directional array gain”. Equations (1) and (2) present how
this gain is determined from 3D antenna pattern.

AoD AoD

ZoD ZoD

GlTx =81 (¢i,Los - ¢i,BF »YirLos — Hi,BF (1
j AoA AoAd pZod ZoA
Gre = &re (¢i,LOOS - ¢i,5Fa i,fos - ei,gF) 2

In equations (1) and (2), G}x and G;LY indicate constant

gains of transmitting and receiving antennas respectively for
radio link i, which carries whole power between transmitter
and receiver. Implication of this is allocation of the same
antenna gain to all multipath components. These gains are

3D ng(¢AOD’HZ()D)

Zr (07°1,6%")  of transmitting and receiving antennas

obtained  from patterns and

respectively. @0, 67D glod. and 674 represent
angles of LOS direction between transmitter and receiver in
azimuth and elevation for radio link i . ¢/22 | 6% g4 and

674 represents directions in azimuth and elevation for which

main beams of transmitting and receiving antennas are pointed,
in case of radio link i . Graphical illustration of above relations
is presented in Fig. 1 on example of receiving antenna in
horizontal plane.

Key element of radio link budget is path loss, which
determines what portion of energy radiated by transmitter’s
antenna is lost due to propagation in radio channel before it
reaches receiver’s antenna. Path loss for given propagation
conditions is usually defined based on measurements
performed with omni-directional antennas with wide vertical
patterns, to maximize probability of capturing all multipath
components. Therefore, in system level simulations which
assume antennas with wide beams, there is no need for
additional modeling of the impact of antenna pattern on the
energy carried by multipath components — similarly to omni-
directional measurements performed to determine path loss,
simulations with omni-directional antennas assume that all
multipath components are magnified by the same constant
antenna gain. Additional modeling is required in case of system
level simulations with narrow-beam antennas, where antenna
gain is not constant and multipath components are not
magnified in the same way.

Taking previous paragraph into account, radio link budget
calculation with antenna gains determined according to method
described in this section is correct only in case of omni-
directional antennas or sectoral antennas with wide beam-
widths. Therefore, resulting antenna gain obtained by this
method can be called “omni-gain”. Elements of statistical
channel model utilized by omni-gain method are limited only
to pathloss and shadow fading (black boxes in Fig. 2).
However, if narrow-beam antennas are assumed for system
level simulations, effect of not uniform magnification of

[1]

multipath components should be additionally modeled to
reflect realistic power conditions in radio channel.

B. 3D spatial channel model with applied antenna
beamforming

Second method requires detailed simulation modeling of
propagation phenomena for given radio channel. From the
point of view of link budget with narrow-beam directional
antennas, especially important is accurate reconstruction of
angles of departure and angles of arrival of multipath
components, and relation of these angles with 3D patterns of
directional antennas of transmitter and receiver. This
reconstruction can be done either by ray-tracing modeling or
based on statistical model of radio channel. In this paper,
statistical channel model is used to generate parameters of
propagation phenomena and then to perform link budget
calculations in the form of system level simulations.

Main difference between first method described in section
II.A and method described in this section, is the way how the
directional antennas of transmitter and receiver contribute to
the outcome power of link budget. Omni-gain method assumes
constant antenna gains of transmitter and receiver in link
budget calculation for single realization of radio channel, as
presented in equations (1) and (2). It means that all multipath
components in the spatial domain are magnified by the same
antenna gain, which is equivalent to the situation where all
multipath components have the same angles of departure and
angles of arrival. Such scenario is unrealistic even for LOS
propagation conditions, where non-zero energy is carried by
multipath components with angles of departure and angles of
arrival different than angles of direct path.

90 1
0.8 o
e A
06 \ al .\\ et
oW w \\_\Y"
0.4 e

¢AOA
serv _i LOS

180

serv _i.j

2 — gt

inter _i LOS

270

Fig. 1. llustration of relation between receiving antenna pattern orientation in

azimuth, angles towards serving/interfering transmitters and AoA of multipath

components for serving link. Blue solid line presents example antenna pattern
and green solid lines present example multipath components amplitudes.

Authorized licensed use limited to: Nokia. Downloaded on Apﬁ‘8§2021 at 16:08:35 UTC from IEEE Xplore. Restrictions apply.


bechta
Typewriter
[1]


[1]

Set scenario,
network layout

Assign
propagation
conditions
(LOS/NLOS)

Calculate
and antenna pathloss

parameters

v

Generate Generate
cluster 4 Generate 4 correlated large
owers delays scale parameters
P (DS, AS,[Jl K)
Generate Perform
arrival and random Generate
departure > coupling > XPRs
angles of rays
Apply Generate Draw random
pathloss and channel 4 initial phases
shadowing coefficient P

Fig. 2 Block diagram of statistical channel model reconstruction according to
3GPP [3]. Omni-gain method requires reconstruction of elements from black
blocks only, whereas spatial filtering method reconstructs all illustrated
channel model elements.

The second method by the usage of full 3D channel model
assumes realistic modeling of spatial relation of angles of
departure and angles of arrival of all multipath components
with corresponding antenna patterns of transmitter and
receiver, which can be called as “spatial filtering” of multipath
components by antenna patterns of transmitter and receiver.
Fig. 1 presents graphical illustration of this process in
horizontal plane in case of receiving antenna. In this method
each multipath component is magnified by gain represented by
spatial pattern of receiving and transmitting antennas which
correspond to angles of departure and angles of arrival of this
multipath component.

G;}/ =g (AoD, ; — ¢i/,41;)19 ,ZoD, ; - ai,zgg (3)
G;b? = gp(AOA,; ; — ¢;,41§”F4 ,ZoA,; ; — ;,Zgﬁ 4)

In equations (3) and (4), G};j and G;{i indicate gains of
transmitting and receiving antennas respectively for multipath

J of radio link i. AoD,;, ZoD,; , AoA,; and ZoA,;

represent azimuth angle of departure, zenith angle of departure,

azimuth angle of arrival and zenith angle of arrival respectively

AoD

for multipath ; of radio link i. ¢/57 , 6757, ¢/ and 6757

represents angles in azimuth and elevation for which main
beams of transmitting and receiving antennas are pointed, in
case of radio link 7.

Spatial filtering method requires relatively higher
complexity of simulation model and computation resources
than omni-gain method, which comes from more detailed

modeling of propagation phenomena, especially multipath
propagation embedded in 3D channel model procedures.
Comparison of simulation model components required by both
methods is illustrated in Fig. 2 in the form of block diagram.
This figure presents 3D channel model reconstruction
procedure according to 3GPP as described in [3]. Simulations
with omni-gain method reconstruct only elements marked by
black blocks, whereas spatial filtering method requires
reconstruction of all channel model elements presented in Fig.
2.

It should be noted that 3GPP statistical channel model
described in [3] is based on measurements and ray-tracing
simulation campaign. Therefore, it can be assumed that
simulation results obtained according to spatial filtering
method and based on this statistical model are good
approximation of realistic results. As omni-gain method does
not require reconstruction of all channel model components
presented in Fig. 1, especially cluster powers and angles of
departure and arrival, it is expected to be less accurate than
spatial filtering method.

C. Omni-directional path loss model with applied effective
antenna patterns gain

As described in [4], ideal maximum gain of directional
antenna, measured in anechoic chamber, differs from the gain
obtained in field measurements in case of analog beamforming
when all antenna elements are connected to single radio
frequency (RF) chain. In ideal case where as many RF chains
as the antenna elements are used (full digital beamforming),
and perfect channel state information can be obtained,
generalized beamforming will provide full array gain, in
absolute value, that grows linearly with the number of antenna
elements. However, in practice the number of RF chains are
limited due to hardware and cost constraints, and perfect
channel state information is not available. Therefore, the full
array gain indicated by generalized beamforming is out of
reach. Instead, beam-steering approach is used to harvest the
beamforming gain. Given limited number of RF chains and
non-zero channel angular spread, the effective beamforming
gain will saturate at the limit imposed by the angular spread of
the channel. Simplified formula which indicates relation
between ideal and effective antenna parameters is presented by
equation (5) [4].

2
— (5)
BvBh

B, = B, +Z8* (6)
B, =B} +AS? 7

In equation (5) Gpgy is the effective gain, which is

Gry =

calculated based on effective root mean square (RMS) antenna
beam-width in vertical (B,) and horizontal (B;) planes.

B,and B, in (6) stand for nominal RMS antenna beam-
width in vertical and horizontal planes respectively, whereas
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ZS and AS indicate zenith angle spread and azimuth angle
spread (of departure for transmitting antenna and arrival for
receiving antenna).

System level simulation results included in section II1.B
indicate that applying the effective gain allows for the
modeling accuracy of spatial filtering but keeps simulation
complexity at the level of the omni-gain method.

In case of beamforming, beams are steered/optimized to
maximize the power of serving signal and therefore the
strongest multipath components (or the strongest cluster) of
serving link are transmitted and received by main beams of
transmitting and receiving antennas. This situation does not
apply for interfering link, where positions of antennas are
random in reference to angles of departure and angles of arrival
of multipath components and therefore simple determination of
effective gain is not possible for interfering links, which is the
limitation from the point of view of system level simulations.
Therefore, if beamforming is assumed at transmitter and
receiver this method applies only for link budged calculations
of serving link because effective gain can be estimated only for
boresight direction of antenna pattern and in case of interfering
links most of energy is received from directions other than
boresight direction.

III. COMPARISON OF SYSTEM LEVEL SIMULATION RESULTS

Methods of modeling of antenna gains for serving and
interfering links described in section II have been applied in
system level simulations. This section presents simulation
results of downlink (DL) budget for serving signal, DL budget
for interfering signal and DL SINR obtained by different
methods of antenna gain calculation.

A. System level simulation assumptions

System level simulations have been performed for two
different sets of assumptions. First set has been agreed in 3GPP
as part of Release 14 Study Item of NR and used for co-
existence study [5]. Second set is the outcome of working
group WP5D discussions in ITU-R on parameters for
evaluation of IMT-2020 system [6][7]. Both sets, therefore,
were aimed to represent typical parameters in studies which are
the basis of future standards and recommendations for 5G
system. Table 1 includes the most important simulation
assumptions from [5] and [6][7].

B. System level simulation results

Direct comparison of impact of ideal antenna gain, spatial
filtering and effective antenna gain on link budget calculation
outcome is done based on Fig. 3 and Fig. 6 presenting
cumulative distribution function (CDF) of received power of
serving link (serving signal). Two main observations can be
made here:

. Omni-gain method with ideal antenna gain
overestimates received power of serving link in comparison to
spatial filtering method. This is understandable, because first
method assumes magnification of all multipath components’
power by maximum or almost maximum gains of transmitting
and receiving antennas, which is unrealistic due to different
angles of arrival and angles of departure of multipath

components, especially in dispersive environments like urban.
Second method assumes realist magnification of multipath
components’ power by gains (maximum or almost maximum
only in case of main multipath component/cluster) of
transmitting and receiving antennas corresponding with
different angles of arrival and angles of departure of these
multipath components, which leads to lower total received
power than obtained by first method.

. Results obtained with effective antenna gain have
good alignment with results for spatial filtering method, when
effective antenna gain is applied instead of ideal antenna gain
for omni-gain method.

Based on above observations a general conclusion can be
drawn for system level simulations of link budget with
directional antennas — statistically correct results can be
obtained for serving link (serving signal) if effective antenna
gain is applied in omni-gain method, i.e. effective antenna gain
replaces ideal antenna gain in omni-gain method. This
approach allows to obtain accuracy similar to spatial filtering

method with computation complexity of omni-gain method.

TABLE 1. MAIN SYSTEM LEVEL SIMULATION ASSUMPTIONS

[ 3GPP [5] ITU-R [6][7]
Base Station
Urban Macro; Outdoor Urban
Network topology 19 sites, 3 cells hotspot (Urban
and characteristics (sectors) per site; Micro);
ISD=200 m 30BS s/km?
Frequency 30 GHz 24.35 GHz
Channel bandwidth 200 MHz

Antenna height

25 m (above ground

6 m (above ground

(radiation centre) level) level)
Downtilt 0° 10°
Radio channel 3GPP UMa [3] 3GPP UMi_SC [3]
model

Antenna Characteristics

Antenna pattern

Refer to Recommendation ITU-R M.2101 [8]

Element gain

8 dBi

5 dBi

Antenna array
configuration
(Row x Column)

8x16 elements

8x8 elements

Conducted power

(before Ohmic loss) 22 dBm/200 MHz 10 dBm/200 MHz
per antenna element
User Equipment
User Equipment
density for
simultaneously 1 UE/cell (sector) 3 UEs/cell
transmitting
terminals
Antenna height Outdoor: 1.5 m 15m
(radiation center) Indoor: 1.5m—22.5m ’
Orientation in -90 ° to +90 ° in the -60 ° to +60 ° in the
azimuth direction of the BS direction of the BS
Orientation in Fixed 90 © -90 ° to +90 ° in the
elevation direction of the BS
Noise figure 9dB 10dB

Antenna Characteristics

Antenna pattern

Refer to Recommendation ITU-R M.2101 [8]

Element gain

5 dBi

5 dBi

Antenna array
configuration

(Row x Column)

2x2 elements

4x4 elements
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Fig. 3. System level simulation results for serving link (assumptions from Fig. 6. System level simulation results for serving link (assumptions from
3GPP [5]). ITU-R [6][7]).
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Fig. 4. System level simulation results for interfering link (assumptions from Fig. 7. System level simulation results for interfering links (assumptions from
3GPP [5)). ITU-R [6][7]).
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Fig. 5. System level simulation results of SINR (assumptions from 3GPP [5]). Fig. 8. System level simulation results of SINR (assumptions from ITU-R
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TABLE 2. COMPARISON OF RADIO CHANNEL MODELING METHODS

Simulation A
Method complexity Applicability Accuracy
Omni-gain (ideal Serving link
antenna gain) Low Interfering link Low
. . . Serving link .
Spatial filtering High Interfering link High
Omni-gain (eff.ectlve Low Serving link High
antenna gain)

Looking at remaining simulation results, further difference
between the omni-gain method with ideal antenna gain and the
spatial filtering method are visible. In case of CDF of total
received power from all interfering links presented in Figs. 4
and 7, simulation results indicate that the omni-gain method
underestimates interfering signal power in reference to the
spatial filtering method. However, it should not be taken as the
spatial filtering method always results in higher interference
power than the omni-gain method. This situation depends on
assumed beam-width of antennas, radio channel dispersion as
well as positions of receiver, transmitter of serving signal and
transmitters on interfering signals.

Using the spatial filtering method in calculation of link
budget with directional antennas leads then to statistically
lower power of serving signal and higher power of interfering
signal in comparison to omni-gain method with ideal antenna
gain for presented scenarios, which in turn causes difference in
SINR statistics. Figs. 5 and 8 present CDF of SINR which is
noticeably lower in case of spatial filtering method. Value of
SINR determined during system level simulations which are
part of 5G system performance evaluation or co-existence
study has direct impact on final requirements,
recommendations or regulations. For example, simulation study
performed by 3GPP and summarized in [5] aimed to define
Adjacent Channel Leakage Ratio (ACLR) and Adjacent
Channel Selectivity (ACS) requirements for ensuring intra-
system and inter-system co-existence for NR equipments.
Determination of these requirements was based on the radio
channel capacity change in the victim system upon the
presence of interference from the aggressor system. As channel
capacity depends on SINR, particularly important is accurate
calculation of received power of serving link and interfering
links. Therefore, it is crucial to correctly perform system level
simulations, where link budget calculations lead to realistic
outcome values.

Final short summary of comparison between all described
methods is presented in Table 2, where attributes like
simulation complexity, applicability and accuracy are
considered.

IV. CONCLUSION

Main purpose of this publication is to present results of link
budget calculations in system level simulations using different
methods of modeling the gains of directional antennas. A
commonly used simple method has been compared with
detailed and comprehensive approach, which led to noticeable
difference in final simulation results.

The spatial filtering method employed in a 3D channel
model provides more realistic simulation results than the omni-
gain method. It should be ensured that studies of key 5G
system requirements use accurate simulation methodology and
avoid using the omni-gain method in scenarios where
directional antennas are deployed. If simplified simulations
have to be performed, it is suggested to apply the effective
antenna gain.

Wrongly estimated SINR gives inaccurate picture of system
performance, capacity and coverage as well as may lead to
suboptimal deployments of first 5G networks, which in most
cases will be adjustable only after initial filed measurements
under real operation conditions.

Not only intra-system performance of first 5G deployments
can be impacted by inaccurately determined co-existence
requirements but also performance of other systems working in
the same or adjacent frequency bands can be impacted, as
underestimated or overestimated power of interference signals
originated in 5G network may lead to wrongly concluded co-
existence conditions.

Next publications are going to further compare presented
methods of directional radio link budget calculations from the
point of view of impact on final 5G requirements, especially
co-existence. Comparison will be presented not only for
channel model utilized by 3GPP [3] but also for NYU channel
model [9] which is less dispersive, as channel dispersion has
direct impact on difference in outcomes of omni-gain method
and spatial filtering method.
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Abstract—Utilization of large antenna arrays in millimeter
wave bands is one of the main differentiators in the
forthcoming deployment of new mobile communication
systems. However, the prevailing simulation practice for link
budget, inter-site interference and co-existence studies is to use
nominal antenna pattern rather than the effective pattern,
leading to inaccurate received power and interference level
estimation. We visualize the impact of three-dimensional (3D)
channel models of 3" Generation Partnership Project (3GPP)
on effective antenna array patterns and find that the downlink
(DL) Signal to Interference plus Noise Ratio (SINR) can be
overestimated by 10 to 17 dB in Non Line of Sight (NLOS)
scenario when using nominal beam pattern rather than
effective pattern.

Index Terms—angular spread, effective gain, link budget,
millimeter wave.

L INTRODUCTION

One of the main differentiators of 5" generation of
mobile communication systems (5G) is utilization of
frequency bands above 6 GHz, not used by previous
generations like 3G and 4G. Negative impact of higher
carrier frequencies on propagation conditions in practice is
mitigated by arrays with more antenna elements, which
increases effective aperture of the antenna. Another
advantage of antenna array is concentration of transmitted
power in the direction of receiver by shaping antenna pattern
in the form of spatial beams on both sides of radio link. With
increasing number of antenna elements in the array the
nominal gain of the antenna array increases and the half-
power beam-width (HPBW) decreases. In more challenging
propagation conditions, the maximum realizable antenna
array gain, the effective beam pattern and its associated
HPBW differ from nominal values. Difference between
nominal and the effective patterns in the radio channel with
scattering depends on angular spread introduced by the real
radio channel. In [1] authors presented estimation of
effective antenna gain based on root-mean square (RMS)
angular spread of statistical channel model, whereas
measurement results for indoor and suburban propagation
conditions are reported in [2] and [3], respectively. In both
measurement scenarios the 90% effective azimuth gain
degradation of 4.5 dB or more was observed in reference to
the nominal gain of 14.5 dBi. This demonstrates that nominal
antenna patterns, as measured in anechoic chamber, are valid

only in free space propagation conditions. This conclusion is
particularly important in the context of simulation campaigns
which aim to estimate performance of 5G system before the
commercial deployment begins. Reliable simulation results
ensure correctness of minimum requirements for 5G
equipment and help to better optimize first 5G networks
deployed in the field.

The need for effective antenna pattern inclusion in
system level simulations of mobile networks have been
already indicated in [4], where the performance of Long
Term Evolution (LTE) system was evaluated via simulation
using nominal and effective antenna patterns. The effective
antenna pattern was obtained by convolution of nominal
antenna pattern and Power Angular Spectrum (PAS) for
assumed propagation environment model. Simulation results
presented in [4] indicate that up to 40% deviation from
realistic value of LTE downlink (DL) throughput can occur
when nominal antenna pattern is assumed instead of effective
antenna pattern. Study for 5G scenario with analog
beamforming in millimeter waves (mmWave) range was
presented in [5]. In that case the simulation results of radio
link budget for serving link and interfering links were
presented for nominal antenna gain and effective antenna
gain. Effective antenna gain was obtained by spatial filtering
of multipath components modeled with 3" Generation
Partnership Project (3GPP) approach [7] by nominal antenna
pattern. Final results obtained from that study indicate that
DL can be overestimated even by 20 dB if nominal antenna
pattern is assumed instead of effective antenna pattern, for
scenario used in simulations.

Studies presented in [4] and [5] both assumed omni-
directional path loss model defined by 3GPP in [6] and [7]
respectively. By default, these path loss models assume
omni-directional antennas on both sides of simulated radio
link. When directional antennas are used, the effective
antenna pattern should be determined for that specific
environment, as presented in [4] and [5], because nominal
antenna gain is not valid for environments other than free
space, as proven by measurement results in [2] and [3]. Even
though 3GPP in [7] introduced possibility for spatial filtering
of clustered delay line (CDL) models by antenna pattern, this
approach is not commonly used in 5G system evaluation as it
does not provide effective antenna pattern model for simple
link budget calculation. However, it has been noticed in
3GPP [8] that the spatial filtering of the CDL models from

Authorized licensed use limited to: Nokia. Downloaded on April 05,2021 at 16:10:52 UTC from IEEE Xplore. Restrictions apply.


bechta
Typewriter
[2]


13th European Conference on Antennas and Propagation (EuCAP 2019)

[7] using the base station (BS) antenna pattern has a major
impact on the channel seen by the user equipment (UE).
Simple model of effective antenna pattern has been proposed
in [4], however, so far has not been validated for 5G channel
model [7] and antenna patterns of large antenna arrays.
Partial solution has been proposed in [9], where correction
factor is applied on top of directional path loss model to
calculate link budget for other directions of transmitter (Tx)
and receiver (Rx) antennas than boresight alignment.

In the remaining part of this paper we present
continuation of study included in [5]. In Sec. II effective
antenna patterns are presented for different antenna array
sizes and channel models defined by 3GPP [7]. Comparison
of link budget simulation results for serving link and
interfering links and the impact of effective antenna pattern
on 5G system performance are included in Sec. IIL
Conclusion is in Sec. I'V.

II.  EFFECTIVE ANTENNA PATTERN

Nominal antenna array patterns follow the model
presented in [7] and [10]. Each effective antenna pattern has
been obtained as an average from 1000 convolutions of
nominal antenna pattern with single realization of PAS
generated according to statistical model described in [7].

Nominal antenna array gain in the free space propagation
conditions can be expressed by following equation [1]:

Nom __
max

=N'Ge (1)

Nom
max

B,, and B,
and vertical planes (in radians), respectively, N is the
number of antenna elements in the array, and G, is the gain

of single antenna element. Equations (2)-(4) give the
overview how effective antenna patterns have been obtained.

where g is the maximum nominal antenna array gain,

are the nominal RMS beamwidth in horizontal

180° 180°
g7 (¢.6) = I IgN"m 0.0)- p(9—¢,6—6,)d¢d6(2)
-180° 0°
& (a)=¢" (4.6 =90)= j '(4.6=90): .. (0-a)do 3)
—180°
' 180°
2l (@)=27 (#=0"6)= [ £°"(0=0"6): peu(6-G )OH)
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In above equations gEﬁ' indicates three-dimensional (3D)

effective antenna pattern, whereas g™" indicates 3D

nominal antenna pattern. gffz and ggz indicate azimuth and
elevation cuts of effective antenna pattern, ¢ and & define

angular domain in azimuth and elevation, respectively,
whereas ¢, and 6, indicate boresight direction between Tx

and Rx in azimuth and elevation, respectively. p, and

Dgj. Tepresent realizations of PAS in azimuth and elevation.

[2]

RMS azimuth spread of departure and arrival (ASD and
ASA) and RMS zenith spread of departure and arrival (ZSD
and ZSA) used in simulations are presented in Table I.
However, it should be noted that final characteristics of
multipath components used in convolution operation
depends not only on general RMS angular spread but also on
other parameters, e.g. cluster angular spread, delay spread
and scaling factors as defined in [7]. All these together
determines the shape of effective antenna pattern for given
realization of radio channel between transmitter and receiver.

Effective patterns of antenna arrays are presented in
Figures 1-6 and can be summarized as follow:

- Due to presence of strong directive path in line of sight
(LOS) condition, effective antenna gain of main lobe is
close to nominal gain, whereas in Non Line of Sight
(NLOS) conditions, where strong directive path is not
present, effective gain of main lobe is noticeably lower.

- Angular spread of radiated energy in horizontal plane
causes increase of effective antenna gain of side lobes in
reference to nominal gain of side lobes in both LOS and
NLOS conditions. This is more visible on Rx side, which
is characterized by higher angular spread than Tx side.

- Change in the level of side lobes is less visible in vertical
plane due to lower angular spread than in horizontal
plane. Additionally, effective pattern of Tx antenna array
is shifted in angular domain by several degrees due to
statistical offset in zenith of departure modeled in [7].

III. SIMULATION RESULTS OF 5G SYSTEM PERFORMANCE

This section presents results of system level simulations
of 5G network performance. Simulated were two scenarios:
Urban Macro (UMa) and Urban Micro Street Canyon (UMi
SC) according to simulation assumptions made by 3GPP in
[11], which include 3D channel model and 3D antenna
patterns. Main parameters of simulation scenarios are
summarized in Table II.

TABLE | PARAMETERS OF ANTENNA ARRAY AND CHANNEL MODEL

3GPP UMa [7] | 3GPP UMi SC [7]
Channel model

LOS | NLOS| LOS | NLOS
Array size of BS 16x16 8x8
RMS ASD [deg] 16.6 21.6 13.7 15.6
RMS ZSD [deg] 0.6 2.8 1.2 1.1
Nominal gain [dBi] 32.0 26.0
Effective gain [dBi] | 21.0 25.5 | 17.5
Nom. HPBW in az. [deg] 6.3 12.6
Eff. HPBW in az. [deg] 6.6 | 26.0 13.0 | 432
Array size of UE 2x2
RMS ASA [deg] 64.6 48.9 41.0 493
RMS ZSA [deg] 8.9 1.1 3.8 73
Nominal gain [dBi] 11.0 11.0
Effective gain [dBi] 10.5 | 6.0 10.5 | 6.0
Nom. HPBW in az. [deg] 50.2 50.2
Eff. HPBW in az. [deg] 50.4 | 166.0 50.8 | 167.0
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Outcome of simulations are cumulative distribution Py -G, - Gp,

function (CDF) curves, which present DL Rx power from Fre =

serving link (DL S), total DL power of inter-cell interfering
links (DL /) and DL Signal to Interference plus Noise Ratio )
(DL SINR). DL S and DL I have been calculated as link whereas Gy and Gp,are Rx and Tx antenna gains used for

budget presented in (5):

5
oL ©)
where P, and P, are Rx and Tx power respectively,
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calculation of given radio link. PL indicates path loss of
given radio link.

When power budget of link i, either for serving link or
interfering link, was calculated, gains of Tx/Rx antennas

were determined by Grnj, /Gnl. or Gel, / Gek, for nominal

or effective antenna patterns respectively. These gains are
presented by (6)-(9).

i _ __Nom AoD AoD ZoD ZoD
Gnr, = g1y ( i 0s —9.8F »6i.10s — 6 BF) ©)
Nom ( s AoA AoA ZoA ZoA
G, = gpe ( . Los ~9i.r»i.1os — 6, BF) (7
AoD AoD  pZoD ZaD
Ger, = ZG” ng ( L0s ~9i.5r 6, L0s ~ zBF) ®)
i _ < i,j AoA AoA  pZoA ZoA
Gep, = ZG”RX b, ( 10s ~9.sr>0 10s —Opr ) (9)
j=l

Gains of (6)-(9) are obtained from 3D nominal/effective
ng (¢AOD’GZOD) ng (¢AOA,620A) Of

transmitting and receiving antennas, respectively.

patterns and

¢z LOS »

ZoD AoA
61 LOS » ¢i,LOS

between Tx and Rx in azimuth and elevation for radio link

AoD HZ()D AoA
L. @i pr> Yipr> 9iBr

azimuth and elevation for which main beams of transmitting
and receiving antennas are pointed (beamformed), in case of
In (8) and (9), Gny/ and Gnj/
nominal gains of transmitting and receiving antennas
respectively for multipath j of radio link i and with more

and 9 LOS represent angles of LOS direction

and 679 BF represents directions in

radio link i. indicate

details are presented in [5]. P. . is the power carried by

i,J

Ni
multipath j (j=1,2,...,N;) of radio link i and ZPU/ =
j=1

Simulation results of DL § are presented in Figs. 7 and 8
for UMa and UMi SC, respectively. LOS and NLOS
propagation conditions have been plotted separately for
better illustration of effective gain impact on final results. It
should be noted here that DL S is calculated under
assumption that beam-steering is realized on both sides of
radio links and therefore gains of main beams of Tx and Rx
antennas apply. Because of that, in LOS conditions the
difference between DL S curves for nominal pattern and
effective pattern is much smaller than the difference between
the same curves in NLOS conditions, as suggested by the
effective antenna patterns illustrated on Figs. 1-6. Obtained
results indicate that use of nominal antenna gain in link
budget calculation of DL S with beam-steering leads to
overestimation of received power in reference to calculations
with effective antenna gain. In LOS this difference is in the
range of 1 — 2 dB, whereas in NLOS it increases to 15 — 17
dB for assumed simulation scenarios.

For DL 7 (Fig. 9) the situation is opposite, i.e. usage of
nominal antenna gain causes underestimation of interference
power in reference to results obtained for effective antenna

[2]

gain. It happens because directions of most of interfering
links are aligned with sidelobes of Tx and Rx antennas.
Figures 1, 3 and 5 show that effective azimuth level of side-
lobes is noticeably higher than the nominal level for both
LOS and NLOS and therefore leads to higher values of
received interference power.

Overestimated DL S and underestimated DL 7 cause that
effective DL SINR is lower than the nominal DL SINR,
which is illustrated on Fig. 10. In UMi SC scenario the
difference is up to 10 dB, whereas for UMa even up to 17
dB.

TABLE II GENARAL SIMULATION ASSUMPTION

UMa
Base Station

UMi SC

3 cluster circles

. are in a macro
19 sites, 3 cells

INetwork topology and (sectors) per site: cell. 1 cluster
characteristics ISD = 500 m > |circle has 1 micro
BS. Micro cell
radius = 28.9 m
Frequency/Channel bandwidth 28 GHz / 200MHz
lAntenna height (radiation center) griﬁéizsz; glr(())lrlrrll(galt:\)/‘éle)
IRadio channel model 3GPP UMa [7] |3GPP UMi SC [7]

8 dBi
16x16 elements

43 dBm/200 MHz|33 dBm/200 MHz

|[Element gain

lAntenna array configuration
Conducted power (before Ohmic
lloss)

8x8 elements

User Equipment
User Equipment density for
simultaneously transmitting I UE/macro cell

1 UEs/micro cell

terminals (sector)

Outdoor (80% of | Outdoor (20% of
lAntenna height UEs): 1.5 m UEs): 1.5m
(radiation center) Indoor (20% of | Indoor (80% of

UEs): 1.5-22.5 m | UEs): 1.5-22.5m
Orientation in azimuth / -90 ° to +90 ° in the direction of the
elevation BS / Fixed 90 °
INoise figure 10 dB
Element gain 5 dBi

|Antenna array configuration 2x2 elements
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IV. CONCLUSION

We have presented simulation results visualizing the
impact of 3GPP UMa and UMi SC channel models on
effective antenna array patterns. It has been described that
simplified 5G system level simulations, where nominal
antenna array pattern is assumed instead on effective
(realistic for given radio channel) pattern, lead to inaccurate
link budget results. Especially, for NLOS conditions the
SINR can be overestimated even by 17 dB.

SINR wrongly estimated due to usage of inaccurate
antenna patterns gives inaccurate picture of system
performance, capacity and coverage. It may lead to
suboptimal deployments of first 5G networks, which in most
cases will be adjustable only after initial filed measurements
under real operation conditions. Not only intra-system
performance of first 5G deployments can be impacted by
wrongly determined co-existence requirements but also
performance of other systems working in the same or
adjacent frequency bands can be impacted, as underestimated
or overestimated power of interference signals originated in
5G network may lead to wrongly concluded co-existence
conditions.
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Abstract—In real propagation conditions the angular
spread of radio channel reshapes the effective antenna pattern
and impacts the efficiency of tapering method in comparison to
the nominal antenna pattern determined in anechoic chamber.
This paper presents corresponding simulation results obtained
for Urban Macro (UMa) and Urban Micro Street Canyon
(UMi SC) channel models of 3" Generation Partnership
Project (3GPP). Simulations indicate that for effective antenna
pattern the first Sidelobe Suppression Level (SSL) can
decrease to 16 dB, in Line of Sight (LOS) conditions, or even to
2 dB, in Non Line of Sight (NLOS) conditions, in comparison
to SSL of 20 dB for the nominal antenna pattern.

Index Terms—angular spread, antenna array, effective
gain, millimeter wave, side lobe level, tapering.

I. INTRODUCTION

Deployment of 5" generation of mobile communication
system (5G) in millimeter wave (mmWave) frequency range
is, in majority of cases, connected with implementation of
directional antennas with high maximum gains. In practice
such gains are obtained by applying appropriate weights of
antenna elements in large antenna arrays, such that the main
lobe with maximum gain of transmitter (Tx) radiation pattern
would point towards receiver (Rx). However, next to the
main lobe there are also side lobes which radiate/capture
energy to/from undesired directions.

Usually, the difference between the main lobe gain and
the first side lobe gain, commonly referred as the first
Sidelobe Suppression Level (SSL), is around 13 dB for
square antenna arrays [1]. In practice this difference can be
further increased by application of tapering method, i.c.
attenuation of amplitude of outer antenna elements in the
array [1]. In the result of tapering the loss in nominal gain of
main lobe is observed but SSL could be improved
significantly. Application of tapering helps to decrease the
energy radiated/captured to/from undesired directions and
therefore minimize the power of interference in radio
channel.

Recent publications like [2] and [3] show designs of
modern antennas for mmWave to achieve higher efficiency
of side-lobe suppression for nominal antenna patterns, i.e.,
determined in anechoic chamber. These designs, however, do
not illustrate the efficiency of tapering in real radio channel.
Studies and measurements presented in [4], [5] and [6]
confirm that effective antenna pattern (in real radio channel)
differs from nominal antenna pattern in both Line of Sight

(LOS) and Non Line of Sight (NLOS) conditions, whereas
this difference is more visible in NLOS case.

In this paper we present comparison of nominal and
effective patterns of antenna arrays obtained from
simulations. Antenna array model and radio channel model
used in simulations follow 3™ Generation Partnership Project
(3GPP) specifications [7] and [8], respectively. Simulations
have been carried out using two different antenna array sizes
and two different propagation environments. For each case
the antenna patterns with and without tapering are presented.

II. SIMULATION RESULTS

This section presents nominal and effective antenna
patterns for 16x16 and 8x8 arrays of antenna elements in
horizontal plane. Nominal patterns follow the model of
Active Antenna System (AAS) from [7], whereas effective
patterns [9][10] have been obtained as a result of convolution
operation of nominal pattern with power angular spectrum
(PAS) of assumed propagation environment, i.e., Urban
Macro (UMa) and Urban Micro Street Canyon (UMi SC) as
defined in [8]. Main parameters of assumed nominal antenna
arrays and radio channels are included in Table I, whereas
the convolution operation for effective antenna pattern
determination can be stated as

180°
o (0)=¢" (0.6=0)= | &(40=90): p. (9~ }to (1)

-180°

In (1) gE--ﬁr indicates three-dimensional (3D) effective

Nom

antenna pattern and g indicates 3D nominal antenna

pattern. gf/;f  is then azimuth cut of effective antenna pattern,
¢ and @ define angular domain in horizontal and vertical
planes, respectively, whereas ¢, and 6, indicate boresight
direction between Tx and Rx in horizontal and vertical
planes, respectively. p,. represents realizations of PAS in

horizontal plane.
Chebyshev window [1] has been used to obtain 20 dB of
SSL for both assumed antenna arrays of 16x16 and 8x8.
Figures 1-4 illustrate Tx antenna pattern cuts in
horizontal planes for 16x16 array and UMa propagation
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environment, whereas Figs. 5-8 include the same pattern for
8x8 array and UMi SC.

Figures 1 and 5 present impact of real radio channel on
antenna patterns without tapering. Following effects can be
observed here:

- Due to presence of strong directive path in LOS
condition, effective antenna gain of main lobe is
close to nominal gain, whereas in NLOS conditions,
where strong directive path is not present, effective
antenna gain of main lobe is noticeably reduced.

- Angular spread of radiated energy causes increase of
effective level of side lobes in reference to nominal
gain of side lobes, in both LOS and NLOS
conditions. The nulls, which are very deep in
nominal antenna pattern, are completely flatten in
effective antenna pattern. Therefore, it is difficult to
determine the location of side lobes. However, the
network which is dimensioned based on nominal
antenna pattern, and especially directions of nulls
and side lobes, will suffer in real environment due to
higher interference level from these directions.

Figures 2 and 6 illustrate impact of tapering with
Chebyshev window on nominal and effective antenna
patterns. For nominal pattern the SSL of 20.6 dB and 21.5
dB have been obtained for 16x16/UMa and 8x8/UMi SC
simulation scenarios, respectively, in line with the assumed
parameter of tapering window.

In case of effective pattern in LOS conditions (Figs. 3
and 7) the SSL of 18.9 dB and 16.3 dB is observed for
16x16/UMa and 8x8/UMi SC, respectively. Impact of
angular spread is visible with lower efficiency of tapering,
which decreases further for the next side lobes (like 2™ and
3™ side lobes, etc.). However, it can be concluded that in
LOS conditions the tapering method still improves the SSL
in comparison to corresponding values before tapering, i.e.
13 dB. Unfortunately, this conclusion does not apply in
NLOS conditions (Figs. 4 and 8), where one can observe
significant drop in SSL measured at the azimuth angle
corresponding to the first side lobe of nominal antenna
pattern. For 16x16/UMa case the obtained SSL is equal to
2.3 dB, whereas for 8x8/UMi SC it increases to 3.4 dB when
we compare the same angles of position of first side lobes.
Simulated values of SSL, as well as other parameters of
nominal and effective antenna patterns, are summarized in
Table II.

Since the main objective of tapering is to drop side lobes
gain of antenna pattern, which helps to minimize intra-cell
and inter-cell interference of mobile communications system,
it is important to understand what is the efficiency of this
method in realistic propagation conditions. Presented
simulation results indicate that angular spread in real radio
channel impacts the effective pattern of antenna, and
therefore changes the effective SSL. In LOS conditions the
tapering still helps to improve system’s signal to interference
plus noise ratio (SINR), which is visible on Figs. 3 and 7,
where drop in gain of main lobe maintains to be lower than
the drop in gain of first side lobe. However, the reduction of

[3]

tapering effectiveness even in LOS should be taken into
account during the network deployment, where the
interference from side lobes is crucial for performance
evaluation. In NLOS conditions the same level of gain’s drop
is observed for main lobe and side lobes (Figs. 4 and 8),
which suggests that tapering is not an efficient method for
system’s SINR improvement in NLOS conditions.

TABLE I. PARAMETERS OF NOMINAL ANTENNAS AND PROPAGATION

CONDITIONS
|Array size 16x16 8x8
Channel model 3GPP UMa [8] 3GPP UMi SC [8]
Carrier frequency 28 GHz
Element spacing M2 A2
|Aperture size 73.5 cm? 18.4 cm?
Single element gain 8 dBi
[Half power b.eamwidth 65 deg
(HPBW) of single element
40
Nominal
‘ — Effective in LOS
— Effective in NLOS
20 [ A‘ !M 7
g NI e
S
AT | Ml

= [ JW )

2201 .

‘R

<

-40
-150  -100  -50 0 50 100 150

¢ [deg]

Fig. 1. Tx antenna pattern cut in horizontal plane for 16x16 array in UMa
without tapering

40 T T T T T T T
Nominal
N Effective in LOS

20 \ Effective in NLOS |
g
<
)
k=]
5-20
‘R
<

-40 -

-60

-150 -100 -5 100 150

Ideg1

Fig. 2. Tx antenna pattern cut in horizontal plane for 16x16 array in UMa
with tapering
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Fig. 3. Effective Tx antenna pattern cut in horizontal plane for 16x16 array Fig. 6. Tx antenna pattern cut in horizontal plane for 8x8 array in UMi SC

in UMa for LOS conditions with tapering
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Fig. 4. Effective Tx antenna pattern cut in horizontal plane for 16x16 array Fig. 7. Effective Tx antenna pattern cut in horizontal plane for 8x8 array in

in UMa for NLOS conditions

UMi SC for LOS conditions
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Fig. 8. Effective Tx antenna pattern cut in horizontal plane for 8x8 array in
UMi SC for NLOS conditions

Fig. 5. Tx antenna pattern cut in horizontal plane for 8x8 array in UMi SC
without tapering
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TABLE II. SUMMARY OF SIMULATION RESULTS

Array size 16x16 8x8

3GPP UMa [8] | 3GPP UMi SC [8]
Channel model

LOS | NLOS LOS NLOS
Root mean square (RMS)
Azimuth Spread of 16.64 | 21.60 13.70 15.62
Departure [deg]
Nominal gain [dBi] 32.0 26.0
Effective gain [dBi] 31.5 21.0 25.5 17.5
Nom. HPBW in horizontal 6.3 12,6
plane [deg]
Eff. HPBW in horizontal 6.6 26.0 13.0 3.2
plane [deg]|
Nom. SSL in horizontal
plane after tapering [dB] 206 215
Eff. SSL in horizontal
plane after tapering [dB] 18.9 2.3 16.3 34

III. CONCLUSION

Effective antenna pattern determined by the propagation
environment depends on the angular spread of energy in real
radio channel. The difference between the effective antenna
pattern and the nominal pattern, as defined in anechoic
chamber, reflects the changing in efficiency of tapering
method in “free space” and real propagation environments
of cellular systems. Simulation results indicate that in LOS
conditions the tapering is able to improve system’s SINR,
whereas in NLOS conditions the efficiency of tapering
drops significantly. Proper design of antenna array with
applied tapering should then take into account realistic
propagation conditions in the place of deployment, which
would help to determine effective antenna gain and
therefore realistic system’s performance in LOS and NLOS
conditions.
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Abstract—One of the first implementations of 5™ generation
of mobile communication system (5G) will be Fixed Wireless
Access (FWA), allowing to provide wideband Internet access to
areas inaccessible for optical fiber. Early deployments of FWA
in millimetre wave (mmWave) frequency range and with analog
beamforming will require accurate evaluation of system
performance to ensure that realistic performance in the field
meets expectations. In this paper we show that simplified
approach for link budget calculation, where the impact of
mmWave channel angular spread and the directional antenna
pattern are not sufficiently modeled, may lead to overestimation
of cell edge capacity by over two times for 5G FWA network in
suburban environment. Additionally, we demonstrate that
optimization of antenna pattern, by modification of antenna
array configuration for analog beamforming matched to
angular spread in suburban radio channel, may lead to
improvement of SG FWA cell edge capacity by 60%.

Keywords—5G,
mmWave, suburban.

angular spread, fixed wireless access,

I. INTRODUCTION

Very first deployments of 5" generation of mobile
communication system (5G) are concentrated on enhanced
mobile broadband (eMBB) service to satisfy growing
demands of end users. Due to limited availability of mobile
user devices supporting 3™ Generation Partnership Project
(3GPP) standard of New Radio (NR), the earliest deployments
of 5G are aiming to provide several Gbps through Fixed
Wireless Access (FWA) service. Large channel bandwidth, of
several hundreds of MHz, ensured by deployment in
millimetre wave (mmWave) frequency range in connection
with analog beamforming and multiple-input multiple-output
(MIMO) technique allow to provide data throughput
comparable to optical fiber access. FWA becomes a
particularly convenient solution for mobile network operators
(MNOs) who intend to provide eMBB services, like wideband
Internet access, to areas where installation of optical fiber
infrastructure is difficult or unprofitable.

5G market analysts predict significant growth of FWA
deployments in the next few years, e.g. [1] claims the grow
from USD 396 million in 2019 to USD 46,366 million by
2026, at a Compound Annual Growth Rate of 97.47% from
2019 to 2026. In the light of these significant investments, it
is particularly important to ensure that FWA network is
optimally designed and deployed, especially from the point of
view of challenges introduced by analog beamforming and
radio propagation in mmWave bands.

In this paper we present system level study of 5G
mmWave FWA network of small cells in suburban area. We
concentrate in particular on the interaction between the narrow

Holmdel, NJ, USA
jinfeng.du@nokia-bell-labs.com

Wroclaw, Poland
marcin.rybakowski@nokia.com

beamwidth antenna array of Base Station (BS), via analog
beamforming, and the angular spread in multipath propagation
environment as determined by Power Angular Spectrum
(PAS). In Section II we clarify the difference between the
nominal antenna pattern, as measured in anechoic chamber,
and the effective antenna pattern, which is experienced in
realistic propagation environment. This section introduces
also the concept of antenna pattern optimization, which for
given scattering environment helps to maximize the signal
strength via analog beamforming. Section III includes system
level simulation results of 5G FWA network performance,
calculated for nominal and effective antenna patterns, and
illustrates the improvement of the performance due to
introduction of optimized antenna. Conclusion is presented in
Section I'V.

II. EFFECTIVE AND OPTIMAL ANTENNA PATTERNS

With increasing number of antenna elements in the array
the nominal gain of the antenna array, as measured in anechoic
chamber, increases and the half-power beam-width (HPBW)
decreases. In scattering environment, the maximum realizable
antenna array gain, the effective beam pattern and its
associated HPBW differ from nominal values. Difference
between the nominal and the effective patterns in the radio
channel with scattering depends on the angular spread
introduced by the real deployment scenarios. Results of
measurement campaigns presented in [2] and [3] show that the
effective azimuth gain degradation of 4.5 dB or more, in
reference to the nominal gain of 14.5 dBi, can be experience
by more than half of users in non-line-of-sight (NLOS)
propagation conditions. This demonstrates the importance of
using effective antenna patterns in non-free space propagation
conditions. Fig. 1 illustrates a sample beam pattern of antenna
with nominal gain of 14.5 dBi measured in a NLOS
environment [4].

Differences between nominal and effective antenna
patterns are particularly important in the context of
simulation campaigns which aim to estimate performance of
5G system before the commercial deployment begins.
Reliable simulation results ensure correctness of minimum
requirements for 5G equipment and help to better optimize
first 5G networks deployed in the field. Therefore, effective
antenna pattern should be used during evaluation studies.

The impact of different propagation conditions on
beamforming gain was observed in [5] where the effect of
cluster of scatterers for sector beam was investigated.

The need for effective antenna pattern inclusion in system
level simulations of mobile networks have been already
indicated in [6], where the performance of 4G system was
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evaluated via simulation using nominal and effective antenna
patterns. Simulation results presented in [6] indicate that up
to 40% deviation from realistic value of 4G downlink (DL)
throughput can occur when nominal antenna pattern is
assumed instead of effective antenna pattern. In [7] the
performance of 5G system deployed in Urban Macro (UMa)
and Urban Micro Street Canyon (UMi SC) environments, as
defined by 3GPP in [8], was compared on the basis of system
level simulations. In both cases it was observed that DL
Signal to Interference plus Noise Ratio (SINR) can be
overestimated by 10 to 17 dB in NLOS scenario when
nominal beam pattern is used instead of effective pattern.

Effective antenna patterns assumed in [7] are also
evaluated in this paper. Even though the array size and carrier
frequency are the same in these two studies, the effective
pattern is different due to change of propagation
environment, i.e. from urban to suburban. In both cases the
effective antenna patter has been obtained as an average from
1000 convolutions of nominal antenna pattern with single
realization of PAS generated according to statistical model
describing given environment. Equations (2)-(4) of [7] define
effective antenna pattern in 3D, azimuth cut and elevation
cut, respectively.

effective gain 10 dBi
measured in NLOS office

nominal gain 14.5 dBi
measured in anechoic chamber

0°

Fig. 1. The phenomenon of “widened” effective beamwidth from a NLOS
measurement at 28 GHz (4.5 dB loss has been observed compared to its
nominal value) [4].

TABLE L ANGULAR SPREAD MODEL ASSUMED FOR SYSTEM STUDY
OF 5G FWA IN SUBURBAN AREA AT 28 GHZ (AZIMUTH SPREAD OF
DEPARTURE, ASD; ZENITH SPREAD OF DEPARTURE, ZSD; AZIMUTH
SPREAD OF ARRIVAL, ASA; ZENITH SPREAD OF ARRIVAL, ZSA)

Propagation log1o log1o log1o log1o
condition (ASD/1°) (ZSD/1°) (ASA/1°) (ZSA/1°)
u=1.14 u=0.15 u=121 1=0.58
LOS o0=041 0=0.35 0=0.12 0=0.28
(8] (8] [3] (8]
#=0.82 u#=0.05 u=121 1=0.86
VLOS 0=0.24 0=0.35 0=0.12 0=0.31
[3] (8] (3] (8]
1=0.82 u1=0.05 u=121 1=0.86
NLOS 0=0.24 0=0.35 0=0.12 0=0.31
[3] (8] [3] (8]

As 3GPP in [8] does not define channel model for
suburban environment, the simulation study presented in this
paper in based on UMi SC model improved by statistics
obtained for suburban area during measurement campaign
presented in [3]. TABLE I includes the main angular spread
characteristics of channel model assumed in simulation study
presented in this paper.

[4]

One can notice that in TABLE I the azimuth angular
spread is in all cases higher than the zenith angular spread and
this relation is valid also in majority of other channel models.
LOS states for line-of-sight conditions, whereas VLOS
indicates Vegetation LOS, where direct visibility between
radio transmitter and receiver is obstructed by vegetation,
typical for suburban area.

As directional antenna is performing spatial filtering of
electromagnetic energy from the space, it is reasonable to
match the antenna pattern to PAS in given propagation
conditions. In most of environments the angular spread in
horizontal plane is higher than in vertical plane. Therefore, the
optimal shape of antenna pattern, i.e. the one which will allow
to maximize the energy radiated to or captured from the space,
should be wide in horizontal plane and narrow in vertical. Fig.
2 in simplified way illustrates the relation between the shapes
of standard (symmetrical) beam, channel angular spread and
the optimal beam.

In [4] we presented detailed solution for determination of
optimal antenna array geometry for uniform planar arrays in
case of analog beamforming, i.e., where all antenna elements
(radiators) are connected to a single transmission/reception
chain. For convenience, the fundamental part of solution from
[4] is disclosed below.

We assumed that N antenna elements, arranged in
rectangular/square shape, form a uniform planar array of size
(K],' Kz), with:

KK, <N (1)

Array of (K;; K2)=(1; N) corresponds to a horizontally
deployed uniform linear array, whereas K>=1 indicates a
vertically deployed uniform linear array. Let B,. and B be the
nominal beamwidths of the antenna elements whose gain is
G.. The ideal RMS beamwidths B,y and By, which shall be
observed in free space or anechoic chamber, of the analog
beams formed by antenna array of size (K;; K:) can be
approximately described as:

Bhe

K3

2)

Since the directional gain can be related to the RMS
beamwidths [7], the effective beamforming gain can be
determined based on the nominal antenna pattern and channel
angular spread as:

_ Bve _
B,y = p ,Bro =
1

G(N, Bye, Bhe, 0y, Uh) = 3)

where o5, and o, state for RMS azimuth spread of departure
(ASD) and RMS zenith spread of departure (ZSD),
respectively.

Since the effective gain (3) depends on the panel geometry
(K;; K3), and By, and By are determined by the antenna
element via G~2/(B.Bi), we can optimize the array
geometry (K;; K>) to maximize the effective beamforming
gain G stated in (3) subject to the size constraint (1). Ignoring
the in integer constraint on array dimension K; and K>, the
effective beamforming gain of (3) is upper bounded as:

2
ByeBpe
N

G(N: Bver Bhe: 2% Uh) <

OpOvy

“4)

+
with equality if and only if the array geometry is given by:

NByeop NBpeo0;
Kl — ve :KZ — ey
Bheoe ByeOh

)
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The nearest integer pair close to (K;; K») as specified by
(5) and satisfying the total elements constraint (1) gives the
best analog beamforming gain.

Figs. 3 and 4 present antenna patterns in horizontal plane
for LOS and NLOS/VLOS propagation conditions,
respectively. Patterns have been obtained for antenna array
with N=64 antenna elements per polarization, where for
VLOS/NLOS the basic configuration of K;xK,=8x8 provides
effective gain of around 20 dBi (the nominal maximum gain
is 24 dBi). The optimal configuration, i.e. the one which
allows to maximize the effective antenna gain in suburban
environment characterized by angular spread from TABLE I,
is K;xK>=32x2, obtained based on described procedure.
However, the antenna array 32x2 has larger scanning loss in
horizontal angle than 8x8 array (4.5 dB scanning loss of 32x2
as compare to 3 dB of loss in case of 8x8 array for +/- 60
degree of horizontal scanning angle range). Therefore, the
K xK,=16x4 antenna array was selected as the tradeoff. The
16x4 array has only 0.5 dB higher scanning loss as compare
to 8x8 array and the effective gain is only 0.2 dB lower than
gain of 32x2 array.

Especially in case of 8x8 antenna patterns in
NLOS/VLOS presented in Fig. 4, the effect of beam
widening and gain drop (around 4 dB) of the main effective
beam in comparison to main nominal beam is visible, which
corresponds to measurement results presented in Fig. 1. The
most interesting observation is the 2 dB increase in effective
antenna gain, when antenna array configuration is changed
from 8x8 to 16x4. Next section presents impact on 5G FWA
performance when effective antenna pattern is used during
simulation study instead of nominal antenna pattern for
suburban propagation environment, and how much this
performance improves when optimal pattern is assumed.

III. SYSTEM LEVEL SIMULATIONS OF 5G FWA IN SUBURBAN

A. Simulation Assumptions

In system level simulations we assumed a suburban area
of approximate dimension 700 m x 600 m, which consists of
16 blocks. Each block contains 20 houses, 10 per each side of
the same street, and is served by 2-sectoral BS. It was
assumed that 10% of houses, which are the closest to BSs,
have indoor Customer Premise Equipment (CPE), whereas
for the remaining 90% of houses an outdoor CPEs were
assumed. Fig. 5 illustrates detailed topology of FWA network
used for the system level simulations.

For path loss calculation we used empirical models
presented in [3] and disclosed in TABLE II. It needs be noted
that the path loss model is for omnidirectional antennas, and
any study with assumed directional antennas and analog
beamforming should either utilize full 3D channel model with
angular spread statistics embedded, or effective directional
antenna pattern should be used on top of omnidirectional path
loss model.

In system level simulations we assumed VLOS conditions
for wanted signal links towards outdoor CPEs and for
interfering links from other sectors but placed on the same
street. LOS path loss model with additional Outdoor-to-Indoor
(O2I) penetration loss [11] has been assumed for serving links
towards indoor CPEs. That is, VLOS conditions apply for
90% of all simulated wanted signal links, whereas remaining
10% stays in LOS conditions with additional O2I loss. NLOS
conditions have been assumed in case of interfering links from
BSs placed on other street than the street where victim CPE is

[4]

placed. All remaining simulation assumptions are included in
TABLE IIL

channel
initial &
beam matched ——{ Opt beam

Fig. 2. The optimal beam pattern (and the underlining array geometry using
uniform plenary array) should match the channel angular spread to maximize
the effective antenna gain [4].
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Fig. 3. Horizontal cuts of nominal and effective antenna patterns for 8x8 and
16x4 configurations in LOS.
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Fig. 4. Horizontal cuts of nominal and effective antenna patterns for 8x8 and
16x4 configurations in NLOS/VLOS.

TABLE II. ASSUMED PATH LOSS MODEL FOR SUBURBAN AREA [3]
PrOPREANON | 1 2 distanee between B | S0 g
and CPE)
LOS 61.4+24.0 - logo(d) 42
VLOS 45.1+40.6 - logo(d) 6.4
NLOS 80.3 +31.3 - logi(d) 4.8
021 loss Mean 15.1 dB, standard deviation 2.5 dB [11]
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Fig. 5. Topology of assumed 5G FWA network in suburban area.

TABLE IIL MAIN SIMULATION ASSUMPTIONS
BS
Carrier frequency 28 GHz
Channel bandwidth 800 MHz
Antenna array pattern (nominal) According to [9]
Gain of single antenna element 6 dBi

Antenna array configuration (V x H) 8x8 and 16x4

Tx power for antenna array per

polarization (without losses) 28 dBm

Height of antenna array centre 8 m
CPE

Number of simultaneously served CPEs

1 CPE / sector
According to [9]

Antenna array pattern (nominal)

Gain of single antenna element 6 dBi
Antenna array configuration (V x H) 1 antenna element
Height of antenna centre 1.5m
Orientation in horizontal plane Towards BS
Orientation in vertical plane Towards BS
NF 9dB
TABLE IV. PARAMETERS DESCRIBING BASELINE LINK LEVEL
PERFORMANCE FOR DL
Parameter Value Note
a 0.6 Represents implementation losses
SINR,,;,,[dB] -10 Based on QPSK, 1/8 rate
SINR,;,4x[dB] 30 Based on 256QAM 0.93

B. Simulation Results

Simulation scenario assumes analog beamforming, which
in each sector allows to serve only single CPE at a time. It
means that all available resources are assigned to single CPE
only and therefore the throughput obtained by single CPE is
equivalent to the capacity of the whole sector. Maximum
Ratio Combining (MRC) type of precoding has been used for
determination of beam  pointing direction  per
polarization/stream for analog beamforming.

For calculation of cell capacity the model from 3GPP [10]
has been used and is described below (6). This model is based
on SINR values obtained from simulation results.

T(SINR)[bps/Hz] =

0, for SINR < SINRymin
={a-S(SINR), for SINR i < SINR < SINR ax (6)
a- S, for SINR = SINR ax

Where:

S(SINR)[bps/Hz] = log,(1 + SINR) — Shannon bound,

a - Attenuation factor, representing implementation losses,
SINR,,;;,, [dB]- Minimum SINR of the code set,

SINR 4, [dB]- Minimum SINR of the code set.

TABLE 1V includes values of @, SINR,,;;, and SINR,,,,
according to 3GPP assumptions from [10].

Simulations have been performed only for DL direction,
and the power of interference has been calculated as the sum
of DL power received from sectors other than the serving
sector, i.e. we assumed only inter-cell interference.

Presented simulation results compare two approaches for
system level modelling of propagation phenomena, especially
angular spread, and directional antenna patterns for analog
beamforming:

e Nominal: simulations assume nominal directional antenna
pattern and omnidirectional statistical path loss model,
without consideration of multipath propagation, especially
angular spread. Such approach is allowed in case of link
budget calculations for omnidirectional antennas but very
often is wrongly assumed also for calculations with
directional antennas.

e FEffective: simulations assume full 3D channel model,
where multipath propagation and associated angular
spread is included and reflected in link budget calculations
also for directional antennas. This approach is equivalent
to the calculations with effective antenna pattern and
omnidirectional path loss model.

Simulation results are presented in Figs. 6 — 10 and include
both assumed antenna array configurations: basic 8x8 and
optimized 16x4. For both antenna array configurations, the
results for nominal and effective approach of modelling are
presented.

Fig. 6 presents Cumulative Distribution Function (CDF)
of DL received (Rx) power of wanted signal, i.e. for serving
link from own BS. Red curves represent Rx power calculated
according to nominal pattern approach, where maximum gains
of nominal antennas on BS and CPE sides have been assumed.
Due to that, in both cases of BS antenna array configurations,
8x8 and 16x4, the simulation results are the same, as nominal
maximum gains of these configurations are identical. The
difference between medians of CDF for nominal and effective
approaches follow the difference between maximum antenna
gains for VLOS presented in figure 4, as 90% of serving links
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are performed in VLOS conditions. In case of 8x8
configuration the difference is as high as 5.5 dB, but for
optimal configuration it drops to 3.5 dB. Therefore, the
effective Rx power of DL wanted signal increases by 2 dB,
only due to change in BS antenna array configuration.

One can claim that optimal antenna, due to widened
pattern in horizontal plane, would lead to higher interference
and thus negligible benefits of antenna pattern optimization.
However, this statement is not justified for noise limited
environments, where power of interference between radio
nodes is well below the power of noise. Indeed, in Fig. 7 we
observe increase of DL interference power when antenna
array configuration is changed from 8x8 to 16x4, but at the
same time we can see in Fig. 8 that ratio of interference power
to noise power (I/N) is below 0 dB for majority of simulated
DL links. This proves that simulated FWA scenario is noise
limited and improvement of system performance can be
expected after antenna pattern optimization. It is also worth to
mention the substantial increase of DL interference power
when effective approach is used in place of nominal approach,
which is caused directly by widening of main antenna beam
and increase of side lobes levels, as illustrated in Fig. 4.

Fig. 9 illustrates CDFs of DL SINR, which due to limited
interference, follow the shapes of CDFs of DL Rx power of
wanted signal. Therefore, we can see that nominal approach
leads to overestimation of DL SINR in comparison to
effective approach. This can have negative impact on the first
real deployments of 5G FWA networks in mmWave, as
system performance evaluated wrongly by nominal approach
would not be achievable in the field. Again, around 5.5 dB of
SINR overestimation is obtained in case of 8x8 configuration,
which drops to around 3.5 dB for 16x4 configuration. Looking
at curves for effective approach, it can be concluded that
optimization of BS antenna array, i.e. change of antenna array
configuration from 8x8 to 16x4, allows to improve DL SINR
in realistic network of 5G FWA in mmWave by 2 dB, for
assumed deployment scenario. It has to be underlined that 2
dB of improvement has been achieved only by the change in
antenna array configuration, without any change in Tx power
of BS. Therefore, to obtain the same SINR as before antenna
pattern optimization, the Tx power of BS can be decreased by
2 dB, e.g. for energy costs savings.
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Fig. 6. CDF of DL Rx power of wanted signal.
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TABLE V. SUMMARY OF SIMULATION RESULTS FOR SINR AND CELL
CAPACITY
Metric Nom. 8x8 | Eff. 8x8 | Nom. 16x4 | Eff. 16x4
Medi"[’;;f]’(S[NR 12.7 74 12.8 9.3
Med"”;b;iﬁgz‘;pm’y 248 1.65 251 1.93
o
cégﬂz:yle[;; ;Zi ;| 00 0.24 0.74 0.39

Using the link level performance model described by (6),
the DL SINR from Fig. 9 has been translated into DL cell
capacity presented in Fig. 10. The results show the spectral
efficiency for single stream transmission from one
polarization of antenna. In case of MIMO 2x2 the spectral
efficiency can be doubled in most of the cases because the
cross-polarization ratio (XPR) is quite high in most of the
radio channels [8] and could guarantee low inter-stream
interference even with open loop MIMO precoding schemes.

Again, the most noticeable are the overestimation of
performance when nominal approach is used instead of
effective approach and improvement of effective performance
when optimal antenna pattern is assumed:

e Opverestimation of median cell capacity is around 50% for
8x8 and around 30% for 16x4 antenna array configuration,
and more than two times overestimation of cell edge
throughput at 10%-tile. This illustrates how significant can
be the difference between realistic 5SG FWA system
performance and simulation evaluations based on nominal
approach, which could precede implementations in the
field.

e Improvement of DL cell capacity due to antenna pattern
optimization, is around 15% for the median and around
60% for 10%-tile of CDF, which can be understood as cell
edge capacity.

Detailed comparison of SINR and cell capacity simulation
results is included in TABLE V.
IV. CONCLUSION

We have demonstrated differences in the system level
simulation results of mmWave 5G suburban FWA system
performance, when so-called nominal and effective

approaches are used. It has been shown that simplified and
commonly used nominal approach can overestimate realistic
cell edge capacity over two times. In a bigger context, such
overestimation can lead to inaccurate picture of system
performance, capacity and coverage as well as may lead to
suboptimal deployments of first 5G networks, which in most
cases will be adjustable only after initial filed measurements
under real operation conditions. Not only intra-system
performance of first 5G deployments can be impacted by
inaccurately determined co-existence requirements but also
performance of other systems working in the same or adjacent
frequency bands can be impacted, as underestimated or
overestimated power of interference signals originated in 5G
network may lead to wrongly concluded co-existence
conditions. Therefore, this paper suggests the effective
antenna pattern approach for realistic study of 5G system
performance, obtained by accurate modelling of relation
between mmWave propagation conditions and directional
antenna patterns for analog beamforming.

It has been also presented that with the usage of the method
proposed in [4] the performance of mmWave 5G FWA system
can be easily improved due to optimization of antenna pattern.
For presented simulation scenario the improvement has been
obtained by the change in antenna array configuration from
8x8 to 16x4, which allowed to improve the cell edge capacity
by around 60%.
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Matching in the Air: Optimal Analog Beamforming
under Angular Spread

Jinfeng Du, Member, IEEE, Marcin Rybakowski, Kamil Bechta, and Reinaldo A. Valenzuela, Fellow, IEEE

Abstract—Gbps wireless transmission over long distance at
high frequency bands has great potential for 5G and beyond, as
long as high beamforming gain could be delivered at affordable
cost to combat the severe path loss. With limited number of
RF chains, the effective beamwidth of a high gain antenna
will be “widened” by channel angular spread, resulting in gain
reduction. In this paper, we formulate the analog beamforming
as a constrained optimization problem and present closed form
solution that maximizes the effective beamforming gain. The
optimal beam pattern of antenna array turns out to “match” the
channel angular spread, and the effectiveness of the theoretical
results has been verified by numerical evaluation via exhaustive
search and system level simulation using 3D channel models.
Furthermore, we propose an efficient angular spread estimation
method using as few as three power measurements and validate
its accuracy by lab measurements using a 16x 16 phased array
at 28 GHz. The capability of estimating angular spread and
matching the beam pattern on the fly enables high effective
gain using low cost analog/hybrid beamforming implementation,
and we demonstrate a few examples where substantial gain can
be achieved by optimizing array beam pattern matching to the
median angular spread.

Index Terms—millimeter wave, analogy beamforming, angular
spread, antenna pattern, array geometry, gain reduction

I. INTRODUCTION

The fifth generation wireless communication systems (5G)
will adopt millimeter wave (mmWave) frequency bands to
meet the capacity demand for future mobile broadband ap-
plications and new use cases [1]-[3]. However, the high
path loss and sensitivity to blockages [4]-[6], channel state
information acquisition challenges [7], hardware limitation and
other difficulties [8] make it challenging to provide high user
rate at high frequencies without shrinking the traditional cell
coverage range.

The critical part of high frequency links is the antenna
and associated beamforming method. High beamforming gain
is essential to combat the severe path loss such that Gbps
throughput over long distance and coverage in non-line of
sight (NLOS) areas can be realized. Full digital beamforming,
capable of altering both amplitude and phase for each antenna
element, is costly as it requires a dedicated RF chain for
every antenna element and powerful baseband processing.
Analog or hybrid beamforming with limited number of RF
chains will be used in most of the products indented for
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Figure 1. Illustration of angular spread in a NLOS multi-path propagation
channel (upper) and the phenomenon of “widened” effective beamwidth from
a NLOS measurement at 28 GHz (lower), where a 4.5 dB gain reduction has
been observed compared to its nominal gain of 14.5 dBi.

mm-Wave frequency bands. However, owing to the channel
angular spread and limited number of RF chains, the effective
beamwidth of the antenna will be “widened” by the chan-
nel, as illustrated in Fig. 1, resulting in reduced effective
beamforming gain. This can be intuitively understood by an
analogy of lighthouse beacons being scattered and widened
in fog, leading to shortened reach. A sample of measured
beam pattern obtained by rotating a horn antenna in azimuth,
presented in Fig. 1, shows 4.5 dB gain reduction as compared
to its nominal gain of 14.5 dBi (as measured in anechoic
chamber). Previous measurement campaigns have reported
significant loss of directional gain in various deployment
scenarios, including suburban fixed wireless access (FWA) [9],
[10], indoor offices [11], and industrial factories [12], where
up to 7 dB gain reduction (90th percentile) out of 14.5 dBi
nominal gain was reported.

Angular spread has been widely acknowledged and carefully
modeled for wireless communications, for example, by the
3rd Generation Partnership Project (3GPP) [13]. It is different
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Figure 2. A chart of RMS angular spread (mean value and the corresponding
range of 10% to 90%) for BS and for outdoor UE using 3GPP channel
models [13] for 28 GHz with BS-UE distance of 100 m. Two instances from
UMi 36.873 are also plotted for reference.

in azimuth and in elevation for most relevant deployment
scenarios, and a chart of the root-mean-square (RMS) angular
spread (its mean and associated 10% to 90% range) for base
station (BS) and for outdoor user equipment (UE) is presented
in Fig. 2, created based on 3GPP channel models [13] for
28 GHz with BS-UE distance of 100 m'. Such difference
has also been observed in other channel models developed
by mmMagic, METIS, and NYU Wireless [14].

However, the impact of channel angular spread on system
design, planning and performance evaluation has not been
well understood. The prevailing practice for link budget cal-
cualtion, inter-site interference and co-existence studies is to
use nominal antenna pattern rather than the effective pattern,
leading to inaccurate received power and interference level
estimation. Although high directional antennas have been used
for backhaul links, they are usually installed at high heights
with direct line-of-sight (LOS) path and close to zero angular
spread. This is in contrast to mobile or fixed wireless access
applications where the antennas might be below average clutter
height and the impact of angular spread could be significant.

A. Our Contribution

Main contributions of this paper are:

o A method for the optimal analog beamforming matching
beam pattern to channel angular spread, with closed form
solution for uniform planar arrays;

o An efficient angular spread estimation method using as
few as three power measurements;

o Examples of practical implementation that provides sub-
stantial gain.

In this paper, we focus on wireless access deployment
scenarios where large antenna arrays are deployed to improve
the link budget. We formulate the analog beamforming as a
constrained optimization problem to maximize the effective
beamforming gain for given channel angular spread, leading
to a closed form solution of the optimal array geometry for
uniform planar arrays. The optimal beam pattern turns out to
match the given channel angular spread, and the potential gain
of the optimal array over a squared array of the same size is
demonstrated by system level simulations using 3GPP three-
dimension (3D) channel models.

! Angular spreads are not sensitive to frequency or distance in [13].

We also propose a method of estimating channel angu-
lar spread in azimuth and in evaluation using as few as
three power measurements, and validate its accuracy via
lab measurements using a 16x16 phased array at 28 GHz.
The capability of estimating angular spread and optimizing
beam pattern on the fly enables dynamic directional beam
configuration, and it helps to achieve high effective gain using
low cost analog/hybrid beamforming implementation.

Furthermore, we take advantage of the difference in eleva-
tion and azimuth angular spread in most deployment scenarios
and demonstrate via examples that, without per-UE beam
optimization, substantial gain can be achieved by optimizing
array geometry only with respect to the median angular spread.

To the best of our knowledge, this work is the first of its
kind in matching antenna pattern with channel angular spread
to improve effective beamforming gain, which is essential
and critical to ensure sufficient link budget in mmWave
deployment.

B. Related Work

Some recent work have provided preliminary investigations
on the impact of channel angular spread for channel modeling,
link budget analysis, and system performance evaluation. The
mismatch between nominal antenna gain and received power
level was observed in various channel measurements with
directional antennas, and such antenna specific variation was
embedded directly into “directional” path loss models [15]-
[17], which leads to different path loss models for each
different combination of transmit and receive directive an-
tennas. This is in contrast to the “omni” path loss models
widely adopted by industrial standards such as [13] where the
propagation channel is characterized free from any antenna
assumptions and the path loss is modeled as it would be
observed with ideal omni antennas at both the transmitter
and the receiver. For example, in [10]-[12] the effective gain
reduction caused by angular spread is modeled separately
from the “omni” path loss channel models. Reduction of
directional gain and capacity by azimuth angular spread have
been evaluated in [18] for single/multiple sector beams, and
the impact of angular spread in azimuth and in elevation for
mmWave squared arrays have been studied in [19] for Gbps
coverage with wireless relayed backhaul.

System level simulations of mobile networks in [20] have
demonstrated up to 40% deviation from realistic value of Long
Term Evolution (LTE) downlink (DL) throughput when nom-
inal antenna pattern is assumed instead of effective antenna
pattern. Study for 5G scenario with analog beamforming in
mm-Wave range was presented in [21] where the radio link
budget for serving link and interfering links were evaluated
for both nominal and effective antenna gains. The impact of
3GPP 3D channel models on effective antenna array patterns
has been visualized in [22] and it was found that the down-
link Signal to Interference and Noise Ratio (SINR) can be
overestimated by 10 to 17 dB in NLOS scenario when using
nominal beam pattern rather than effective pattern. The impact
of angular spread on the efficiency of tapering method has
been evaluated via simulations [23] which indicates that the
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first side-lobe suppression level (SSL) can decrease to 16 dB
in LOS conditions, or even to 2 dB in NLOS, in comparison
to SSL of 20 dB for the nominal antenna pattern.

C. Paper Organization

A brief description of system model is in Sec. II and array
geometry optimization is presented in Sec. III. System level
simulation and lab measurements are reported in Sec. IV.
Several potential applications are discussed in Sec. V and
conclusions are in Sec. VL.

II. SYSTEM MODELS

To highlight the key idea and to simplify presentation, we
focus exclusively on uniform planar array where elements are
separated by half a wavelength. This configuration facilitates
simple and direct representation of the nominal beam pattern
by the underlining array size and array geometry via Fourier
transform. Extension to other beamforming methods and array
types will be discussed in Sec. III.

We consider the case of high gain antennas whose beam
pattern can be approximately characterized by Gaussian func-
tions? both in azimuth and in elevation [19]

9: B2. B2) = 2 7% 720;2 1

g(¢7 » Pho v)thBve he Y 1

where B; and B, are the RMS beamwidth (in radius) in

azimuth and in elevation, respectively. The directional gain,

defined as the peak to average power ratio of the antenna
pattern, is determined by the RMS beamwidths as [19]

2
¢= BnB,’ @

In the absence of scattering, the RMS beamwidths of the
antenna pattern are set, correspondingly, to their nominal value
By and B,g, which can be determined from anechoic cham-
ber measurement. From (2) we can obtain the corresponding
nominal gain as Gporm = 2/(BroBuwo)-

In the presence of scattering, signals may come from mul-
tiple directions. The received signal along a certain direction
is the circular convolution of the nominal antenna pattern and
the channel angular response [11]. Assuming, for tractability,
the channel angular response can also be modeled as Gaussian
functions. That is, for a channel with RMS azimuthal angular
spread (ASD?) o, and RMS elevation angular spread (ZSD)
0y, We can write its normalized channel angular response as

,Lzz 62
352
29, o 203 .

h¢g,0;07,00) =

e
OhOy

The effective antenna pattern is a circular convolution of

two independent Gaussian signals with variance (B, Byo)

and (02,02), respectively. The resulting effective beam pat-

tern still has the Gaussian form as (1) but with variance

2Such approximation has been widely adopted in standard specifications
such as 3GPP [13]. Empirical observation indicates that the main lobe can be
well approximated by Gaussian function for antenna gain as low as 5 dBi.

33GPP convention uses ASD/ZSD for angular spread at the base station
and ASA/ZSA at the user terminal. We use ASD/ZSD throughput the paper
for convenience and corresponding value of ASA/ZSA from [13] should be
used when optimizing beam pattern for user terminal.

(Bio+03, BZ+02). Therefore, the effective RMS beamwidth
in azimuth and in elevation are given, respectively, by

By, = \/ B2, + 02, B, = /B2 +02. 3)

Therefore, we can determine the effective beamforming gain
from the nominal antenna pattern and channel angular spread

2
2 2 2 ’
VB + 07/ B + 02
When the number of antenna elements increases, the effec-
tive gain in scattering environment is always smaller than its

nominal gain, and will saturate* at the limit U% imposed by
the channel angular spread.

Gepr =

IIT. ARRAY GEOMETRY OPTIMIZATION AND ANGULAR
SPREAD ESTIMATION

A. Theoretical Derivation of Optimal Array Geometry

We focus on analog/RF beamforming where there are in
total /V antenna elements, arranged in rectangular/square shape
to form a uniform planar array of size (K7, K3), with

KiK; < N. “4)

Array of (K, K;)=(1,N) corresponds to a horizontally
deployed uniform linear array whereas Ks=1 indicates a
vertically deployed uniform linear array.

We assume all antenna elements are identical and each has
nominal beamwidth Bj,. in azimuth and B,. in elevation,
which could be measured from anechoic chamber. They can
also be derived from its nominal gain by assuming identical
beamwidth in elevation and in azimuth, i.e.,

Bhe = Bve = 2/Gea

where G, is the element gain and the last step is from (2).

Since the effective beamforming gain depends on array
geometry (K7, K>), element beamwidth B,. and By, and
channel angular spread o, and oy, we can optimize the array
geometry (K, K>) to maximize the effective beamforming
gain subject to the size constraint (4).

Theorem 1. Ignoring the integer constraint on array dimen-
sion K1 and Ko, the effective beamforming gain of an antenna
array with N elements is upper bounded as

2
G(Nv Bye; Bhe, 0, Uh) <

(&)
Ohoy _|_ Bv}zVBhe ’

with equality if and only if the array geometry is given by

NBvegh NBILGUU
Ky =/ —%" K,= () = 6
! Bheav ’ 2 Bveah ( )
Proof: See Appendix A. [ ]
The nearest integer pair close to (K7, K5) as specified by

(6) and satisfying the total elements constraint (4) gives the
best analog beamforming gain.

4“When there are as many RF chains as the number of antenna elements,
generalized beamforming has the potential to provide effective gain that grows
linearly with the number of elements, providing that perfect channel state
information is available.
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Figure 3. The optimal beam pattern (and the underlining array geometry using
uniform plenary array) should match the channel angular spread as prescribed
by (7) to maximize the effective analog beamforming gain.

Note that the ratio between the optimal RMS azimuth and
elevation beamwidth equals the ratio of the channel RMS
spread in azimuth and in elevation, i.e.,

Bho _ Bne/Ks _on
B’UO Bve/Kl Oy ’
Hence, the optimal beam pattern (generated by the optimal

array geometry) matches the channel angular spread in both
azimuth and elevation, as illustrated in Fig. 3.

(7

Remark 1. The optimal geometry that provides the maximal
effective gain is determined for the given angular spread and
number of elements. The actually implementation might not
be exact as what suggested by the optimal solution due to im-
plementation difficulties or cost constraints. For example, RF
design would prefer symmetric circuits and antenna elements
placement, and the use of splitters in the feed network may
limit the granularity of array geometry options. Nevertheless,
the beam pattern should match the angular spread as close as
possible as prescribed in (7) after balancing all the tradeoffs.

The same concept and methodology of array geometry op-
timization for uniform plenary arrays shall also apply to other
types of directional antennas (like horn, reflector antennas,
plasma antennas, etc.) or antenna arrays using non-directional
elements (e.g., dipole, monopole). It is also applicable to
other beam generating methods such as phase-only pattern
synthesis [30], [31] which does not require relocation of
array elements. In such applications, it is the azimuth and
elevation beamwidth of generated beam patterns that should
be subjected to optimization and the optimal beam pattern shall
match channel angular spread as specified by (7).

B. Theoretical Derivation of Angular Spread Estimation

When channel angular spread (ASD o}, and/or ZSD o) is
unknown or time varying, the effective gain of a rectangular-
shaped sub-array can be determined in real time from mea-
sured signal strength using three or more different sub-array
configurations, as detailed below. For a uniform planar array
of size (N1, Ns), i.e., there are Ni rows and N column,
we can measure the signal strength of three sub-panels of
size (n1, k1), (n1, k), and (ne, k1), where nq,ne < Ny, and
ki,ka < Ns. The effective gains of the corresponding sub-
arrays, which depend on (Bye, Bhe,0v,0r) but not shown

explicitly to simplify notation, can be written as

2
G(ny, k1) = , )
) = B T o B £ 2
2
G(ny, ko) = , 9)
o) = T T ot B e T
2
G(ng, k1) = . (10)
02k = B T s B TR 1 o
By combining (8) and (9) we have,
G(nlvkl) _ (Bhe/k2)2+ai2L (11)
G(TLl,kQ) \/(Bhe/kl)Q—f—O'i7
from which we can obtain
G2(n1,]€2) 1 Op 2_i_ G2(n1,k2) (12)
G2 (n1, ]411) Bhe o k‘% k‘%GQ (nl, k‘l) ’

leading to an estimate of normalized ASD, in its squared form,

( on )2 _ YK~ G ka) /(3G (1, K))

Bhe GQ(TL17I€2)/G2(TL1,]€1) —1 (13)

Similarly, by combining (11) and (13) we obtain an estimate
of the normalized ZSD, in its squared form,as

|:G2(Tl2,]€1) _ 1:| ( Oy )2 o i _ GQ(ng,]{il) (14)
GQ(ﬂl,kl) Bve o n% n%GQ(n17k1)7

< o0 >2 _1/n} — G2(n2, k1) /(n3G? (01, k1)) as)
Bve - G2(n2,k‘1)/G2(’I’L1,k‘1) -1 '

If there are more measurements using different sub-arrays,
each such pair would provide an estimate of the normalized
ASD or ZSD, and such estimates should be combined together
by treating each of such estimation as one realization of
(12) and (14) for ASD and ZSD, respectively. Then all
the equations formulated using (12) will be treated as an
overdetermined linear system for ASD and all the equations
formulated using (14) will be treated as an overdetermined
linear system for ZSD.

Assume there are n independent estimates of ASD estab-
lished by (12) and [ independent estimates of ZSD (14). For
i=1,...,n, let a; and b, represent the corresponding constants
on the left-hand-side (LHS) and the right-hand-side (RHS),
respectively, of the i** ASD estimation established by (12).
That is,

G?(ny, k2) 1 G?(n1, k2)
G = | ~57 7\ — 1 ) bz =172 " 7329/ 1| >
GZ(TLl,kl) i kl kQGz(TLl,kl) i

where the subscript ¢ is used to simply indicate the association
to the " equation. Similarly, for j=1,...,1, we denote c¢; and
b; as the LHS and RHS constants, respectively, of gt ZSD
estimation established by (14).

We can combine these independent estimates together as

(5e)e=s () o= a0
where
a=la,....an]", b2 by, ba]",
c2c,....q)t, dEdy,....d))"
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Applying the classical Least Square estimator, we obtain
the improved estimation of the normalized ASD and ZSD, in
their squared form, as

oh Q_dTB Oy 2_ETEl
<E%e) ~a’a’ (Ene> ~ele’
Estimators other than the Lease Square estimator used in (17)
can also be applied here to seek tradeoff among accuracy,
complexity and robustness.

Since angular spread is defined to quantify how wide the
channel energy spreads in angular domain, it is non-negative
by definition. However, the estimates of the squared value of
ASD and ZSD obtained using (13), (15), or (17) might be
negative because of estimation noise. Such negative valued
estimate is therefore illegitimate, and its value should be
replaced by zero.

With estimation from (13), (15), or (17), the effective gain
of a sub-array of size (m1, mo) can be estimated as

1, 02 |1, o}
)vnﬁBse B

1o [
m3 + B2_\/ m2 + B?

a7

G(ml,mg) = G(nh /{31

IV. NUMERICAL EVALUATION, SYSTEM LEVEL
SIMULATION AND LAB MEASUREMENTS

In this section we will demonstrate the benefits of array
geometry optimization by numerical results, system level
simulation and lab measurements using a 28 GHz phased array
with 256 elements.

A. Numerical Evaluation

Effective beamforming gain for analog beamforming (i.e.,
one RF chain) using uniform planar arrays with 256 antenna
elements at 28 GHz are shown in Fig. 4 for both the urban
macro (UMa) NLOS scenario (blue line) and the urban micro
(UMi) Street Canyon LOS scenario (red line), where the
angular spreads of radio channels are from 3GPP models [13]
assuing BS-UE distance of 100 m. The effective gain obtained
using (20) for a set of different array geometry are highlighted
by markers and connected by solid curves to illustrate the
general trend of effective gain with respect to array geometry.
The optimal array geometries for each channel, designed based
on Theorem 1, are highlighted in the plot using black triangles.

With total of 256 elements, 5 dBi each, the ideal gain
obtained by digital beamforming with full channel state infor-
mation would be 29.1 dBi. In scenarios where angular spread
is moderate, such as the 3GPP UMi Street Canyon LOS with
median ASD of 14° and ZSD of 0.6°, a 64 x 4 tall array (very
close to the optimal geometry 85 x 3) is 4 dB better than the
16 x 16 squared array, and 16 dB better than a 1 x 256 fat
array. In a different environment such as the 3GPP UMa NLOS
case which is characterized by larger angular spreads (median
ASD of 22° and ZSD of 5°), a 32 x 8 tall array (optimal) is
0.5 dB better than a 16 x 16 squared array, 9 dB better than
a 1 x 256 fat array. This shows the importance of matching
antenna beam pattern to channel angular spread and highlights
the benefit of antenna beam pattern to corresponding angular
spread of radio channels.

[5] ;
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Figure 4. Effective beamforming gain of (20) for analog beamforming using
uniform planar array with 256 elements at 28 GHz with BS-UE distance of
100 meters for both the UMa NLOS scenario (blue line) and the UMi Street
Canyon LOS scenario (red line) using 3GPP models [13]. The optimal array
geometries from Theorem 1 are highlighted as black triangles.

Table 1
SUMMARY OF KEY PARAMETERS OF THE SYSTEM LEVEL SIMULATION.
Parameters Values
Network layout 3-ring hexagon-grid with wrap around, 200 m ISD
Macro cell 19 sites, each has 3 “cell” (location anchor, no BS)
Micro BS 3 cluster circles per macro; each has 1 micro BS
BS drop Random drop along the edge of cluster circles
BS antenna Uniform planar array with 128 elements (8 dBi)

Antenna pattern as per 3GPP TR 38.803 [27]

BS antenna height | 10 m

UE height 1.5 to 22.5 m, each has a 2x2 array (5 dBi/element)

Number of UE 1 per micro BS

UE location 20% outdoor, 80% indoor

Penetration loss 50% high loss, 50% low loss

UE distribution uniform

BS-UE distance minimum 3 m (2D)

LOS probability as per 3GPP TR 38.901 [13]

Channel model 3GPP TR 38.901 UMi Street Canyon

Correlation 0.5 between sites

B. System Level Simulation Using 3D Channel Models

The system level simulation was performed to examine the
accuracy of the theoretical analysis presented in Sec. III with
full 3D spatial statistical channel model, as specified in 3GPP
TR 38.901 [13], and antenna array model with beamforming
algorithm adopted from 3GPP 5G system evaluation described
in 3GPP TR 38.803 [27]. Key parameters of our system
level simulation are summarized in Table I. Note that in
our simulation results, both the baseline and our scheme,
we always assume that the BS already finds the best aiming
direction (i.e., selection diversity gain is already included in
both cases), and we show that optimizing the beam pattern
can bring in additional gain.

First set of simulation results aim to verify correctness of
analysis of effective antenna gain, for BS transmission in
downlink, described above. For this purpose, we override some
of the simulation parameters from Table I to remove some
constraints normally seen in system level simulations. More
specifically, we set all UEs at 10 m high (same height as
the BS) and 60 m from its serving BS with both the BS
and UE antennas aiming towards the strongest direction on
its boresight. The median ASD is fixed to 16° and median
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Table II
SIMULATION RESULTS MATCH THEORETICAL ANALYSIS OF EFFECTIVE
BEAMFORMING GAIN OF RECTANGULAR ARRAYS WITH MAXIMUM OF 128
ELEMENTS (EACH OF 8 DBI GAIN).

BF gain [dBi] | Nominal | Theory | Simulation
8 x 16 29.07 19.91 19.58
42 x 3 29.00 24.31 24.35

= Effective gain 8x16
0.9 1 = = Max ideal gain 8x16
= Effective gain 42x3 (optimal)

08 - — Max ideal gain 42x3 (optimal) ]
07} ]
0.6 - X: 19.58 X: 24.35 B

Y:05 Y: 05

—_—

e e e e e e ——— ——

+4.77dB
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Gain [dBi]

Figure 5. System level simulation results of the effective beamforming gain
of rectangular arrays with maximum 128 elements using 3GPP 3D spatial
channel model with median ASD of 16° and ZSD of 1° for both the default
array geometry of 8 X 16 (blue lines) and the optimal geometry of 42 x 3
(red lines). The median of the gains obtained from system level simulation
match the values predicted by theoretical analysis within 0.5 dB.

ZSD to 1° to facilitate direct comparison against theoretical
analysis. Results of simulations are presented in Fig. 5 and
Table II. It can be noticed, that median value of simulated
antenna gain cumulative distribution function (CDF) matches
the theoretical value within 0.5 dB.

Second set of simulation results are to demonstrate the
benefits of optimizing antenna array geometry in realistic
deployment scenarios as described in Table I. Ideally, one
can maximize the gain by performing per-UE adaptive beam
pattern optimization. Such per-UE beam pattern optimization
might be implemented over a fixed array using advanced
phase-only pattern synthesis [30], [31] without relocating array
elements®. As UE moves, how frequent per-UE beam pattern
optimization should be performed is an open problem. The
optimal tradeoff among performance, overhead and complexity
for per-UE beam optimization would be an interesting research
direction.

To highlight the gain in practical implementations, we pro-
pose to use a fixed array geometry optimized with respect to
the median channel angular spread in the deployment scenario
and all UEs in the system are served by directional beams
with the “same” beam pattern®. Two array geometries are
used in simulation, i.e., the default 8x16 arrangement and
the optimal 423 configuration as obtained using Theorem 1.
Simulation results for the received DL serving signal power,

SRelocating array elements after deployment might be challenging.

®Due to boundary effects, beams pointing away from boresight direction of
the planar array may have slightly different beamwidth. Such effect is taken
care by the simulator and is reflected in our results.

[9] 6

DL interference power, and DL signal to interference plus
noise power ratio (SINR) are presented in Fig. 6. As compared
to the default 8x 16 array configuration assumed by 3GPP, the
optimized 42 x 3 array has demonstrated large increase in
signal power (Fig. 6 left) thanks to its matching to the median
channel angular spread, and modest reduction in interference
power (Fig. 6 middle) thanks to its increased vertical resolu-
tion, leading to a combined gain of 6.6 dB on median SINR
(Fig. 6 right). Should all users/devices distributed at the same
height, widened azimuthal beam may lead to an increase in
interference and therefore smaller SINR gain using optimized
array geometry. Although the gain of using the optimized
array differs from UE to UE, and some UE experience higher
gain than others depending on how well the optimized beam
pattern matches to its channel angular spread, substantial gain
on the signal strength and SINR at system level has been
observed. Therefore, the proposed array geometry optimization
can be implemented to achieve substantial gain at system level
without any per-UE beam pattern optimization.

C. Lab Measurements

To verify the effectiveness of the proposed techniques, we
have carried out proof-of-concept measurements using a 28
GHz 16x16 array as the transmitter (Tx) and a 10 dBi horn
as the receiver (Rx). Different antenna array geometry was
configured by setting zero amplitude for selected antenna
elements (AE). The “muted” antenna elements behaved like
dummy elements which have marginal impact for antenna
pattern due to EM coupling from active AEs. However, this
small impact does not influence our general conclusion. The
Rx horn antenna was connected to a Signal Analyzer. Tx signal
with 100 MHz bandwidth was radiated from the antenna array
and the received signal power was measured at Rx side. Since
different Tx sub-array has different Tx power, the difference in
beamforming gain is determined by the difference in Rx power
subtracting the difference in Tx power. This operation also
eliminates the common losses (such as cable loss, connector
loss) experienced by all signals.

Calibration in anechoic chamber was done using different
antenna array configurations with boresight alignment. The
measured total array gain with the same number of antenna
elements but different geometry (e.g. 8 x 8, 16 x 4, 4 x 16
for 64 elements) was almost the same, with difference around
0.5 dB which could be attributed to dummy elements coupling
effect, beam alignment offset or other measurement noise.

Proof-of-concept measurements, as shown in Fig. 7, were
carried out for both LOS and NLOS scenarios in an controlled
lab environment. For LOS, two rows of reflective panels are
used to create multipath-rich environment with larger angular
spread in azimuth to verify the gain of optimal antenna arrays.
For NLOS measurements, a metal rack and additional panels
are used to increase angular spread. Reflective panels are
used to intentionally create vastly different angular spread to
demonstrate how well the proposed techniques work both in
LOS and in NLOS environment. Note that in this experiment,
it is the match between measurement and estimation rather
than the absolute value of beamforming gain that matters.
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Figure 6. System level simulation results of the DL received signal power (left), interference power (middle), and the SINR (right) of rectangular arrays for
both the default array geometry of 8 X 16 and the optimized geometry of 42 x 3. 3GPP 3D spatial channel model under UMi Street Canyon scenario with
33 dBm transmit power. The combined gain of signal power increase and interference power decrease leads to an increase of median SINR by 6.6 dB.

Figure 7. Lab measurement setup for both LOS (left) and NLOS (right) where
a 28 GHz phased array of 16 x 16 was used as the transmitter and a 10 dBi
horn as the receiver. Different subarrays were activated generate beams of
different beamwidth.

The measured relative gain, using the full 16x16 array as
baseline, as well as the estimated gain based on estimated
angular spreads using the methods presented in Sec. III-B
(rounded to integer value) are shown Fig. 8. The estimated
angular spread in the controlled radio channel created using
reflection panels was found to be 4° in ASD and 0° in ZSD
for LOS, and 27° in ASD and 1° in ZSD for NLOS. Note that
the large angular spread in azimuth and small angular spread
in elevation are in line with what specified in standard channel
models [13].

The results have verified the effective antenna gain for
different antenna array geometry with different number of
antenna elements for LOS and NLOS scenarios. For example,
in LOS, the 16x2 sub-array has similar gain as the 8x8 by
using 2 times less antenna elements. In NLOS, the effective
antenna gain of 16x2 array is only 2.2 dB worse than
16x16, whereas the effective gain of 2x16 array is 8.7 dB
worse, clearly demonstrated the need of array optimization.
Furthermore, these measurement results match our estimated
gain (based on estimated angular spread) with high accuracy.
These examples clearly validate our analysis on antenna array
optimization and angular spread estimation.

LOS, difference in effective gain as compared to 16x16 array (VxH) [dB]
Estimation is based on ASD=4° and ZSD=0°
16X2 2X16 4X16 8X8

16X 16

16X4 8X4 4X8 4X4

B measurement M estimation

NLOS, difference in effective gain as compared to 16x16 array (VxH) [dB]
Estimation is based on ASD=27° and ZSD=1°
16X2 2X16 4X16 8X8 8X4

16X16

16X4 4X8

axa

Figure 8. Lab measurement results and estimated effective beamforming gains
for LOS (upper) and NLOS (lower).

V. POTENTIAL APPLICATIONS

We present here a few potential applications where op-
timizing array geometry can be applied to improve system
performance.

A. Deployment Specific Array Optimization

For arrays with the same number of elements, the beam
pattern of a tall array has wider beamwidth in azimuth than
in elevation. In environments where azimuth angular spread is
much larger than elevation angular spread, which is the case
for deployment scenarios covered by 3GPP channel models, a
tall array with the same number of elements (e.g., 16x4) has
beam pattern that matches the channel angular spread better as
compared to the beam pattern of the squared array (i.e., 8 x8).
Since the effective gain is maximized when the nominal beam
pattern matches channel angular spread, optimizing the array
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Figure 9. Example of optimal array geometry and the effective gain as
function of array size. The ASD and ZSD are according to specifications
in 3GPP UMi street canyon NLOS channel [13].

geometry may improve the signal strength by a few dB and
thus leading to better system performance.

Pre-design of arrays in different geometry can be targeted
for each typical deployment scenarios, such as urban macro
sites, urban micro small cells, suburban FWA, and indoor
office. For each typical deployment scenario, one may design
the array geometry based on the median value of angular
spread in such cases and exploit the fact that the spreads
in azimuth and in elevation are not the same. Such design
strategy would provide similar gain on signal to noise power
ratio (SNR) over the squared array for majority of the users,
as verified by our system level simulations.

In Fig. 9 we compare the effective analog beamforming gain
of the optimal array to the gain of traditional squared arrays
in 3GPP UMi street canyon NLOS deployment scenarios.
Optimal array geometry as labeled in the figure are obtained
according to Theorem 1 and the corresponding effective
beamforming gain is obtained using (20). For same number
of antenna elements, 5 dBi each, the optimal array design
can improve the effective beamforming gain (thus the signal
strength) by 2 to 3 dB over squared arrays. Configuration for
other radio propagation environments with different angular
spreads or other values of element gain can be obtained in
a similar way straightforwardly. Since the angular spreads at
UE are much larger than those at BS, as shown in Fig. 2,
using large antenna arrays at UE is inefficient in providing
beamforming gain.

B. Optimizing Array Geometry under EIRP Constraint

For devices with strict equivalent isotropic radiated power
(EIRP) limit, such as indoor terminals, the maximum allowable
number of antenna elements N can be determined from the
EIRP limit as:

N < 10ERP—P:—Ge)/20
where EIRP is in dBm, P, is the per-element transmit power in

dBm and G, is the per-element gain in dBi. For example, with
per-element directional gain of 5 dBi and per-element transmit
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Figure 10. Example of optimal analog beamforming gain and array geometry
as a function of EIRP limit for 3GPP indoor LOS channel [13].

power of 10 dBm, a maximum of 25 elements is allowed for
indoor mobile stations subject to the peak 43 dBm EIRP limit
imposed in the United States [24]. At a higher peak EIRP
limit of 55 dBm for indoor modems, up to 100 such antenna
elements can be used. In Fig. 10 we plot the nominal gain, the
effective gain of squared arrays, and the effective gain of opti-
mal arrays with the same number of elements, as a function of
EIRP limit, where the optimal configuration of antenna array,
obtained by applying Theorem 1, is as indicated in the figure.
Compared to squared arrays with the same EIRP limit, 3 to
4 dB improvement of effective beamforming gain (thus signal
strength) can be achieved by array geometry optimization for
3GPP indoor LOS scenarios [13]. Configurations for other
radio propagation environments with different angular spreads
or other values of element gain and element power can be
obtained straightforwardly following the same method.

On the other hand, the improved effective gain from array
geometry optimization can also be leveraged to maintain the
same link budget (thus throughput) but with fewer antenna
elements as compared to conventional squared arrays. For
example, as shown in Fig. 10, a 5 x 5 squared array with 43
dBm EIRP (including 24 dBm Tx power) would have effective
gain of 13 dBi, whereas a 16 x 1 array would have 22 dBm
Tx power but with effective gain of 15 dBi. Thus, using the
16 x 1 array would maintain the same link signal strength as
the 5 x 5 squared array but with 2 dB less Tx power and 36%
reduction in antenna elements, which translates to a combined
4 dB reduction of EIRP. Such reduction will not only leads
to lower power consumption and reduced hardware cost, but
also lower electric and magnetic fields (EMF) radiation, which
could help 5G system to meet performance expectations under
RF EMF compliance limits [25].

C. Array Optimization for FWA Cell Capacity Enhencement

High path loss and large signal bandwidth (in the order of
1000 MHz) at mmWave bands lead to low to median SNR
for users in NLOS or at long distance. Since the throughput
is close to linear of SNR level in noise limited systems, a
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Figure 11. CDF of DL cell capacity (bps/Hz) for 5G FWA at 28 GHz in a
suburban deployment scenario [26], where optimized array geometry of 16 x4
is compared to the default 8x8 squared array.

modest gain in signal strength could lead to substantial gain
in throughput, especially for cell edge users.

In Fig. 11 we plot the CDFs of the DL cell capacity (bps/Hz)
for 5G FWA at 28 GHz in a suburban residential deployment
scenario [26] where antenna arrays of 64 elements are used
at lamppost-mounted access points. Detailed simulation setup
can be found in [26]. With 800 MHz bandwidth and 285
m inter-site distance along the same street, the system is
essentially noise limited for most of the Customer Premise
Equipment (CPE). The optimized array of 16x4 achieves
about 2 dB gain in median DL SINR as compared to the
default 8x8 squared array. We map the DL SINR to DL cell
capacity using the 3GPP configuration [27], and the plot the
CDFs of cell capacity in Fig. 11. As compared to the default
squared array, the optimized array provides a 20% increase of
cell capacity at median and 60% increase at 10th percentile
(i.e., cell edge).

VI. CONCLUSIONS AND DISCUSSIONS

In this paper we address the link budget challenge of
high speed wireless access at high bands by focusing on the
effective beamforming gain of antenna arrays under channel
angular spread. We have presented closed form solution to
match the antenna beam pattern with channel angular spread,
which can be very useful in designing deployment specific
antenna arrays for typical scenarios based on long-term his-
torical data to improve link budget. We have also developed
a method to estimate channel angular spread based on as
few as three power measurements, which facilitate dynamic
directional beam configuration in a per-transmission basis.
This opens the door of a new operation regime for analog
beamforming at high frequencies.

Although we made a few assumptions regarding the angular-
power distribution to make analysis tractable, the feasibility
and projected gains of our methods have been confirmed with
impressive accuracy by our 3GPP compliant system level sim-
ulations using 3D channel models and by our lab measurement

using a 16x16 phased array at 28 GHz. Furthermore, our
proposed use cases for deployment-specific array geometry
optimization only require the median value of RMS angular
spread, which can be estimated based on historical data for
each deployment scenarios.

Since the key ingredients of our solution is to match the
beam pattern with channel angular spread, the proposed geom-
etry optimization and angular spread estimation methods also
apply to other array types and beamforming methods, despite
that our description focused exclusively on beamforming over
uniform planar array. For such applications, it is the RMS
beamwidths in azimuth and in elevation that should be used
in analysis rather than the dimension of arrays. The capability
of real-time UE-specific optimal beam pattern optimization
developed here is especially interesting for advanced beam-
forming techniques of phased arrays [28], [30], [31] and novel
antenna technologies using metasurfaces [29].

Extension to panel-based hybrid beamforming is straightfor-
ward. Assuming there are in total N antenna elements evenly
allocated to M sub-panels, each supported by one dedicated
RF chain. Each sub-panel has N/M elements arranged in
rectangular/square shape to form a uniform planar array, where
the optimal array geometry (K7, K3) can be optimized as in
Sec. III to maximize the effective analog beamforming gain
G (K1, K>) for each sub-panel. Assuming perfect channel state
information is available for digital beamforming when combin-
ing M panels via maximum ratio combining/transmission, the
effective beamforming gain of the /N-element M -subpanel hy-
brid beamforming is therefore MG (K7, K2). As the number
of RF chains increase, hybrid beamforming has the potential
to better combat gain degradation caused by angular spread,
and the corresponding gain of beam pattern optimization may
therefore be reduced.

When multiple UEs are served simultaneously by a fixed ar-
ray via separate RF chains, our work enables a new dimension
of resource allocation by optimizing the subarrays assigned
for each UE based on the corresponding angular spread. Such
subarray allocation problems require non-trivial combinatorial
optimization and we leave it to future work.
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APPENDIX A
PROOF OF OPTIMAL ARRAY GEOMETRY

For a uniform planar array of size (K7, K3) where each of
its antenna elements has nominal beamwidth Bj,. in azimuth
and B, in elevation, the analog beamforming pattern could be
generated by applying phase shift to each individual elements
whose coefficient is given by a K; x K5 Fourier Transform
matrix

o dy o dp
I:e—]QTrkT s1n(9—90)e—327rl7’ sm(¢—¢0):| ,

where k=0,...,K;—1, [=0,...,Ks—1. The beam aiming
direction (¢, 6p) are relative to the boresight direction of the
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array. A is the wavelength of the carrier frequency and dj, and
d, are antenna element separation distance in azimuth and in
elevation, respectively.

In free space or anechoic chamber where there is no angular
spread, the generated beam pattern of the uniform planar array
of size (K1, K>) shall has K times gain in elevation and Ky
times in azimuth, as compared to a single element. Assuming
both the element beam pattern and the array beam pattern are
in Gaussian shape as in (1), the nominal RMS beamwidth
B,o and Bpg of the (K7, Ks) array shall be K; and Ko
times, respectively, smaller than the element beamwidth B,
and Bjy,.. That is,

B’UE
K’ Ky’
Given angular spread o, and oy, the effective analog beam-
forming gain can be determined by substituting (19) and (3)
into (2), described as follows

BvO = BhO =

19)

2
G(KlaK%vaBheaavaah): B, B,
2
_ , (20)
¢<%v:>2+aw<3he> +a}
_ 2
- 2
li?(:}i%e + 03 Uh +Uh v Kz

Since K1 K5 < N, the effective beamformmg gain (20) can
be rewritten as

2
G = — 21
\/ Shethe + 0207 +ahK”;+crth§
2
< (22)
\/¥ 1 0202 + 20p0, BusBas
2
= (23)

)
KOy + B've]VBhe

where (21) is by substitution of K Ko=N, and (22) is from
the inequality of arithmetic and geometric means (i.e., the
AM-GM inequality), with equality hold, thus achieving the
maximal effective gain (23), if and only if

Ky _ _ 0n/Bhe

K 2 Oy / Bve .
Combine (24) with constraint K Ko
presented in (6).

JhB'ue

24
Oy Bhe ( )

=N leads to the solution
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ABSTRACT The 5™ generation of mobile communication system (5G) enables the use of millimeter wave
frequency bands and beamforming with narrow-beam directional antennas for mobile communication. Accu-
rate estimation of radio link budget which enables direct assessment of achievable cell range or maximum
throughput and facilitates network parametrization before deployment is one of the most challenging prob-
lems in radio network planning. In contrast to traditional cellular systems, where omni-directional or sectoral
antennas are deployed with half-power beam-width much larger than angular spread of the radio channel,
the beam-width of antenna arrays assumed for 5G in sub-6GHz and millimeter wave bands can be comparable
to or smaller than channel angular spread in scattering environment. Since the effective antenna pattern is
determined jointly by the nominal antenna pattern and channel angular spread, it is no longer appropriate to
use nominal pattern in radio link budget analysis or system level simulations. Simplified approach, where
nominal pattern is assumed for all typical propagation conditions, results in overestimation of the signal
power in serving links and underestimation of interference, which in consequence gives erroneous estimation
of link budget and leads to unsatisfactory network design and deployment. To avoid inaccurate calculation of
link budget while maintaining simplicity it is proposed to modify the simplified approach by using effective
antenna patterns. On the other hand, effective antenna pattern can be further optimized by matching its
half-power beam-width to the angular spread of the radio channel. It is demonstrated via simulations how
to rework the radio link budget for accurate estimation of system performance in high bands for 5G and
beyond, along with benefits of effective antenna pattern optimization.

INDEX TERMS 5G, angular spread, beamforming, directional antenna, effective antenna pattern, millimeter

wave, radio link budget.

I. INTRODUCTION
The first wave of commercial deployment of the 5™ genera-
tion of mobile communication system (5G) started in early
2019. The 5G New Radio (NR) [1], which was named by
34 Generation Partnership Project (3GPP) - a standardization
body - to emphasize its revolutionary nature, can deliver up to
Gbps download data rate in selected locations, which is over
ten times higher than what 4G (Long Term Evolution - LTE)
[2] can provide. However, we have already learned that the
performance of these first networks is not always as expected
by the end users, and coverage has been a big challenge from
day one. What are the most common reasons of the first 5G
networks unsatisfactory performance?

One of the answers is overestimation of radio link budget.
Overestimation in this case means that at the stage of network
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planning the assumed coverage of the cell and the level
of downlink (DL) signal power from serving base station
(BS) were higher than what was measured in the field. As a
consequence, the DL signal to interference plus noise ratio
(SINR), and therefore DL throughput, are lower than initially
expected.

As different as reasons of SINR overestimation can be,
the most probable one is too simplified method of link budget
calculation, inherited from previous generations of cellular
system analysis. In traditional cellular systems where omni-
directional or sectoral antennas are deployed, the antenna
half-power beam-widths (HPBW) are much larger than angu-
lar spread of the radio channels. Therefore, the impact of
channel angular spread on link budget is negligible and the
simplified method works. However, 5G NR is adapted to
use - in both sub-6GHz and millimeter waves (mmWave)
bands - antenna arrays whose beam-width is comparable to
or smaller than channel angular spread. The complex relation
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between 5G narrow-beam directional antennas and channel
angular spread should be carefully examined and properly
accounted for in 5G radio link budget calculation. Inheriting
the simplified radio link budget tool from previous genera-
tions would lead to noticeable difference in SINR as com-
pared to detailed simulation results using three-dimensional
(3D) channel modeling. Inaccurate estimation of SINR “may
lead to suboptimal deployments of first 5G networks”, a direct
quote from [3].

This article summarizes the authors’ latest studies on
proper modeling of 5G link budget with narrow-beam anten-
nas and its impact on network performance estimation.
Section II introduces definitions of nominal and effective
antenna beam patterns. In Section III two different meth-
ods for simple link budget calculation are presented and
their estimation of 5G network performance is compared.
Section IV shows the efficiency of antenna tapering from the
perspective of effective antenna beam pattern. A method for
optimization of effective antenna beam pattern is provided in
Section V, and system level simulation results are presented
in Section VI. Section VII summarizes and concludes the
article.

Il. NOMINAL ANTENNA PATTERN VS. EFFECTIVE
ANTENNA PATTERN

When designing an antenna, one of the main objectives is to
obtain a specific radiation pattern. In case of antenna arrays,
the expectations are mostly high maximum gain and low level
of side lobes. Antenna pattern which has been determined
by design and validated by measurements in an anechoic
chamber is referred to hereinafter as nominal antenna pattern
of the antenna.

With increasing number of antenna elements in the array,
the maximum gain of the nominal antenna array pattern
increases and its HPBW decreases. These relations are
described by [4]:

gNom _
max
Nom

where g9 is the maximum nominal antenna array gain, By,
and B, are the nominal root mean square (RMS) beam-width
in horizontal and vertical planes (in radians), respectively, N
is the number of antenna elements in the array, and G, is the
gain of a single antenna element.

In practical channel scattering environment, which differs
significantly from anechoic chamber propagation conditions,
the maximum realizable gain and associated HPBW of an
antenna array differ from their nominal values and are here-
inafter referred to as effective. Therefore, the antenna pattern
measured in a scattering environment is defined as effective
antenna pattern for that channel.

Nominal antenna pattern and nominal gain are antenna
specific, whereas effective antenna patterns and the corre-
sponding effective gains change depending on a channel. The
difference between nominal and effective antenna patterns
depends on an angular spread in the scattering environment

2
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introduced by a real deployment scenario. Equations (2)-(4)
describe how effective antenna patterns can be analytically
obtained based on nominal antenna pattern and power angular
spectrum (PAS) of the assumed propagation environment.

180° 180°
g (¢o. 60) = / / gV (9., 0)
—180° 0°
-p (¢ — 0,0 — 60) dpd, @)
g2 (90) = & (o, 6o = 90°)
180°
= &N (4,0 =90°) - pa (¢ — P0)d,
—180°
3)
g (60) = g (¢o = 0°, 6p)
180°
= / gV (¢ = 0°,0) - prie (60 — Bo)d6.
S
@)

In the above equations g is the 3D effective antenna
pattern, whereas gV is the 3D nominal antenna pattern.
gf;{ and gg’?; indicate azimuth and elevation cuts of effective
antenna pattern, respectively. ¢ and 6 define angular domain
in azimuth and elevation, respectively, whereas ¢o and 6y
indicate boresight direction between transmitter (Tx) and
receiver (Rx) in azimuth and elevation, respectively. p4, and
PEle represent realizations of PAS in azimuth and elevation,
respectively.

The level of antenna gain degradation, defined as a differ-
ence between nominal and effective antenna gain, depends
on propagation environment of antenna deployment. Series
of measurement campaigns of effective antenna pattern in
different deployment scenarios have been performed and
published in [5]-[8]. For instance, Fig. 1 presents samples
of measurement results performed in a factory propagation
environment [7]. The polar plot presented indicates how
effectively the shape of directional antenna pattern can vary
between consecutive measurements, even in the line of sight
(LOS) conditions. Despite of very strong direct path, the mul-
tipath propagation components impact the outcome effective
pattern noticeably. As can be expected, nominal pattern is
degraded even more significantly in case of non-line of sight
(NLOS) conditions, where the direct path is not present,
and outcome effective pattern is formed only by multipath
components. It is visible that NLOS effective beam pattern is
wider than in LOS case and its main direction in horizontal
plane is less obvious as there are many clusters with similar
strength in measured radio channel.

Fig. 2 presents a summary of statistically analyzed mea-
surement results in different deployment scenarios, i.e. indoor
office [5], suburban fixed wireless access (FWA) [6], factory
automation [7] and urban Manhattan street canyons [8]. In all
the scenarios a severe impact of angular spread on effective
antenna gain is visible. In case of NLOS the reduction in
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FIGURE 1. Horizontal angular spectra of effective directional antenna
patterns measured in indoor factory environment [7].
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FIGURE 2. CDFs of effective antenna gains measured in indoor office [5],
suburban FWA [6], factory automation [7] and urban Manhattan [8]
environments presented in comparison with nominal antenna gain.

azimuth gain can be as high as 7 dB for 10% of measured
radio links or 5 dB for 50% of measured radio links, in refer-
ence to maximum nominal gain of 14.5 dBi in azimuth.
Those measurement results demonstrate that nominal
antenna patterns, as measured in an anechoic chamber, are
valid only in free space propagation conditions. This con-
clusion is particularly important in the context of simula-
tion campaigns which were aimed to estimate performance
of 5G system before the commercial deployment began.
Reliable simulation results should have ensured correctness
of minimum requirements for 5G equipment and helped to
better optimize the first 5G networks deployed in the field.
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FIGURE 3. Block diagram of statistical channel model reconstruction
according to 3GPP [9].

We already know that it was not always the case. Next
section demonstrates how the performance estimated for typ-
ical deployment scenarios can deviate from realistic values
if in link budget calculations the nominal antenna pattern is
wrongly used instead of realistic effective pattern.

Ill. RADIO LINK BUDGET: HOW IT SHOULD BE DONE?
For link-level and detailed system-level simulations, 3GPP
[9] has provided instruction on how to generate statistical 3D
channel models, as shown in Fig. 3, which includes all the
necessary radio propagation phenomena that must be taken
into account during comprehensive simulation to provide
estimation of radio link budget and performance.

However, such detailed simulation is very time- and
resource-consuming, and could be prohibitively complex,
especially for system level simulation with many radio links
needed to be calculated for evaluation of useful and interfer-
ence signals conditions. To meet a growing need for quick
link budget estimation and system performance evaluation,
a simplified method, which considers only the black blocks
from Fig. 3, is commonly used, for example in [10] for co-
existence studies.

According to section 5.2.5 of [10] the model of received
power in DL and uplink (UL) should include only path loss
and directional antenna gains, determined based on nom-
inal antenna patterns taken from antenna datasheet. Such
an approach considers only some of large-scale parameters
of a radio channel model, i.e. path loss and shadowing,
but neglects other relevant parameters, especially angular
spread, which determines effective antenna pattern. There-
fore, the real impact of angular spread on the effective antenna
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gain is lost in the link budget calculation, which leads to
inaccurate estimation of received power.

The simplified method was popular in evaluations of previ-
ous generations wireless networks as the antenna beam-width
is usually much larger than the channel angular spread, and
the difference between nominal and effective antenna gain
is small. 5G, however, adopts much narrower antenna beam-
width and the gap between nominal and effective antenna gain
is too large to be ignored, as evidenced by the measurement
results presented in Section II (which clearly show that angu-
lar spread leads to a decrease of nominal antenna gain).

Therefore, to avoid inaccurate calculation of link budget
while maintaining simplicity, it is proposed to use only black
blocks from Fig. 3 but on top of that apply the effective
antenna patterns defined by (2), instead of nominal antenna
patterns, according to the following steps:

1. Determine the nominal antenna pattern applicable for a
given radio link (as in the simplified approach).

2. Determine the PAS.

3. Calculate 3D effective antenna pattern according to (2)
based on nominal antenna pattern and PAS as deter-
mined in Step 1 and Step 2.

4. Determine the effective antenna gain applicable for
evaluated radio link based on the geometry determined
by the positions of Tx and Rx and effective antenna
pattern from Step 3.

The above method can be used in case of analog beam-
forming or panel-based hybrid beamforming where the beam-
forming vector can be drawn from Grid of Beams (GoB)
codebook, conventional Fourier transform based beamform-
ing, or other advanced beamforming techniques such as eigen
beamforming and zero forcing beamforming.

PAS in Step 2 can be constructed either on a per-scenario
basis, i.e. one PAS for all links in the same deployment
scenario, or on a per-user equipment (UE) basis with one
unique PAS for each UE. The former has negligibly increased
complexity, and the per-scenario PAS can be derived based
on the statistical channel model applicable for assumed prop-
agation scenario (e.g. by realization of gray blocks from
Fig. 3 for model [9]) or from the angular spread measure-
ments performed in the analyzed environment (e.g. [6]). For
illustration, Fig. 4 presents the nominal and effective antenna
patterns of an 8§ x 8 BS antenna array at 28 GHz with per-
scenario PAS for the UMi SC deployment scenario [11].
Noticeable difference between nominal and effective pat-
terns, especially in case of NLOS conditions and side lobes,
would translate directly into DL SINR values.

The per-UE PAS generation can be done in the similar
way as the per-scenario case but requires UE-specific angular
spread and cluster realization. This will bring desired accu-
racy at the cost of slightly increased complexity.

In Fig. 5 a comparison is made of the CDFs of DL
SINR for the UMi SC deployment scenario [11] using four
methods: 1) a simplified approach with nominal patterns;
2) a simplified approach with effective patterns generated by
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FIGURE 4. Nominal and effective Tx antenna pattern cuts in horizontal
plane for 8 x 8 array in mmWave (28 GHz) 3GPP UMi SC deployment [11].
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FIGURE 5. CDFs of DL SINR for mmWave 3GPP UMi SC deployment
scenario [11] (combined LOS and NLOS links).

per-scenario PAS; 3) a simplified approach with effective pat-
terns generated by per-UE PAS; 4) a full-scale 3D simulation.

Compared to the complex and time-consuming full-scale
3D simulation (treated as ground truth for 3GPP related stud-
ies), the results obtained by simplified method with nominal
pattern can be over 10 dB too optimistic at 10" percentile and
over 8 dB at median. The CDF of simplified approach with
effective patterns generated by per-UE PAS is within 1 dB
from the ground truth for a wide range of percentiles (from
10% to 99™h). When per-scenario PAS is used, the accuracy
decreases slightly (2 dB gap at 10" percentile and 3 dB
gap at median). Therefore, using effective patterns can pro-
vide significantly more accurate results - closer to full 3D
simulation results - than those obtained for nominal pattern.
In the rest of this paper per-UE PAS will be used when
using effective patterns because of its excellent accuracy with
marginal added complexity.
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To demonstrate the significance of using effective antenna
pattern in system level simulations of 5G networks a compari-
son is made of the results obtained using nominal antenna pat-
terns as suggested in 3GPP [10] against the results obtained
using effective antenna patterns (with per-UE PAS), for
deployment scenarios of urban macro (UMa) and urban micro
street canyon (UMi SC) [11] as well as suburban FWA [12].
The focus is put on the cumulative distribution function
(CDF) curves for DL SINR obtained in system level simula-
tions with Monte Carlo methodology for stochastic channel
model [9] using the simplified method, for both nominal and
effective antenna patterns.

DL Rx power from serving link (DL S) or from an inter-cell
interfering link (DL I) are calculated as:
Pry - Gry - Gry

PL '
where Pg, and P, are Rx and Tx power respectively, whereas
Ggy and Gy are Rx and Tx antenna gains used for calculation
of a given radio link. PL indicates path loss. For link i, either
for a serving link or interfering link, the Tx (Rx) antenna
gains were determined by GniTx ( Gns'i,x ) or GeiTx (Geﬁex)
for nominal or effective antenna patterns, respectively. These
gains are presented by (6)-(9).

i _ _Nom AoD AoD nZoD ZoD
Gny, = gry <¢5,LOS—¢LBF» i,LOS — i,BF>’ (6)

i __ _Nom AoA AoA nZoA ZoA
Gng, = &gy <¢i,LOS_¢i,BF’ iL0S — i,BF)v (N

&)

Ppy =

i ij o
Ger, = ZGnTx - Pij
_ Eff AoD AoD nZoD ZoD
= &1y <¢i,Los — ¢igr 9i10s — i,BF)’ ®)
N;
Gel, = Gni‘j -P;;
Rx = R "L
=1

_ Eff [ ,A0A AoA  pZoA ZoA
= 8Rx (¢i,LOS — ®igrsYiros — i,BF)' )

In (6)-(9) g7 (¢2°P, 0%°P) and gg, (2?4, 6%°4) are the 3D
nominal/effective patterns of Tx and Rx antennas, respec-
tively. (;szgs, Gfggs, ¢;‘}Z‘gs and szgs represent angles of
LOS direction between Tx and Rx in azimuth and elevation
for radio link i. ¢f§?, 952’;? R qbfg/} and Gfg/} represents direc-
tions in azimuth and elevation for which main beams of Tx
and Rx antennas are pointed (beamformed). In (8) and (9),
Gny. and Gny indicate nominal gains of transmitting and
receiving antennas respectively for multipath j of radio link i.
P; j is the power carried by multipathj G = 1,2, ..., N;) of

N.
radio link i and 3 Pi; = 1.
=1
TABLE 1 su]rnmarizes differences in simulation results
obtained by application of nominal and effective patterns.
Due to the presence of a strong directive path in LOS con-
dition, the effective antenna gain is close to nominal gain,
whereas in NLOS conditions the effective gain is noticeably
lower. This difference in the gains causes the overestimation

VOLUME 8, 2020

TABLE 1. Summary of 5G 28 GHz networks performance obtained from
system level simulation results for different deployment scenarios [11],
[12].

UMa [11] UMi SC [11] FWA [12]
Deployment v n
scenario LOS |NLOS| LOS |NLoOs | Yesetation
LOS
Array size of BS 16x16 8x8 8x8
Nominal gain
[dBi] 32.0 26.0 24.0
Effective gain
[dBi] 31.5 | 21.0 25.5 17.5 20.0
Nominal median
DL S [dBm] -19.5 | -31.0 | -51.7 -61.3 -63.1
Effective median
DL S [dBm] 214 | 456 | -54.3 -74.7 -68.4
Nominal median
DL I [dBm] -57.6 -72.7 -102.6
Effective median
DL I [dBm| -53.2 -66.9 -95.5
Nominal median
DL SINR [dB] 30.2 14.2 12.7
Effective median
DL SINR [dB] 16.4 44 7.4

of the DL S using the nominal pattern. On the other hand,
angular spread of radiated energy in horizontal plane causes
increased effective gain of side lobes as compared to the
nominal values in both LOS and NLOS conditions. This is
the reason of underestimation of DL I by calculations with
nominal pattern, because the major part of interference is
received by the side lobes. Therefore, the use of nominal
pattern causes overestimation of DL S and underestimation
of DL I, which leads to significantly overestimated DL SINR
in all simulated deployment scenarios, as large as 14 dB for
UMi SC. These results clearly show that a simplified method
with nominal pattern for 5G network estimation can give an
erroneous picture of performance metrics which cannot be
met in real field deployments.

IV. EFFICIENCY OF ANTENNA ARRAY TAPERING IN REAL
PROPAGATION ENVIRONMENT

Previous sections clearly demonstrated that effective antenna
pattern may be significantly different from nominal antenna
pattern, which has been proved by simulations and measure-
ments. Impact on the main lobe is visible especially in NLOS
conditions, whereas substantial increase in the level of side
lobes is observed for both LOS and NLOS conditions. The
difference between the main lobe gain and the first side lobe
gain, commonly referred as the first sidelobe suppression
level (SSL), is usually around 13 dB for square antenna
arrays without amplitude tapering. In practice, this difference
can be further increased by an application of tapering [13]
(attenuation of amplitude of outer antenna elements in the
array) at the cost of loss in nominal gain of the main lobe.
Application of tapering, as one of the common approaches
in 5G to suppress side lobe level, helps to decrease the energy
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FIGURE 6. Effective Tx antenna pattern cut in horizontal plane for 8 x 8
array in mmWave 3GPP UMi SC deployment for LOS conditions [14].

radiated/captured to/from undesired directions and therefore
minimize the power of interference in the radio channel.

However, if angular spread in scattering environment
impacts the shape of nominal antenna pattern, for which
tapering is applied, what is the impact on tapering efficiency?

To address this question, a system level simulation was
performed for UMa and UMi SC scenarios with 16 x 16 and
8 x 8 antenna arrays, respectively [14]. Tapering was applied
by multiplication of uniform magnitudes of antenna array
beam weight factors by coefficients obtained from Cheby-
shev function [15] to minimize the bandwidth or smearing
while forcing all side lobes to be below a specified level,
which in this study was set to 20 dB. For nominal pattern the
obtained SSL is 20.6 dB for 16 x 16 array and 21.5 dB for
8 x 8 array, in line with the design of the Chebyshev tapering
window.

In LOS conditions, as shown in Fig. 6 for UMi SC with
8 x 8 array, the drop in gain of the main lobe is lower
than the drop in gain of the first side lobe, and therefore the
tapering still helps to improve the system’s SINR. However,
the reduction of tapering effectiveness even in LOS, with
effective SSL of 16.3 dB in contrast to the nominal 21.5 dB
SSL without angular spread, should be considered during
network deployment, where the interference from side lobes
is crucial for performance evaluation.

In NLOS conditions, as shown in Fig. 7, the same level of
gain drop is observed for the main lobe and side lobes, which
suggests that tapering is not an efficient method in NLOS con-
ditions with the effective SSL as low as 3.4 dB. Similar obser-
vations apply to the 16 x 16 array under UMa channels [14].

For 5G networks, where tapering is used, it is therefore
important to verify whether the design of the antenna array
with applied tapering is validated under realistic propagation
conditions.

V. METHOD FOR ANTENNA ARRAY OPTIMIZATION
Directional antenna performs spatial filtering of electromag-
netic energy from the space, and it is reasonable to match the
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FIGURE 7. Effective Tx antenna pattern cut in horizontal plane for 8 x 8
array in mmWave 3GPP UMi SC deployment for NLOS conditions [14].

antenna pattern to the PAS of the channel in given propagation
conditions. In [16] a detailed solution was presented of how
to maximize the energy radiated to or captured from the space
for a given array size and channel angular spread constraints.
It has been verified by laboratory and field measurements
for determination of the optimal antenna array geometry for
uniform planar arrays with analog beamforming. For conve-
nience, the fundamentals of the solution from [16] are quoted
below.

It was assumed that N antenna elements, arranged in rect-
angular/square shape, form a uniform planar array of size
(K;; K>), with:

KKy <N. (10)

The array of (K;; K2) = (1; N) corresponds to a horizon-
tally deployed uniform linear array, whereas K, = 1 indicates
a vertically deployed uniform linear array. Let By, and By,
be the nominal beam-widths of the antenna elements whose
gain is G,. The nominal RMS beam-widths B,y and Bjg of
the analog beams formed by antenna array of size (K;; K»)
can be approximately described as:

Bv0=f{—vle, Bh0=i—h:~ (1D

The effective beamforming gain can be determined based
on nominal antenna pattern and channel angular spread [4]
as:

2
G (N, Bye, Bpe, 0y, 03) = ,

2 2
By, Bje
J(3e) w02 (5 + o2

(12)

where oy, and o, are the RMS azimuth spread of departure
(ASD) and RMS zenith spread of departure (ZSD), respec-
tively.

Since the effective gain (12) depends on the panel geometry
(K;; K»), and B,, and Bj, are determined by the antenna
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element via G, = 2/(By.Bp.), the array geometry (K;; K>)
can be optimized to maximize the effective beamforming gain
G stated in (12) subject to the size constraint (10). While
ignoring the integer constraint on array dimension K; and K>,
the effective beamforming gain is maximized if and only if
the array geometry is given by:

NB,.op,

NBje0oy
B0,

K, =
Byeop,

2= (13)

The nearest integer pair close to (K;; K>) as specified by
(13) and satisfying the total elements constraint (10) gives
the best analog beamforming gain and constitutes the optimal
antenna array pattern. Next section demonstrates the effi-
ciency of the method presented and its impact on improve-

ment of performance in a 5G network.

VI. FROM ANTENNA ARRAY OPTIMIZATION TO
IMPROVED LINK BUDGET

System level simulation results of improved single-user (SU)
MIMO performance of mmWave 5G FWA small cells net-
work deployed in a suburban area were presented in [12].
By optimizing antenna array configuration from 8 x 8 to
16 x 4 for a given channel angular spread, the DL SINR has
been improved by 2 dB, which led to the increase of DL cell
capacity by 60% at the cell edge.

However, some concerns may be raised regarding the
impact of antenna pattern widening in horizontal plane (due
to optimization) on interference in multi-user (MU) scenario.
Therefore, this section includes new simulation results to
quantify the impact of antenna array optimization on DL
performance in MU-MIMO scenario. The focus is put on the
DL signal strength S, interference to noise ratio (INR), SINR
and throughput. For each of the above metrics the results for
antenna arrays of size 64 and 144 elements are presented with
2 or 4 simultaneously served UE per cell.

A. SIMULATION ASSUMPTIONS

As 3GPP in [9] does not define channel model for suburban
environment, the simulation study presented in this section
is based on 3GPP UMi SC stochastic model improved by
statistics obtained for suburban 28 GHz measurement cam-
paign presented in [6]. No site-specific channel characteristic
was assumed. TABLE 2 includes the main angular spread
characteristics of channel model, which are used to estimate
the effective beam patterns for link budget calculation.

For system level simulations a suburban area of approxi-
mate dimension 700 m x 600 m was assumed, which con-
sisted of 16 blocks. Each block contained 20 houses, 10 per
each side of the same street, and was served by 2-sectoral
BS. Fig. 8 illustrates detailed topology of modelled FWA
network. It was assumed that 10% of houses which are the
closest to BSs have indoor Customer Premise Equipment
(CPE), whereas for the remaining 90% of houses outdoor
CPE was assumed. For path loss calculation the empirical
models presented in [6], [17] and summarized in TABLE 3
were used.
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TABLE 2. Angular spread model assumed for system study of 5G FWA in
suburban area at 28 GHz (azimuth spread of departure, ASD; zenith
spread of departure, ZSD; azimuth spread of arrival, ASA; zenith spread of
arrival, ZSA).

Propagation log1o log1o logio logio
condition | (ASD/1°) | (ZSD/1°) | (ASA/1°) | (ZSA/1°)
p=114 | =015 | u=121 | u=058
LOS o=0.41 o=0.35 0=0.12 0=0.28
9] [9] (6] [9]
p=082 | =005 | w=121 | u=086
VLOS c=0.24 c=0.35 c0=0.12 o=0.31
[6] [9] (6] [9]
=082 | =005 | w=121 | u=0386
NLOS c=0.24 o=0.35 o=0.12 o=0.31
[6] [9] [6] [9]
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FIGURE 8. Topology of a mmWave FWA network in suburban area.

Vegetation LOS conditions (VLOS) were assumed for
wanted signal links towards outdoor CPE and for interfering
links from other sectors but placed on the same street. LOS
path loss model with additional Outdoor-to-Indoor (O2I)
penetration loss [17] was assumed for serving links towards
indoor CPE. Thus, VLOS conditions applied to 90% of all
simulated wanted signal links, whereas the remaining 10%
stayed in LOS conditions with additional O2I loss. NLOS
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TABLE 3. Assumed path loss model for suburban area [6].

PrOPRBANON | 1 20 Gistanee between s | PO g
and CPE)
LOS 61.4 +24.0 - log;o(d) 42
VLOS 45.1 +40.6 - logo(d) 6.4
NLOS 80.3 +31.3 - log;o(d) 4.8
021 loss Mean 15.1 dB, standard deviation 2.5 dB [17]

TABLE 4. Main assumptions of system level simulations for estimation of
the performance in mmWave 5G FWA network in suburban environment.

BS
Carrier frequency 28 GHz
Channel bandwidth per UE 800 MHz
Antenna array pattern (nominal) According to [18]
Gain of single antenna element 6 dBi
For N=64: M*8x8 and
Antenna array configuration M*16x4;
(M*{, xH)g For N=144: M*12x12
and M*24x6;
M={2.4}
Max total Tx‘power per polarization 28 dBm
(without losses)
Height of antenna array centre 8m

CPE

Number of simultaneously served CPEs

{2,4} / sector
According to [18]
Gain of single antenna element 6 dBi

Antenna array pattern (nominal)

Antenna array configuration (V x H) 1 antenna element

Height of antenna centre 1.5m
Orientation in horizontal plane Towards BS
Orientation in vertical plane Towards BS
Rx NF 9dB

conditions were assumed in case of interfering links from
BSs placed on a different street than the street where victim
CPE was placed. Interfering link from the same cell (intra-
cell interference) followed the same condition as wanted
signal link. Other predefined suburban FWA deployment
parameters, as shown in TABLE 4, are chosen judiciously to
represent a realistic deployment scenario.

B. SIMULATION RESULTS

Simulation results have been obtained from system level
simulations using Monte Carlo methodology, following the
3GPP stochastic channel model reconstruction as shown in
the Fig. 3. Results have been collected in the form of CDFs
of the most relevant performance metrics, which provides
statistical performance assessment of the FWA network. This
approach enables obtaining a broader picture of system per-
formance in reference to deterministic site-specific evalua-
tions. Deterministic channel models, such as clustered delay
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FIGURE 9. CDFs of DL S per UE for mmWave suburban FWA deployment
with MU-MIMO (combined LOS and NLOS links).

2UEs, 8x8
2UEs, 16x4
—4UEs, 8x8
— = — 4UEs, lox4
—2UEs, 12x12
— — — 2UEs, 24x6
—4UEs, 12x12
— — — 4UEs, 24x6

CDF of DL INR
=

25 -20 -15 -10 -5

DL INR [dB]

(=}
N

FIGURE 10. CDFs of DL INR per UE for mmWave suburban FWA
deployment with MU-MIMO (combined LOS and NLOS links).

line (CDL) models of 3GPP [9], are more appropriate for link
level simulations and are not in the scope of this work.

Simulation scenario assumes MU-MIMO with analog
beamforming per antenna array, which in each sector allows
to serve 2 or 4 users at a time. The Maximum Ratio Com-
bining (MRC) precoding has been used for determination of
beam pointing directions per polarization.

For the calculation of DL throughput, the model from
section 5.2.7 of 3GPP [10] has been used with input SINR
obtained from simulations. All the performance metrices are
presented for a single stream transmission per user from one
polarization of the antenna. In case of MIMO rank 2 the avail-
able throughput can be doubled due to high cross-polarization
ratio (XPR) in most of the radio channels [9], which could
guarantee low inter-stream interference, even with open loop
MIMO precoding schemes.

CDFs of DL S, INR, and SINR are shown in Fig. 9, Fig. 10,
and Fig. 11, respectively. Note that optimization of antenna
pattern leads to the increase of DL interference by more than
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FIGURE 11. CDFs of DL SINR per UE for mmWave suburban FWA
deployment with MU-MIMO (combined LOS and NLOS links).
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FIGURE 12. CDFs of DL throughput per UE for mmWave suburban FWA
with MU-MIMO deployment (combined LOS and NLOS links).

2 dB in median, but due to low INR (95% of links feature
interference below the noise level) this rise has negligible
impact on DL SINR. The almost 2 dB gain in DL S by
optimizing antenna pattern dominates the improvement of DL
SINR and throughput (Fig. 12).

TABLE 5 and TABLE 6 contain comparisons of DL. SINR
and DL throughput for MU-MIMO with 2 and 4 users per cell,
when antenna array configurations is optimized from 8 x § to
16 x 4 and from 12 x 12 to 24 x 6, respectively. Optimization
of antenna pattern allows 12% to 17% improvement in the
DL throughput in median and 39% to 52% improvement at
the cell edge. The significant improvement of the cell edge
performance is particularly important for mmWave deploy-
ments, due to challenging propagation conditions.

VIl. CONCLUSION

The deployment of 5G and Beyond networks, which utilize
beamforming and mmWave or terahertz (THz), requires care-
ful preparations due to complex relations between narrow-
beam directional antenna and challenging propagation
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TABLE 5. Summary of system level simulation results of the performance
in mmWave 5G FWA network in suburban environment for N = 64.

2UEs, 8x8 | 2UEs, 16x4 | 4UEs, 8x8 | 4UEs, 16x4
DL SINR per UE
Median 55dB. | 7.dB 24dB | 3.6dB
> +1.6dB > > +1.2dB>
Cell edge 66dB | -47dB 93dB | -7.8dB
(10%-tile) > +1.9dB > > +15dB >
DLI Throughput per UE |
. 1.1 Gbps 1.3 Gbps 0.8 Gbps 0.9 Gbps
Median > 7% > > 2%
Celledge | 138 Mbps | 200 Mbps 76 Mbps | 106 Mbps
(10%-tile) > +42% > > +39% >

TABLE 6. Summary of system level simulation results of the performance
in mmWave 5G FWA network in suburban environment for N = 144.

2UEs, 12x12 I 2UEs, 24x6 | 4UEs, 12x12 I 4UEs, 24x6

DL SINR per UE

Median 74dB | 89dB 42dB | 56dB
2> +1.5dB > 2> +1.4dB >
Cell edge 47dB | -2.7dB 74dB | -54dB
(10%-tile) > +2.0dB > > +2.0dB >
DLI Throughput per UE |
. 1.3 Gbps 1.5 Gbps 0.95 Gbps 1.1 Gbps
Median §+|5%9 : —I))Hé%% 3
Celledge | 203 Mbps | 300Mbps | 116 Mbps | 177 Mbps
(10%-tile) > +48 % > > +52% >

conditions. When link budget of realistic network is esti-
mated, it is not enough to rely only on nominal antenna
pattern, as it occurred in case of omni-directional or sectoral
antennas with HPBW much larger than angular spread in
the radio channel. In particular, analog beamforming and
GoB based hybrid beamforming require effective antenna
pattern to be used during estimation of planned network per-
formance and optimization of its parameters. The presented
system level simulation results demonstrate that network
performance can be overestimated significantly if simplified
link budget calculation with nominal antenna pattern is used,
which may lead to wrong decisions during network deploy-
ments. With a new radio link budget calculation method
proposed herein, with slightly added complexity as compared
to the simplified approach, the network performance can be
estimated accurately and further maximized if optimization
of antenna pattern could be done for a given angular spread,
leading to about 50% increase of cell edge rate as demon-
strated by the FWA example, which is particularly important
in challenging propagation conditions of mmWave.
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Abstract

Together with introduction of 5™ generation (5G) of mobile
communication system the new challenge for radio
frequency (RF) exposure evaluation for base stations (BS)
arises, which is mainly caused by high gain directional
antennas with beamforming and beam steering. To assess
RF exposure due to narrow and high gain service/traffic
beams the extrapolation methods have been defined on the
basis of exposure for broadcast/signaling beams which
easier for determination due to theirs lower directivity. This
paper indicates what is the impact on extrapolation of RF
exposure for service/traffic beam if antenna gains assumed
during calculations are based on nominal patterns, as
measured in anechoic, instead of effective patterns
determined by realistic propagation conditions. Example
calculations performed for representative commercially
available antenna indicate that extrapolated RF exposure
for service/traffic beam can be overestimated by 1.5 dB to
2.0 dB, when power of reflected waves is dominant, i.e. BS
and point of investigation are in non line of sight (NLOS)
conditions.

1 Introduction

5% generation (5G) of mobile communication systems
introduces wide use of high gain directional antenna by
base stations (BS). On top of that the beamformed antenna
pattern can be steered towards different directions inside
the cell to maximize the end user data rate. Therefore, the
radio frequency (RF) exposure evaluation is complex
because the electromagnetic field exposure parameters
may change rapidly depending on traffic variations and
beam directions. The International Electrotechnical
Commission (IEC) has proposed guidelines to address the
actual parameters of RF exposure for massive multiple
input multiple output (mMIMO) and beamforming in [1]
and [2]. This paper investigates how the accuracy of
extrapolation method proposed in [1] can be improved by
using the effective antenna pattern instead of the nominal
antenna pattern when assessing the EMF exposure levels in
one place.

Section 2 of this paper clarifies the difference between
nominal and effective antenna patterns. Section 3 indicates
how the level of extrapolation factor changes upon
replacement of the nominal antenna pattern by effective
antenna pattern in the example of commercial antenna.

Section 4 proposes closed-form model for calculation of
effective antenna gain according to angular spread statistics
in given propagation conditions. Section 5 summarizes and
concludes the paper.

2 Nominal and effective antenna patterns

With increasing number of antenna elements in the array
the nominal gain of the antenna array, as measured in
anechoic chamber, increases and the half-power beam-
width (HPBW) decreases. In scattering environment, the
maximum realizable antenna array gain, the effective beam
pattern and its associated HPBW differ from nominal
values. Difference between the nominal and the effective
patterns in the radio channel with scattering depends on the
angular spread introduced by the real deployment
scenarios.

Nominal antenna array gain in the free space propagation
conditions can be expressed by following equation [3]:

Nom: 2
"™ B, B

Vo

=N-G, )

N . . . .
where g, is the maximum nominal antenna array gain,
B,, and B, are the nominal root mean square (RMS)

beamwidth in horizontal and vertical planes (in radians),
respectively, N is the number of antenna elements in the

array, and G, is the gain of single antenna element.

Equations (2)-(4) give the overview how the effective
antenna patterns can be analytically obtained based on
nominal antenna pattern and power angular spectrum
(PAS) for assumed propagation environment model.
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Figure 1. CDFs of effective antenna gains measured in
indoor office, suburban FWA, factory automation and
urban Manhattan environments presented in comparison

with nominal antenna gain [4][5][6][7]

In above equations gE-’-"z ‘indicates three-dimensional (3D)

effective antenna pattern, whereas g indicates 3D
nominal antenna pattern. gf? ‘and ggz indicate azimuth

and elevation cuts of effective antenna pattern, ¢ and 6

define angular domain in azimuth and elevation,
respectively, whereas ¢, and 6, indicate boresight
direction between transmitter (Tx) and receiver (Rx) in
azimuth and elevation, respectively. p,. and pg,
represent realizations of power angular spectrum (PAS) in
azimuth and elevation.

Fig. 1 presents summary of statistically analyzed
measurement result in different deployment scenarios, i.e.
indoor office, suburban fixed wireless access (FWA),
factory automation and urban Manhattan [4][5][6][7], in the
form of cumulative distribution function (CDF) from
measurement result samples. In all scenarios the severe
impact of angular spread on effective antenna gain is visible.
In case of NLOS the reduction in azimuth gain can be as high
as 7 dB for 10% of measured radio links or 5 dB for 50% of
measured radio links, in reference to maximum nominal gain
of 14.5 dBi.

Measurement results demonstrate that nominal antenna
patterns, as measured in anechoic chamber, are valid only
in free space propagation conditions. This conclusion is
particularly important in the context of calculations which

[7]

are aimed to evaluate RF exposure from mMIMO antennas
of 5G system.

3 Accuracy of extrapolation factor

To illustrate the impact of angular spread in real
propagation conditions on antenna pattern and therefore on
extrapolation factor defined in [1], the example of
commercial antenna have been used [8]. Main parameters
of antenna [8] are disclosed in Table 1. The effective
antenna patterns for broadcast beams (also called signaling
beams) and service beams (also called traffic beams) have
been determined in statistical simulations according to (3)
and (4). Simulations have been performed for 3.5 GHz
frequency and the angular spread statistics from urban
macro (UMa) channel model defined by 3™ generation
partnership project (3GPP) standardization organization in
[9]. Output effective beam patterns in horizontal plane are
presented in Fig. 2, whereas Fig. 3 illustrates magnified
view of main lobes. As can be noticed, the difference
between maximum gains of nominal and effective beam
patterns are small in case of line of sight (LOS) and for both
broadcast/signaling and service/traffic beam are around 0.4
dB. However, this difference grows significantly in NLOS
conditions, up to 4.8 dB and 6.3 dB for broadcast/signaling
and service/service beams, respectively. Simulated values
of maximum antenna gains are captured in Table 2.
According to definition made in [1] the extrapolation factor
is the ratio of the equivalent isotropic radiated power
(EIRP) envelope of all service/traffic beams to the EIRP
envelope of the broadcast/signaling beam in the direction
of the measurement location. Envelope of EIRP is
determined by the maximum antenna gains in the full
steering range of mMIMO antenna and the transmit power.
Assuming the same transmit power is used for
broadcast/signaling and service/traffic beams, the
extrapolation factor in the boresight direction can be
approximated based on maximum antenna gains of
broadcast/signaling and service/traffic beams. Values of
extrapolation factor calculated according to this approach
for nominal and effective maximum antenna gains are
captured in Table 2. Results indicate that for the analyzed
example of commercial antenna and assumed propagation
environment the extrapolation factor can be overestimated
by 1.5 dB in NLOS conditions, which may lead to overly
conservative compliance distance due to RF exposure.

Table 1. Main parameters of assumed antenna patterns [8]

Parameter | Beam
Broadcast/signaling
Gain [dBi] 20.8
Horizontal HPBW [] 58
Vertical HPBW [] 6.6
Service/traffic
Gain [dBi] 16.7
Horizontal HPBW [] 24
Vertical HPBW [] 6.6
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Figure 2. Nominal and effective antenna patterns of
broadcast/signaling and service/traffice beams [8]
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Figure 3. Nominal and effective antenna patterns of
broadcast and service/traffice beams [8] — magnified view
of main lobes

Table 2. Maximum antenna gains and approximated
extrapolation factor according to statistical simulations

Nominal Simulated
Beam type max effec.tive max
gain gain [dBi]
[dBi] LOS | NLOS
Broadcast/signaling 16.7 16.3 11.9
Service/traffic 20.8 20.4 14.5
Approximated
extrapolation factor [dB] 4.1 4.1 2.6

Table 3. Maximum antenna gains and approximated
extrapolation factor according to closed-form calculations

Nominal Calculated
Beam type max effec.tive n}ax
gain gain [dBi]
[dBi] LOS | NLOS
Broadcast/signaling 16.7 16.4 13.8
Service/traffic 20.8 19.5 15.9
Approximated
extrapolation factor [dB] 4.1 31 21

[7]

4 Simplified  calculation of effective

maximum antenna gain

As presented by (2) the effective antenna pattern is
assumed to be convolution of two gaussian signals, i.e.
nominal antenna pattern with variance indicate by

(Bf ,Bfo) and PAS with variance indicated by (Of,of) s
where o), is RMS azimuthal angular spread and o, is

RMS elevation angular spread, respectively, in given
propagation environment. The resulting effective antenna
pattern is also gaussian signal with variance indicated by

(Bi,+0},B% +02) . Therefore, following (1) the
maximum effective antenna gain can be determined by (5).

gl = 2
JBy+3 Byt

(%

The RMS angular spread can be obtained from statistical
channel models, like [8], measurements or ray tracing
simulations and introduced into (5) to calculate the
effective maximum antenna gain, as running of statistical
simulations with (2) may not always be feasible.
Afterwards, the calculation results can be used to improve
accuracy of extrapolation factor introduced in [1].

Table 3 include results of calculations performed according
to (5) for antenna beam patterns metrics from Table 1. As
[8] does not include detailed information about antenna
array layout, the parameters assumed in presented work
have been selected to match metrics from Table 1, and used
for calculations according to (5), which in more details is
described in [3] and [10].

5 Conclusion

This paper discusses effective antenna pattern, especially
maximum effective antenna gain, from the perspective of
RF exposure evaluation for 5G with mMIMO and
beamforming. It has been presented that the maximum
effective antenna gain in realistic propagation environment
is lower than maximum nominal antenna gain measured in
anechoic chamber or ideal free space conditions.
Difference between nominal and effective gains depends
on the scattering intensity in the radio channel between
transmitting antenna and the point of investigation and is
noticeable especially in case of NLOS conditions The
analysis has been performed using a representative
commercially available antenna for which the ratio of
service/traffic beam gain and broadcast beam gain has been
calculated. Such approximation of extrapolation factor, as
determined in [1], indicates that its value for analyzed
antenna, working in 3.5 GHz frequency and deployed in
UMa environment, can be overestimated by 1.5 dB to 2.0
dB for NLOS conditions if nominal antenna patterns are
assumed instead of effective antenna pattern. Therefore, it
is important to consider using the effective antenna gains
in extrapolation factor to reduce overestimation of RF
exposure.
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ABSTRACT Together with the introduction of the 5™ generation (5G) of mobile communication systems
the methods for the assessment of radio frequency electromagnetic field (RF EMF) exposure are being
updated to account for actual transmitting, beamforming and beam-steering performances. The International
Electrotechnical Commission (IEC) develops and validates methods for assessing the RF EMF exposure
due to base stations (BS). When the assessment is performed in-situ, it is recommended to extrapolate the
maximum level of exposure from measurement of stable signals, such as broadcast signal with 5G BS
(gNodeB). A comparative analysis of extrapolation method based on nominal antenna pattern (as measured
in anechoic chamber) and effective antenna pattern (as measured in scattering environment) of gNodeB is
proposed in this paper. This analysis shows that extrapolation method with nominal antenna pattern may
lead to significant over-estimation of the maximum RF EMF exposure in case of scattering environment or
non-line-of-sight (NLOS) conditions, up to several dB, depending on design of evaluated beam patterns.
This over-estimation can be reduced by using effective antenna pattern in order to better represent the
actual propagation conditions, such as those found in urban or dense urban areas. In such actual propagation
conditions it is recommended to perform extrapolation of the maximum exposure using appropriate channel
characteristics, especially accurate value of angular spread, due to the fact that the use of beamforming and
spatial filtering is sensitive to time-variant radio channel conditions. A simplified calculation method to
improve the accuracy of RF EMF exposure extrapolation from broadcast signal measurements in scattering
environment or NLOS is presented in this paper, leveraging joint modeling of antenna beam pattern and
angular spread The proposed simplified calculation method of the effective extrapolation factor provides an
accurate evaluation of RF EMF exposure compared to complex channel model simulations and it reduces
overestimation resulting from an extrapolation factor based on nominal antenna gains of broadcast and
traffic beams.

INDEX TERMS 5G, angular spread, beamforming, effective antenna pattern, EMF, exposure
extrapolation, scattering environment

I. INTRODUCTION

Starting from the early stage of radio frequency (RF)
equipment deployments, the impact of RF electromagnetic
field (EMF) on people has been a subject of extensive
research. This continues since the beginning of the global
systems for mobile communication (GSM) era. Results of
biological, human and epidemiological research studies are
the foundation of international recommendations and
guidance about RF EMF exposure limits, such as those
developed by the International Commission on Non-lonizing
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Radiation Protection (ICNIRP) [1] or the IEEE Standards
Association (IEEE SA) [2]. ICNIRP RF EMF Guidelines are
referenced in many national and international regulations,
such as the European Council Recommendation
1999/519/EC [3].

The role of international standardization bodies, such as
the International Electrotechnical Commission (IEC) is to
develop harmonized methods for the assessment of
equipment compliance with these RF EMF exposure limits,
sometimes in cooperation with the IEEE SA. For the
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assessment of compliance of mobile networks base station
(BS), the most generally implemented standard is IEC
62232:2017 [4]. It is used by equipment manufacturers,
mobile network operators and regulators at all stage of
mobile network life, starting when placing equipment on the
market, when putting them into operation and when
surveying in-situ compliance during operation.

Implementation case studies have also been published in
the IEC Technical Report (TR) 62669:2019 [5] to show good
practice of [4]. The publication of this TR [5] coincides with
the first commercial deployments of the 5" generation (5G)
of mobile communication system and includes early stage
analysis of the impact of the utilization of massive multiple-
input-multiple-output (MMIMOQO) systems [6] using antennas
with advanced beamforming and beam-steering capabilities.
Such antennas have radiation patterns with high gain and
small half power beam width (HPBW) varying in time and
space, while traditional antennas deployed previously had
constant gain and beam direction. The 5G beamforming
patterns can change its gain, shape and spatial position in the
cell several times within 1 ms, as in the New Radio (NR)
standard [7] by the 3" Generation Partnership Project (3GPP)
for 5G system. These differences in beam pattern designs
have significant impact on the methods for the assessment of
RF EMF exposure from BS of 5G system (gNodeB).

Several studies [8], [9] have investigated the impact of
time and spatial averaging on the actual exposure values.
They have been analyzed in detail in [5], which also includes
guidelines for considering the actual maximum exposure in
compliance assessment. Another recommendation of [5] is to
develop methods for the extrapolation of maximum exposure
from in-situ measurements of broadcast beams, which are
stable beams in terms of transmitted power and beam pattern.
The extrapolation factor consists in the ratio of the envelope
of the exposure resulting from all configured traffic beams
and the exposure to broadcast beam in one direction.
Determination of RF EMF exposure associated with traffic
beam is particularly important as traffic signals carry
majority of radio resources related to downlink (DL)
transmission, which necessitates a reliable assessment of
exposure associated with given gNodeB. Extrapolation
techniques are described in [10] and [11] and have been
introduced in the update of [4]. The extrapolation formula for
exposure from traffic beams can be defined as below:

@,

where E_o; and Eppqcast are the extrapolated electric field
strength of traffic signal in V/m and evaluated (measured)
electric field strength of broadcast signal in V/m per given
resource element, respectively. Fogeam IS extrapolation
factor corresponding to the ratio of the equivalent isotropic
radiated power (EIRP) envelope of all traffic signals to the
EIRP envelope of the broadcast signal in the direction of the
measurement location. Fgy, , For and Frpc are remaining

Easmt = Ebroadcast X \/ FextBeam % Few % Fpr X Frpc

VOLUME XX, 2017

extrapolation factors corresponding respectively to the ratio
of the total carrier bandwidth and the subcarrier frequency
spacing of the broadcast signal, the power reduction factor (if
the actual maximum approach is used) and the maximum
technology duty cycle of all signals [5].

Extrapolation of maximum RF EMF exposure associated
with gNodeB has been investigated in multiple studies and
publications. For example, [12] indicates the need for
definition of accurate extrapolation method based on
measurements of broadcast signal and factors such as new
antenna radiation patterns, time division duplex (TDD)
access to the medium, number of possible simultaneous
beams and distribution of terminals associated with given BS
causing movement of beams in the space. Detailed studies
with comprehensive measurement campaigns have been
presented in [11] and [13], where high accuracy of
extrapolation procedures was demonstrated in comparison to
corresponding measurement results of artificially forced
maximum possible RF EMF exposure associated with traffic
signals. However, in the majority of published studies the
extrapolation of maximum exposure from gNodeB is
investigated in good propagation conditions, where line-of-
sight (LOS) visibility between examined gNodeB and
measurement location is ensured. Such approach simplifies
the evaluation and allows to neglect the impact of reflections
and scattering, which reduce accuracy of extrapolation
method. It has been already noticed in [14] that extrapolation
in scattering environment or non-line-of-sight (NLOS)
conditions is much more complex and ratio between gains of
broadcast and traffic beams is difficult to be predicted in case
of radio links based on scattering objects. Confirmation of
these predictions can be found in [15] which presents results
of exposure extrapolated for different evaluation points
inside 5G cell with mMIMO antenna and compares these
extrapolations with measurement of actual exposure
associated with traffic signal. In case of measurement points
placed in the middle of the cell and ensuring LOS visibility
with gNodeB, the extrapolated exposure and the measured
maximum exposure demonstrate good agreement, in similar
way as it was presented in [11] and [13]. However, the
measurement results for points placed in NLOS conditions,
i.e. when direct visibility between measurement location and
gNodeB is not ensured, show significantly lower maximum
exposure than obtained from extrapolation method described
in [5], [11] and [13], especially for the points placed on the
cell edge. This overestimation of the maximum exposure in
NLOS conditions confirms predictions made in [14] that, in
the presence of reflections and scattering objects, the
accuracy of extrapolation method is lower than in LOS
conditions. Therefore, instead of assuming free space
propagation conditions, on top of theoretical parameters of
broadcast and traffic signals, the accurate extrapolation of the
maximum exposure should be performed with appropriate
radio channel characteristics due to the fact that the use of
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beamforming and spatial filtering is sensitive to time-variant
radio channel conditions.

This paper presents an alternative approach to (1) for
evaluating the F,,ge.,m €Xtrapolation factor associated with a
gNodeB considering the actual propagation conditions.
Section Il of the paper introduces definitions of nominal and
effective antenna patterns, which are crucial from the
perspective of accurate extrapolation procedure. In Section
1 the simulation results of Fyg.., €xtrapolation factors in
LOS and NLOS conditions are presented, assuming
broadcast and traffic beam patterns of commercially
available 5G antenna [16] and three different propagation
environments according to 3GPP channel model [17].
Section 1V includes detailed description of calculation
method for effective extrapolation factor, whereas Section V
concludes the paper.

ll. NOMINAL AND EFFECTIVE ANTENNA PATTERNS
When designing an antenna, one of the main objectives is
to obtain a specific gain, HPBW and radiation pattern. In
case of antenna arrays, the expectations are mostly high
maximum gain and low level of side lobes. Antenna pattern
which has been determined by design and validated by
measurements in an anechoic chamber is referred to
hereinafter as nominal antenna pattern of the antenna.

In practical channel scattering environment, which differs
significantly from anechoic chamber propagation conditions,
the maximum realizable gain and associated HPBW of an
antenna array differ from their nominal values and are
hereinafter referred to as effective. Therefore, the antenna
pattern measured in a scattering environment is defined as
effective antenna pattern for that channel.

Nominal antenna pattern and gain are antenna specific,
whereas effective antenna patterns and the corresponding
effective gains change depending on a radio channel in the
actual conditions of propagation. The difference between
nominal and effective antenna patterns depends on an
angular spread (AS) in the scattering environment introduced
by a real deployment scenario. Equations (2) to (4) describe
how the effective antenna gains g=" can be analytically
obtained from nominal antenna gains g"°" and power
angular spectrum (PAS) p of the assumed propagation
environment, which in more details is described in the
Appendix.

180" 90

0™ (¢, 6) = f f9N°'“(¢,9)p(¢0—¢,00—9)d¢d9,(2)

-180" -90

180

[ 9" (0.0=0)px(4-9119, 3

-180°

05 (#)=0% (48 =0')
90
95% () =0 (=066 = [ " (¢=0"6)pei (60110 - (4)

-90
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In the above equations ¢ and € define angular domain
in azimuth and elevation, respectively, whereas ¢, and 6,
indicate the main beam orientation angles in azimuth and
elevation, respectively. g,Ef and ggg indicate effective
antenna gains if only azimuth or elevation plane is
considered, respectively, whereas p,, and pg, represent
realizations of PAS in azimuth and elevation, respectively.

Effective antenna gains gEﬁ when calculated for full

ranges of beam orientation angles, i.e. ¢, e[—180°;180°)

and 6, € [—90°;90°] , allows to obtain 3D effective antenna

pattern in given propagation conditions specified by PAS
p.

Figure 1 presents a summary of statistically analyzed
measurement results in different deployment scenarios, i.e.
indoor office [19], suburban fixed wireless access (FWA)
[20], factory automation [21] and urban Manhattan street
canyons [22]. In all the scenarios a severe impact of AS on
effective antenna gain is visible. In case of NLOS the
reduction in azimuth gain can be as high as 7 dB for 10% of
measured radio links or 5 dB for 50% of measured radio
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FIGURE 1. Cumulative distribution functions (CDF) of the effective
antenna gains measured in indoor office [19], suburban FWA [20],
factory automation [21] and urban Manhattan [22] environments
presented in comparison with nominal antenna gain (14.5 dBi)
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links, in reference to maximum nominal gain of 14.5 dBi in
azimuth. This effect is valid for all frequency bands used in
the current and future mobile communication systems.

As presented by (2) to (4) the effective antenna pattern is
obtained as mathematical convolution of functions describing
nominal antenna pattern and PAS in angular domain.
Therefore, the shape of effective antenna pattern and its gain
are directly connected with the shape and the gain of nominal
antenna pattern, as well as AS phenomenon in the given
propagation environment. In general, the narrower the
HPBW of nominal antenna pattern is and the higher the AS
is, the bigger the difference between nominal and effective
pattern is. When the nominal patterns of broadcast and traffic
beams, used by given gNodeB, have different HPBW and
gains, the resulting effective patterns of those beams are
impacted differently by the same AS. In consequence the
corresponding extrapolation factor F.ge.,, takes different
values in free space propagation or LOS conditions and in
NLOS conditions or scattering environment, and impacts the
accuracy of maximum RF EMF exposure extrapolation, as
described by (1).

Next section demonstrates how the value of F,geq . TOr

the same pair of broadcast and traffic beam patterns, can
vary between different scattering propagation conditions.

lll. SIMULATION VERIFICATION OF THE
EXTRAPOLATION FACTOR

To illustrate the impact of AS in NLOS or scattering
environment on F,g.., €xtrapolation factor, the broadcast

and traffic beam patterns of commercial 5G antenna of
gNodeB [16] has been used. The effective antenna patterns
for the broadcast beam and the traffic beam have been
determined in statistical simulations according to (2).
Simulations have been performed for 3.5 GHz carrier
frequency and the AS statistics for three different
propagation environments defined by 3GPP in channel
model [17]:

e urban micro street canyon (UMi SC),

e urban macro (UMa),

e rural macro (RMa).

Main parameters of the antenna [16] and root mean
square (RMS) values of AS characteristics of all assumed
propagation environments are listed in Table I.

Example effective beam patterns in horizontal plane
determined for UMa environment are presented in Fig. 2.
As can be noticed, the difference between main beam gains
of nominal and effective beam patterns are small in case of
LOS, but this difference grows significantly in NLOS. On
the other hand, the difference in the level of side lobes is
noticeable in both LOS and NLOS.

Effective patterns in Fig. 2 were obtained from (2) as
mean value from realization of 1000 Monte Carlo statistical
simulation drops for parameters of nominal antenna pattern
and AS as presented in Table I. AS statistical distributions
from 3GPP channel model [17] are defined by inverse
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TABLE
MAIN PARAMETERS OF ASSUMED ANTENNA BEAM PATTERNS [16] AND
PROPAGATION ENVIRONMENTS IN NLOS CONDITIONS [17] FOR 3.5 GHZ

BAND
Parameter | Value
Broadcast beam
Nominal Gain 16.7 dBi
Nominal Horizontal HPBW 58°
Nominal Vertical HPBW 6.6°
Traffic beam
Nominal Gain 20.8 dBi
Nominal Horizontal HPBW 24°
Nominal Vertical HPBW 6.6°
UMi SC NLOS
Mean 23.97°
RMS azimuthal AS (on) Mean — 2SD 3.77°
Mean + 2SD 152.57°
RMS elevation AS (o) (Tx-Rx Mean 0.78"
distance of 100 m) " Mean — 25D 0.15°
Mean + 2SD 3.89°
UMa NLOS
Mean 27.40°
RMS azimuthal AS (on) Mean — 2SD 7.55°
Mean + 2SD 99.48°
RMS elevation AS (o) Mean 058"
(Tx-Rx distance of 50v0 m) Mean — 2D 0.06°
Mean + 2SD 5.56
RMa NLOS
Mean 8.91°
RMS azimuthal AS (on) Mean — 2SD 1.12°
Mean + 2SD 70.79°
RMS elevation AS (o) Mean LOL
(Tx-Rx distance of 1060 m) Mean — 2D 0.25°
Mean + 2SD 4.03°
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FIGURE 2. Nominal and mean effective antenna patterns of broadcast
and traffic beams [16] in 3GPP UMa [17] scenario (boresight direction)

Gaussian and Laplacian functions for azimuth and zenith
spreads, respectively. Therefore, Fig. 3 presents cumulative
distribution functions (CDF) of main beam effective gains
for broadcast and traffic antenna patterns to better illustrate
how the effective gain, and F,g..n €Xtrapolation factor,

can change in given propagation environment depends on
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FIGURE 3. CDFs of nominal and effective main beam gains for
broadcast and traffic patterns of antenna [16] and 3GPP propagation
environments [17] of (a) UMi SC, (b) UMa and (c) RMa

intensity of scattering. Particularly interesting is the change
in effective gains of broadcast and traffic beams in highly
scattering NLOS conditions. For all three investigated
propagation environments in more than 5% of obtained
simulation results the effective gain of broadcast beam is
higher than traffic beam. This phenomenon in highly
scattering environments could be attributed to two factors:
1) the main beams are widened to similar level by the very
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TABLE Il
NOMINAL AND SIMULATED EFFECTIVE GAINS OF MAIN BEAMS FOR
BROADCAST AND TRAFFIC ANTENNA PATTERNS [16] IN UMI SC, UMA
AND RMA SCENARIOS [17]

Nominal Simulated effective

Beam type grz:]lgi r?f gain of main beam

beam LOS NLOS

UMi SC (Boresight)

Median 16.5dBi | 14.6 dBi

Broadcast 5%-tile 16.7 dBi 15.5 dBi 8.5 dBi
95%-tile 16.7dBi | 16.2 dBi
Median 20.5dBi | 15.6 dBi

Traffic 5%-tile 20.8 dBi 19.4 dBi 8.2 dBi
95%-tile 20.7dBi | 19.0dBi

UMa (Boresight)

Median 16.5 dBi 14.9 dBi
Broadcast 5%-tile 16.7 dBi 16.0 dBi 10.2 dBi
95%-tile 16.6 dBi | 16.4 dBi
Median 20.5 dBi 16.2 dBi

Traffic 5%-tile 20.8 dBi 19.8 dBi 8.9 dBi
95%-tile 20.7dBi | 19.4dBi

UMa (Steered at -60°in azimuth)

Broadcast Mean 5.8 dBi 6.5 dBi 8.8 dBi
Traffic Mean 16.4 dBi 16.0 dBi 12.2 dBi
RMa (Boresight)

Median 16.3 dBi 15.1 dBi
Broadcast 5%-tile 16.7 dBi 15.3 dBi 9.8 dBi
95%-tile 16.6 dBi 16.4 dBi
Median 20.3 dBi 18.1 dBi
Traffic 5%-tile 20.8 dBi 19.1 dBi 9.8 dBi
95%-tile 20.7dBi | 20.4dBi

large AS; and, 2) traffic beam has higher side lobes and
thus higher power leakage than the broadcast beam.

Table 11 includes summary of statistical simulation
results presented in Fig. 3. The difference between effective
gains of broadcast and traffic beams can be then considered
as  Foupeamerr  €Xtrapolation factor used by (1) for

extrapolation of maximum RF EMF exposure. Figure 4
presents values of the F,g.amerr Obtained this way for the

assumed antenna and propagation conditions. These values
are compared with the nominal extrapolation factor

Fextgeamnom Of 4.1 dB (delta between nominal gains of

broadcast and traffic beams, which are 16.7 dBi and
20.8 dBi, respectively), and are estimated for 5%-tile,
median and 95%-tile effective gains from Fig. 3 and
Table II.

As can be expected, the value of Fygeamesr fOr LOS

conditions is very close to the value of Fgeamnom @nd in

all simulated propagation environments does not exceed 0.3
dB for estimations for the range of 5% to 95%-ile values of
effective gain. This conclusion is aligned with findings
published in [11], [13], [14] and [15]. However,
comparison of the value of Fygeamerr in NLOS conditions

to the Fgeamnom Value reveals significant misalignment.
This difference is particularly visible in Fig. 4a, where
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FIGURE 4. Comparison of nominal and effective values of extrapolation
factor simulated for antenna [16] and 3GPP propagation environments of
UMi SC, UMa and RMa [17], based on (a) ratio between 5%-tile values of
broadcast and traffic main beams gains, (b) ratio between median values
of broadcast and traffic main beams gains and (c) ratio between 95%-tile
values of broadcast and traffic main beam gains

Fexgeamest  Was estimated based on the effective antenna

gains corresponding to the 5%-tile of CDFs from Fig. 3.
This case represents extrapolation of gains between
broadcast and traffic beams in highly scattering
environment, which leads to decrease of effective antenna
gains and lower value of Fgeamesrr - On the other hand, if

extrapolation is performed in more favorable NLOS
propagation conditions the effective antenna gains is also
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higher and leads to higher value of F.geamerr @S illustrated

in Fig. 4c, where extrapolation factor was estimated based
on the 95%-tile of simulated effective antenna gains. This
particular case illustrates that after exclusion of only 5% of
the most favorable statistical NLOS conditions the
difference between Fgeamnom @Nd  Fegpeamesr 1S Still

higher than or equal to 1.3 dB, 1.1 dB and 0.1 dB in UMi
SC, UMa and RMa environments, respectively. These
differences increase respectively to 3.1 dB, 2.8 dB and 1.1
dB if 50% of the most favorable statistical NLOS
conditions are excluded (Fig. 4b), and increase further to
4.4 dB, 5.4 dB and 4.1 dB, respectively, if only 5% of the
less favorable statistical NLOS conditions are considered
(Fig. 4a).

These findings are similar in measurement results
presented in [15], where authors indicate that F.geamnom

leads to significant overestimation of extrapolated
maximum RF EMF exposure in NLOS. However, studies
presented in [15] do not include detailed description of
broadcast and traffic beam patterns used during
measurements and extrapolation, neither characteristic of
assumed propagation scenarios.

Obtained results indicate that extrapolation factor in free
space propagation and LOS conditions can be modeled by

Fextgeamnom » WhHere nominal antenna patters can be assumed

with acceptable accuracy. However, in NLOS or scattering
environment conditions, where effective antenna patterns
apply, the extrapolation factor should be modelled by
Fexizeamest - Therefore, study presented in this section can

be used as a basis for more accurate extrapolation of
maximum RF EMF exposure associated with gNodeB when
taking NLOS or scattering environment assumptions.
Simulation results presented above assume that
calculation of extrapolation factor is based on the maximum
gains (nominal or effective) of broadcast and traffic beams
determined for the main lobes in the boresight directions,
i.e. pointing to the center of the cell where the point of
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and traffic beams [16] in 3GPP UMa [17] scenario (pointing at -60°in
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investigation (RF EMF exposure measurement or
extrapolation) is placed. Similar assumption has been also
made in [15], on top of which an additional measurement
location, placed on the cell edge, were investigated. What
was found during this study is that RF EMF exposure
measured at the cell edges is overestimated even more than
in the case of cell center, if F,ge.amvom €Xtrapolation factor

is used. To verify these findings, additional simulation
results are presented below. In this case it was assumed that
the traffic beam is steered in horizontal plane and points at
-60° from the boresight direction. Beam-steering is not
applicable to the broadcast beam which is assumed to be
stable in power and radiation pattern. Simulation study has
been performed only for UMa scenario, as for other
propagation conditions the similar conclusions are expected
to be drawn. Figure 5 illustrates comparison of nominal and
effective patterns at azimuthal angle of -60° from the
boresight, whereas Table Il includes the nominal and mean
effective gains of broadcast and traffic beams obtained at
this steering angle for UMa scenario. In this case the value
of Fogeamnom €Xtrapolation factor increases to 10.6 dB, in

comparison to 4.1 dB obtained in the boresight direction.
This behavior is followed by F.geamesr N LOS conditions,

which equals 9.5 dB, and still close to its nominal value. On
the other hand, the value of Fygeamesr iN NLOS is only 3.4

dB, which means that maximum RF EMF exposure in
NLOS is overestimated by 7.2 dB, if Fgeamnom 1S USed for

extrapolation. This conclusion is consistent with findings
from [15], where measurements performed on the cell edge
indicate that extrapolated maximum exposure in NLOS or
scattering environment is overestimated more than in the
center of the cell.

Presented simulation results, obtained for commercial
antenna used by gNodeB and practical propagation
environment models of 3GPP, indicate that the concept of
effective antenna pattern is important for accurate
extrapolation of maximum RF EMF exposure associated
with gNodeB, especially in NLOS conditions.

IV. SIMPLIFIED METHOD FOR CALCULATION OF
EFFECTIVE EXTRAPOLATION FACTOR

As noticed in [14], extrapolation of maximum RF EMF
exposure in NLOS conditions is complex and the ratio
between gains of broadcast and traffic beams is difficult to
be predicted in case of radio channels with rich scattering.
Values of Fpeamest €Xtrapolation factor presented in the

previous section was obtained from computationally power-
and time-consuming statistical simulations with Monte
Carlo methodology. Therefore, such method may not be
always available or convenient during practical estimations
of exposure associated with gNodeB under operation, even
though it provides full range of results possible for given
statistical channel model.  Although extrapolation of
maximum exposure in LOS conditions can be made with
acceptable error using the value of F.geamnom: the same
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approach leads to significant overestimation of the
maximum exposure in actual scattering environments or
NLOS. For that reason, a simple and effective solution is
needed to determine F.igeamerr With similar accuracy as

using comprehensive statistical simulations with 3D
antenna patterns and 3D channel model.

Below is proposed a method for calculating effective
maximum gains of antenna beam patterns, using closed
form formulas, which allows for estimation of F.,geamest

used for extrapolation of maximum exposure associated
with given gNodeB. As an input to the method the
following parameters are required:

Nom

maximum nominal gain (gmay ) in linear scale,

nominal HPBW of the main beam in horizontal
plane (Bn) in radians,

nominal HPBW of the main beam in vertical plane
(By) in radians,

RMS azimuth AS (on) of assumed scattering
environment in radians,

RMS elevation AS (ov) of assumed scattering
environment in radians.

The RMS azimuth and elevation AS of the channel can
be obtained either from standard propagation models, like
[17], or by performance AS estimation using the method
prescribed in [23]. Other methods for RMS AS
determination are not precluded, e.g. ray-racing simulations
assuming realistic model of deployment scenario, but it has
to be noted that the accuracy of selected method impacts
directly the accuracy of Fgeamesr €Stimation, as RMS AS

determines effective antenna gain which is required for
calculation of F.geamess - If Statistical channel models are

selected for determination of RMS AS it is important to
consider also standard deviation and not only the mean
value of AS for given propagation conditions and frequency
band. Due to lack of single model which represents
accurately all possible radio channels occurring in realistic
propagation environments, this approach for RMS AS
determination allows to obtain the range of F.igeames

values which are expected to be the most representative.
Having wider range of F.geamerr Values gives the freedom

to select the one which is expected to provide the most
accurate RF EMF exposure estimation or the one which
gives the most conservative RF EMF exposure estimation,
but still lower than estimated on the basis of nominal
antenna gains.

Proposed method for Fpeamerr €Stimation requires the

Nom

conversion of nominal HPBW, B)°" and B)°", to the

corresponding nominal RMS beam-widths, B)®™ and
Nom

BM™, and corresponding nominal gain ghem, [19]. This

conversion is based on the assumption that RMS beam-
width is approximated by standard deviation (SD) of
Gaussian distribution functions which describes the antenna
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pattern. The simplified calculation method includes the
following steps:

1. Convert nominal HPBW of broadcast and traffic
beams, B\°" and B)°", to RMS beam-widths,
BYY™ and B)Y™, according to (5) and (6),
respectively:

Nom
Brl]\loom — Bh (5)
2,/In(4)
BNom
Nom v
(6)
2 in(4)
2. Calculate RMS nominal gains gher, of broadcast
and traffic beams according to (7):
2
Nom _
Omax0 = W : (7
3. Calculate RMS effective gain gnﬁgxo of broadcast

and traffic beams according to (8), using RMS
azimuth AS of assumed scattering environment
(o}, ) and RMS elevation AS of assumed scattering

environment (o, ):

2
gnngo =
(B

)2 (o) _\/(B\ll\é)om

)
)

)2 +(oy

4. Calculate maximum effective gain gf"  of
broadcast and traffic beams according to (9):
Nom Eff
Omax "9
grlrigx — Jmax Nommaxo (9)
max 0
5. Calculate effective extrapolation factor F.geamest

as a ratio between maximum effective gains of
traffic and broadcast beams.

The presented method is limited only to use cases
when maximum exposure is investigated in parts of the 5G
cell where the main lobes of broadcast and traffic beams are
pointed to, as it allows only for approximation of maximum
effective gain of given beam pattern. The method is valid
for codebook-based beamforming, where patterns and gains
of broadcast and traffic beams are predefined and known
before implementation. It can be used for beamforming
implementations such as beam sweeping or grid-of-beams
(GoB), single user MIMO (SU-MIMO), multi-user MIMO
(MU-MIMO) and mMIMO. In more advanced types of
beamforming, such as eigen-based beamforming (EBB) and
zero-forcing, where beam weight factors (BWF) are
determined ‘online’ based on the actual channel state
information (CSl), the general concept of maximum
exposure extrapolation based on comparison of broadcast
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and traffic beams is not applicable, because patterns and
gains of these beams are not known in advance.

Table 1Il presents example approximation of
Foxmeamert  €Xtrapolation factor for antenna [16] and NLOS

conditions of UMa scenario [17] with RMS AS based on

TABLE Il
EXAMPLE RESULTS OF EXTRAPOLATION FACTOR CALCULATION
PERFORMED ACCORDING TO PROPOSED METHOD FOR NLOS CONDITIONS
IN UMA SCENARIO [17]

Step| Calculations and results
Broadcast
Nom )
Non _ B, _ 58 _ 1.0123 rad —0.4299 rad
2J|n(4) 23548  2.3548
Nom o
o _ B _ 66° _01152rad _ 000
2fIn(4) 23548  2.3548
! Traffic
Nom o
o _ BY" _ 24° _04128rad o
2in(4) 23548 23548
Nom o
o _ B _ 66° _01152rad _ 000
2in(4) 23548 23548
Broadcast
2 2
oy = = =95.1379
Omaco BNem. BNom " 0.4299 rad - 0.0489 rad
2 Traffic
I 2 = 229.9033
B - Byo 0.1779 rad - 0.0489 rad
Broadcast
2
grE;fxO - Nom 2 2 Nom 2 2
B () (B + (1)
B 2
- 2 2 2 2
(04299 rad’ + (27.40°)" -(0.0489 rad)’ + (0.58°)
B 2
/(04299 rad )’ + (0.4782 rad)’ -|[(0.0489 rad)’ +(0.0101 rad)’
5 |£622899
Traffic
e 2
Gimaxo = 2 2 2 2
VBT (o) (B + (01)
B 2
- 2 2 2 2
(01779 rad)’ +(27.40°)" - |/(0.0489 rad)* + (0.58°)
B 2
- \/ 2 2 2 2
(0.1779 rad)” +(0.4782 rad) -\/(0.0489 rad)” +(0.0101 rad)
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mean AS value. Figure 6 compares the simulated values of
Fextzeamert ODtained by comprehensive statistical simulation

with full 3D channel model for 5%-tile, median and 95%-
tile of effective antenna gains (as already indicated in Fig. 4
for NLOS) and the calculated values of Fgeamesr Obtained

using the presented simplified method for mean AS, mean
AS plus twice SD and mean AS minus twice SD,
respectively. Calculations made for different values of
RMS AS were aimed to prove capability of the presented
method to estimate Fgeamesr 1N NLOS conditions with

high, average and low AS. Following observations can be
made from results in Fig. 6:
1. Simulated and calculated values of Fgeamerr are

well aligned and in majority of cases differ by
0.5 dB or less.

2. Simulated results based on 5%-tile, median and
95%-tile of effective antenna gains of broadcast
and traffic beams are represented well by
calculations performed for RMS AS based on
mean AS plus twice SD, mean AS and mean AS
minus twice SD, respectively. Therefore, these 3
calculations are considered as statistically
representative for the range of Fgeameri Values.

3. RF EMF exposure estimation based on the
calculated F,igeamesr fOr mean AS minus twice SD

still provides less overestimation than that
determined by nominal antenna gains. Therefore,
if used in estimation of RF EMF exposure, it
would help to reduce overestimation induced by
the F.geamnom €Xtrapolation factor for NLOS or

scattering environments.

Based on the above observations it can be concluded
that extrapolation methods used in RF exposure standards
such as [4] can benefit from using the method presented in
this section to calculate the effective extrapolation factor

Fexgeamest ~ COrresponding to the actual scattering

environment of the gNodeB,
extrapolation factor F,geamnom -

instead of the nominal

V. CONCLUSIONS

Specific design of beam patterns generated by the
newly deployed antenna arrays of gNodeB challenges the
methods used so far for the assessment of RF EMF
exposure associated with DL transmissions from BS of
cellular systems. Methods for extrapolation of the
maximum exposure, considered in IEC 62232 updates and
being verified by industry, academia and administrations,
are based on LOS assumptions. However, when used in
actual scattering environments or NLOS propagation
conditions, these methods may lead to significant over-
estimation of the maximum exposure which depends on AS
and the HPBW of nominal antenna beam patterns.
Consequences of this overestimation may be unnecessary
limited DL EIRP of the gNodeB or overestimate of the RF

VOLUME XX, 2017

(@)
NLOS conditions with high AS
4.5 Fexigeamnom = 4.1 dB
40 - T T T EEEEEEEEEEEEEEE
3.5
= 3.0
3, 25
= 2.0
E 15
§ 10
o 08 -— [ |
0.0 -—
-0.5 UMi SC Ma RMa
-1.0
-1.5
-2.0
= Statistical simulations = Simplified calculations
(b)
NLOS conditions with average AS
45 Fexseamnom = 4.1 dB
O
— 35
m
= 3.0
&
§ 2.5
2 20
wo1s
1.0
s |}
0.0
UMi SC
B Statistical simulations ™ Simplified calculations
(©
NLOS conditions with low AS
45 Fextgeamnom = 4.1 dB
40 == = m m - - o
. 35
m
3, 3.0
=
E 2.5
g 20
3
w 15
1.0
0.5
0.0

UMi SC

W Statistical simulations B Simplified calculations

FIGURE 6. Comparison of simulated and calculated values of effective
extrapolation factor in NLOS conditions for antenna [16] and 3GPP
propagation environments of UMi SC, UMa and RMa [17]. Calculations
based on (a) mean value of AS plus twice SD (NLOS conditions with high
AS), (b) mean values of AS (NLOS conditions with average AS) and (c)
mean value of AS minus twice SD (NLOS conditions with low AS)

EMF exposure compliance distances. Simulation results
obtained for 3GPP 3D channel models indicate that
maximum exposure may be overestimated even by 5.4 dB,
if nominal antenna gains of broadcast and traffic beams are
used for extrapolation in case of NLOS in UMa scenario
with high AS. This overestimation decreases with smaller
AS value and can be as low as 0.1 dB in RMa NLOS
scenario with low AS. These values would change when
using different broadcast and traffic beams than assumed in
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presented studies, but the general findings are found to be
consistent with findings from the latest literature.

To facilitate extrapolation of maximum RF EMF
exposure in realistic NLOS or scattering environment, this
paper introduces an alternative extrapolation method
leveraging the actual propagation conditions between the
gNodeB and the measurement point. The proposed
simplified calculation method of the effective extrapolation
factor demonstrates good alignment with results of
statistical simulations for 3GPP 3D channel model, if
similar values of AS are used by both methods. It is also
much more efficient than the computationally power- and
time-consuming full statistical simulations while providing
statistically representative range of extrapolation factor, if
proper AS is selected for calculation. Even if the exact
value of AS in the point of maximum RF EMF exposure
estimation is not known, the range of calculated effective
extrapolation factor allows to select the value which
provides an accurate RF exposure estimation and at the
same time reduces the unnecessary overestimation caused
by extrapolation based on nominal antenna gains of
broadcast and signal beams.

APPENDIX

Let h(¢,0) be the complex valued channel response in
angular domain and f(¢,6) be the complex valued
nominal antenna response which describes the variation of
the fields with the direction of propagation (¢,6), using

coordinate system specified in [25]. The power of the
nominal antenna response,

g™ (4,6) =|f (4.6)] (AO)

describes the power variation over direction in free space
and thus represents the nominal radiation pattern of the
antenna.

When acting as a receiver, the response of the receive

antenna along direction (¢,6,) can be represented as,

180° 90
j t(4.0)h(d—0.0,-0)dgdo (A1)

—-180" 90

r(d. &)=

where the circular convolution between the channel and the
antenna responses comes from the translation from spatial
domain to angular domain via Fourier transform. The
effective power angular spectrum of the receive antenna

along direction (.6, ) can therefore be represented as,
2
0" (¢, 6h) = E[|r(¢0,¢90)| }

=[[ 101 (5.0

(A2)
[[E[h(d -6, -O)" (4 - 9.6, - 0") |dgd 6 g’
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=[[ 1001 (5.0

(A3)
[ ot~ 9.6~ 0)5(9-9")5(0- 0")dgdodg'do

:”|f(¢'9)|2 P(d— 4,6, —0)dgdo (Ad)

where the expectation E[+] is taken over randomness of

channel realizations and (A3) comes from the assumption
of uncorrelated scattering (e.g., rich scattering but finite

angular resolution), with p(¢,9) as the channel power

angular spectrum and & (x) as the Dirac delta function. We
can then obtain (2) directly from (A4) by substitution of

2

g"" (4.0)= (4.0)"-
Similarly, when the same antenna acts as a transmitter,
the same nominal antenna response f(¢,0) used for

receiving will also apply for transmitting if we ignore
potential hardware impairment. By keeping the antenna
location unchanged and simply swapping its role from
receiving to transmitting, the same channel response

h(¢,0) shall apply as per channel reciprocity [24].

Therefore, the amount of energy dissipated along direction
(4y.6,) will be proportional to the effective power angular

spectrum as specified in (A4), from which we can obtain
(2) for signal transmission as well.
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Between Terrestrial and Aerial Base Stations

of 3GPP-Based 5G Networks

Kamil Bechta

Abstract—The objective of this paper is to estimate performance
of a new approach for spectrum sharing and coordination between
terrestrial base stations (BS) and On-board radio access nodes
(UxNB) carried by Unmanned Aerial Vehicles (UAV). This
approach employs an artificial intelligence (Al) based algorithm
implemented in a centralized controller. According to the
assessment based on the latest specifications of 3" Generation
Partnership Project (3GPP) the newly defined Unmanned Aerial
System Traffic Management (UTM) is feasible to implement and
utilize an algorithm for dynamic and efficient distribution of
available radio resources between all radio nodes involved in
process of optimization. An example of proprietary algorithm has
been described, which is based on the principles of Kohonen neural
networks. The algorithm has been used in simulation scenario to
illustrate the performance of the novel approach of centralized
radio channels allocation between terrestrial BSs and UxNBs
deployed in 3GPP-defined rural macro (RMa) environment.
Simulation results indicate that at least 85% of simulated downlink
(DL) transmissions are gaining additional channel bandwidth if
presented algorithm is used for spectrum distribution between
terrestrial BSs and UXNBs instead of baseline soft frequency re-use
(SFR) approach.

Keywords—5G, spectrum sharing, Unmanned Aerial Vehicle

. INTRODUCTION

ROM several years the Unmanned Aerial Vehicles (UAV)

are gaining attention of telecom industry and therefore are
subjects of academic studies and research projects. All this
activity is focused on theoretical and practical issues in the most
typical paradigms of UAV-related wireless communication.
This quickly maturing sector has been recognized and addressed
also by the 3 Generation Partnership Project (3GPP) — the joint
venture for development of global standards for cellular
networks. 3GPP in the latest releases of its standards for the 4™
Generation — Long Term Evolution (4G LTE) and the 5"
Generation — New Radio (5G NR) systems has included a wide
range of requirements, which allow UAV-related wireless
communication to co-exist with the cellular 4G and 5G
networks. As summarized in [1], recently the following areas
have been addressed by 3GPP:
1. Enhanced LTE Support for Aerial Vehicles (Release 15) [2],
2. Remote ldentification of Unmanned Aerial Systems (UAS)
(Release 16) [3],
3. Study on application layer support for UAS and 5G
Enhancement for UAVs (Release 17) [4].

Author is with Mobile Networks Business Division of Nokia
(e-mail: kamil.bechta@nokia.com)

From the perspective of two typical paradigms of UAV-
related wireless communication, the co-existence between UAV
and cellular 4G/5G networks brings advantages to both sides.
The foundation for this co-operation is connectivity between
UAYV and its controller via 4G/5G networks, usage of licensed
spectrum and standardized network protocols. This way the new
practical use cases of UAV and cellular networks are enabled
and lead to two typical paradigms, as shown in Fig. 1 [5,6]:

1. UAV-Assisted Cellular Communication - In this case the
cellular network gains from the presence of UAV, which are
deployed as aerial base stations (BS), called by 3GPP as On-
board radio access nodes (UXNB). Main purpose of UXNBs is
to complement the coverage of terrestrial BS or temporally
increase the cellular network capacity.

2. Cellular-Assisted UAV_Communication — By the usage of
licensed spectrum and standardized communication protocols
originated from cellular networks the UAVs are gaining more
efficient control and traffic data flow in comparison to operation
in unlicensed frequency bands.

This paper is focusing on the first of the abovementioned
paradigms, i.e. UAV-Assisted Cellular Communication. One of
the main challenges faced here is efficient spectrum sharing
between cells served by terrestrial BSs and those served by
UXNBs. Deployment of every UXNB inside the coverage area
of 4G or 5G networks implicates allocation of spectrum
resources to given UXNB. If UXNB is supposed to serve ground
user equipment (UE) with the same quality of service (QoS) as
UEs served by terrestrial BSs, the spectrum resources must be
distributed in optimal way between all cells in given coverage
area. Due to the mobile character of UxNBs it is also foreseen
that spectrum resources will be allocated in dynamic way, which
creates a new area for UAV related studies, i.e. cognitive UAV
networks [6]. Main subject of these studies is spectrum
allocation for UxNBs by dynamic utilization of the existing
frequency bands used by terrestrial BSs. Several different
approaches for spectrum sharing between UxNBs and terrestrial
BSs can be found in the literature. For example, Sboui et al. [7]
and Huang et al. [8] propose methods for dynamic control of
power transmitted by lower priority UXxNBs under constraints of
limited interference towards higher priority terrestrial BSs. In
both cases the power control algorithms aim to maximize the
energy efficiency or data rate of UAV connections, which are
optimized jointly with three-dimensional (3D) trajectory or
altitude of UxNBs. Similar approach has been used by Hattab
and Cabric [9], however here the transmit power of ground UEs
connected to UXNBs is subject of control algorithm to minimize

© The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0,
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Fig. 1. Typical paradigms for UAV integration into cellular network [5,6]

interference received by terrestrial UEs. In this case the
optimization process is performed by adaptation of time-
division duplexing (TDD) protocol using stochastic geometry
and comparison to the standard spectrum sharing and
orthogonal allocation protocols. Zhang and Zhang [10] on the
other hand propose a method for finding the optimal density of
UxNBs based on the 3-D Poisson point process. Optimal density
of UXNB network is found while maximizing its throughput and
satisfying the terrestrial cells interference constraints.
According to the prepared review of literature, none of the
abovementioned approaches is based on centrally implemented
algorithm, which utilizes artificial intelligence (Al) or machine
learning (ML). Therefore, the motivation of this paper is to
describe and assess an example implementation of approach for
centrally controlled spectrum sharing between UxNBs and
terrestrial BSs, which is based on a neural networks algorithm.
Algorithm presented in the following parts of this paper is
assumed to be implemented as one of the functions performed
by Unmanned Aerial System Traffic Management (UTM),
which according to 3GPP specification [4] is used to provide a
number of services to support UAS (UAV and a UAV
controller) in 4G and 5G networks. Therefore, Section Il
describes in more details the functions of UTM and UAS, as
defined by 3GPP, and points to the enablers which allow for
implementation of centralized algorithm for radio channels
distribution. Section Il presents description of the example
algorithm for radio channels distribution between terrestrial and
UxNB-served cells, which is based on the Kohonen neural
networks theory [12]. This section includes also example
simulation results of radio resource distribution obtained by the
implementation of the proposed algorithm in terrestrial network
with centralized controller, as well as indicates how the
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algorithm can improve the efficiency of radio channels
distribution in comparison to soft frequency re-use (SFR)
scheme. Section IV demonstrates the capability of the algorithm
to distribute radio channels between 3GPP-defined Rural Macro
(RMa) cells and UxNB-served cells for different densities of
UxNBs. Conclusion and summary of the paper are included in
Section V.

Il. 3GPP-BASED CONTROL AND TRAFFIC MANAGEMENT FOR
UAV

In December 2019, 3GPP approved the first version of Release

17 specification for support of UAS in 5G cellular networks [4].
It has been identified that 3GPP system can provide control
plane and user plane communication services for UAS, i.e.
UAYV and its controller. Examples of services which can be
offered to the UAS ecosystem includes data services for
command and control (C2), telematics, UAS-generated data,
remote identification, and authorization, enforcement, and
regulation of UAS operation. Important role in this information
flow via 3GPP network is performed by UTM management unit,
which is used to provide a number of services to support UAS
and their operations by following C2 communication [4]:
1. Network-Assisted C2 communication — the UAV controller
and UAV register and establish respective unicast C2
communication links to the 3GPP network and communicate
with each other via 5G network. Also, both the UAV controller
and UAV may be registered to the 3GPP network via different
radio access nodes. The 3GPP network needs to support
mechanism to handle the reliable routing of C2 communication.
2. UTM-Navigated C2 communication — the UAV has been
provided a pre-scheduled flight plan, e.g. array of 4D polygons,
for autonomous flying, however UTM still maintains a C2
communication link with the UAV in order to regularly monitor
the flight status of the UAV, verify the flight status with up-to-
date dynamic restrictions, provide route updates, and navigate
the UAV whenever necessary.

Figure 2 illustrates the above C2 communication flows in
3GPP ecosystem [4]. From the point of view of a centralized
algorithm for radio resources allocation the more appropriate is
UTM-Navigated C2 communication type — it allows for
autonomous and dynamic operations with limited input from
human-operated UAV controller. Requirements specified by
3GPP for remote identification of UAS assume flow of data
between UAS, 3GPP network and UTM, which makes a
centralized algorithm implementable inside UTM. Especially
the following requirements allow to consider this
implementation as feasible [4]:

UAV Application

UAV utm

UAV Applicati:)n/y

UAV Controller
Fig. 2. UAS model in 3GPP ecosystem [4]
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e R-5.1-003: The 3GPP system shall enable a UAS to send
UTM the UAV data which can contain: unique identity (this
may be a 3GPP identity), UE capability of the UAV, make &
model, serial number, take-off weight, position, owner identity,
owner address, owner contact details, owner certification, take-
off location, mission type, route data, operating status.

e R-5.1-006: The 3GPP system shall support capability to
extend UAS data being sent to UTM with the evolution of UTM
and its support applications in future.

e R-5.1-009: The 3GPP system should enable a mobile network
operator (MNO) to augment the data sent to a UTM with the
following: network-based positioning information of UAV and
UAV controller.

e R-5.1-012: The 3GPP system shall enable a UAS to update a
UTM with the live location information of a UAV and its UAV
controller.

e R-5.1-013: The 3GPP network should be able to provide
supplement location information of UAV and its controller to a
UTM.

e R-5.1-015: The 3GPP system shall provide the capability for
network to obtain the UAS information regarding its support of
3GPP communication capabilities designed for UAS operation.

In particular, the requirement R-5.1-006 allows for future
enhancements in UTM implementations and requests support of
necessary data flow between UAS and UTM. Therefore, it can
be assumed that any data needed by the algorithm will be
available. However, very important data necessary for
calculation of mutual interference between all radio nodes is the
position of these nodes, and this information is already available
e.g. by the requirement R-5.1-012. Other data required by an
algorithm, like transmit power, antenna gain and receiver’s
acceptable interference, can be considered either as make &
model or operating status data of the requirement R-5.1-003, or
future defined data of the requirement R-5.1-006.

To conclude: 3GPP-defined UAS system and UTM manager
can be considered as a feasible environment for implementation
of a centralized algorithm for radio resources distribution
between UXNB-served cells and terrestrial cells of 3GPP-based
4G or 5G networks. Next section describes example of such
algorithm, based on the Kohonen neural networks theory.

I11. DESCRIPTION OF THE ALGORITHM

In the presented study the Kohonen neural network [12] is
used to map a layer of input data (i.e. parameters of UxNB-
served cells and terrestrial cells) into a layer of output data (i.e.
optimal distribution of radio channels) during the process of
self-learning and mapping, which takes place inside a layer
between the input and the output. Self-learning and mapping
ensure that output data is optimal from the point of view of
accepted criterion. In this study the criterion is minimal
interference between UxNB-served cells and terrestrial cells.
Therefore, the algorithm learns possible mutual interference
between all cells in the network and map the same radio channel
only to cells which are not interferers to each other, e.g. those
which have sufficient separation distance.

Algorithm presented in this paper utilizes Kohonen neural
network in the variant of competitive learning [12], where the
input data layer includes additional weights which impact the
processing inside the layer of self-learning and mapping, called
here as ‘competitive layer’.

The algorithm has been developed for dynamic and efficient
distribution of radio channels between BSs of all involved cells
(hereafter refereed as access points - APs). On top of the main
part of the algorithm, two additional levels of optimization have
been introduced to meet basic requirements for efficient
spectrum utilization. Therefore, the algorithm consists of three
general stages:

1. Single channel allocation,
2. Multiple channels allocation,
3. Common Primary Channel (CPC) reallocation.

The high-level description of the algorithm can be as follow:
Stage 1 aims to allocate one channel to each AP, reusing channel
as much as possible when the APs are not interfering with other
APs too much. Inside Stage 1 the Outer Optimization Loop and
the First Inner Optimization Loop exclude APs that cause
interference to other APs, until the remaining APs do not
interfere with each other and can use a single channel. Then the
Second Inner Optimization Loop tries to add some excluded
APs back, if possible, i.e. APs that were excluded for causing
interference to other APs (which were also excluded) but can be
included again as they cause no interference to the remaining
APs. Stage 2 tries to give additional channels to APs that are not
interfering with the group of APs the channels were assigned to
before. Finally, Stage 3 tries to rearrange the channel
assignments to give to all APs of the same MNO the single
common channel.

Figure 3 illustrates general block diagram of the algorithm,
whereas more detailed descriptions of all stages are presented in
the following subsections.

A. Stage 1: Single Channel Allocation

Only this stage utilizes adapted Kohonen neural network in the
variant of competitive learning [12]. Further stages include
enhancements which perform optimization of outcomes from
Stage 1.

The aim of adapted Kohonen neural network in the variant of
competitive learning is to identify the function of costs, which
is represented by the following vector:

START
Stage 1 Stage 2
(Single channel) (Multiple channels)
First Inner “
| Optimization Loop I | 1st Order I
* or

Second Inner | |
Optimization Loop |

[ 2nd Order ]

v

Stage 3
(Common Primary Channel)

Auxiliary factor

Final co-existence
check

STOP

Fig. 3. General block diagram of the algorithm
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M
Vz{Vm:ZWm’n~km’n, } ,mneM, (1)
n M x1
where Vi is equal to the sum of interference which given AP m
causes to all other APs, whereas M is the number of APs from
all cells in the scenario analyzed by the algorithm. Before
determination of the vector V it is required to obtain the matrix

of weights W:{Wm'n}MxM ,m,ne M, where Wy is equal to

the interference caused by particular AP m towards any other
AP n. These interference values can be modified further, if the
matrix of comparisons K is determined as below:

k=l =[Py =1D, mneM. (2
" LifID, £ 1D,

General purpose of the matrix K is adaptation of the algorithm
according to occurred interference case between AP m and AP
n. First general case relates to the identification index (ID) of
the MNO. If AP m and AP n belong to the same MNO, i.e.
ID,, =1D,,, it can be assumed that, up to some extent, the MNO

can manage interference between its own APs. In that case the
value of multiplier kmn is equal to O (interference between APs
of the same MNO are fully manageable) or is between 0 and 1
(interference between APs of the same MNO are partially
manageable or not manageable). If APs belong to different
MNGOs, i.e. ID,, # ID,, multiplier kn, is equal to 1. Second

general case is connected with the priority of APs. If priorities
of analyzed APs are different, the multipliers kn and knm should
be equal to 1, which ensures that co-channel allocation will not
occur, if at least one AP from the analyzed pair causes harmful
interference to the other.

When the vector of costs V is determined, the obtained
individual interference values can be compared with the vector

of conditions Y ={y,},, .neM, where y, represents the

maximum interference limit acceptable by AP n. AP m, which
has the highest cost among all APs, i.e.V,, = max(V), and does

not fill all conditions of interference limit from the vector Y, i.e.
vneM:y, <Wp,-Kn,, is excluded from further

optimization. Positions of this AP in the auxiliary vector
X ={Xn 1.0 MeM is zeroed, assuming that at the beginning

of the algorithm all values in the vector x are equal to 1.
Detailed description of processing in Stage 1 is as follows:

1. The algorithm goes through the matrix of interferences W and

for each AP with non-zeroed value in the vector x calculates the

total interference Vi, which this AP causes to all other APs.

2. The algorithm sorts APs (new order) according to descending

value of total interference in vector V caused by each AP.

3. According to the new order the algorithm checks if given AP

causes harmful interference (above the threshold y,) to any of

its neighbors.

4.1f harmful interference is caused at least to one of the

neighbors, such AP is marked (value of this AP in the vector x

is zeroed).

5. The algorithm M times repeats steps 3-4, but without APs

already marked (First Inner Optimization Loop).

6. The algorithm M times repeats steps 1-5 (because in each

repetition the number of APs with non-zeroed value in the

vector x may be different).

[9]
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7. The algorithm checks marked APs (with zeroed values in the
vector x) one by one, if any of these APs can co-exist with all
remaining APs (with non-zeroed values in the vector x). Marked
APs are checked one by one according to descending value of
total interference in vector V, i.e. during the check of given
marked AP, other marked APs are not considered in calculation
of total interference.

8. If any of marked APs can co-exist with all remaining
unmarked APs, it also becomes unmarked and its value in the
vector X is equal to 1 again.

9. The algorithm M times repeats steps 7-8 (Second Inner
Optimization Loop).

10. The algorithm allocates the same channel to all APs which
remain unmarked (have non-zeroed values in the vector x) after
step 9.

11. The algorithm repeats steps 1-10 until all APs receive
channels.

Stage 1 includes additional improvements on top of the basic
Kohonen neural network [12], which are marked as the First
Inner Optimization Loop and the Second Inner Optimization
Loop.

The aim of the first loop is to ensure that each AP is examined
not only against the total interference caused to all other APs but
also against the interference caused towards individual
neighbor. This prevents to stop the basic Kohonen algorithm
when the AP, which causes the highest total interference
towards all other APs, does not cause the significant
interference to any individual AP, but the other AP with lower
total interference causes significant interference to some
individual APs. This step allows to identify APs which do not
cause the highest total interference but are harmful interferers
for individual neighbors.

The aim of the second loop is to additionally examine the APs
excluded earlier as the strongest interferers. At the input of the
second loop the interferers which cause harmful interference
towards neighboring APs have zeroed value in the input vector
X (xm=0). During the second loop, each AP with xu=0 is
examined, according to descending order of the vector V,
against all APs which remain with non-zeroed value in the
vector X (xm=1). If the harmful interferer meets the conditions in
the second loop, it receives the channel allocation already before
the start of the next optimization cycle for the next channel. The
second loop allows then to allocate a channel to the strongest
interferers, even though they did not meet the conditions in the
main part of Stage 1, because the number of APs/neighbors in
the second loop is different than in the main part of Stage 1.
Therefore, the procedure of the Second Inner Optimization
Loop helps to minimize the number of separate channels needed
to ensure co-existence between all APs in the given area and
shorten the algorithm’s processing time.

As the result of Stage 1 all APs, which were under
optimization process, receive a single channel which meets the
main condition, i.e. interference in this channel are not higher
than the acceptable level in vector Y. After this stage the
algorithm identifies how many separated radio channels are
needed to ensure co-existence between all considered APs.
Detailed flow chart of Stage 1 can be found in [13].

B. Stage 2: Multiple Channels Allocation

During this stage all APs are checked for the capability of
partial re-using of channels assigned to other APs during Stage
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1, and therefore to obtain more radio resources for better
spectrum utilization. There are two orders according to which
all APs in the area can be examined:

o 1%t Order: According to ascending values in the vector V. First
are examined these APs which have the lowest total interference
caused to all other APs. This approach favors APs which are
causing low interference and allows them to get more additional
channels than APs which cause higher interference, because
APs which are examined earlier have higher probability to be
allocated additional channel than APs which are examined later
during Stage 2. According to this procedure, more channels are
allocated to APs of denser network, i.e. belonging to MNO who
deploys more APs in the given area than other MNOs. This is
under assumption that MNO can minimize interference between
own APs and therefore APs of denser network are aggressors to
fewer neighbors than APs of less dense network.

e 2" QOrder: According to descending values in the vector V.
First are examined these APs which have the highest total
interference caused to all other APs. This approach increases the
probability that APs which cause high interference will be
allocated more additional channels than in the case of the 1%
Order approach. According to this procedure, more channels are
allocated to APs of less dense network, i.e. belonging to MNO
who deploys less APs in the given area than other MNOs. This
is again under assumption that MNO can minimize interference
between own APs and therefore APs of less dense network are
aggressors to higher number of neighbors than APs of denser
network.

Considering the above descriptions of the 1% Order and the 2"
Order, it is up to the central controller policy which approach
should be used, as each of them leads to different outcomes.
Once the order of APs’ examination is chosen, main part of
Stage 2 starts. The general rule of Stage 2, which leads to
allocation of additional channels, is as follow: Depending on
the chosen examination order, AP m is examined against all
other APs, from AP 1 up to AP M, and receives additional
channel I only when all other APs, which have already allocated
channel |, are not interfered by AP m above the acceptable
interference level. In the next cycle, AP m+1 must be examined
also against additional channel(s) allocated to AP m in the
previous cycle, and so forth. As the outcome of Stage 2 some
APs can reuse additional channel(s) for better utilization of the
available spectrum. These channels are then re-optimized
during Stage 3. Detailed flow chart of Stage 2 can be found in
[13].

C. Stage 3: CPC Reallocation

During Stage 3 some channels allocated to APs during Stage
1 and Stage 2 are re-allocated in a way which allows to allocate
the same CPC to all APs with the same ID, i.e. belonging to the
same MNO. Such functionality of the algorithm can be well
seen by MNOs — CPC allows for easier mobility and handover
of UEs between APs of the same MNO, and at the same time
gives to the MNO the confidence that at least one part of the
spectrum in the band is available constantly for its operation.
During the first step of Stage 3 the algorithm analyses channels
allocated during Stage 1 and Stage 2 to determine which
particular channel would be the most suitable as the CPC for a
given MNO. For that purpose, the auxiliary factor Fj is
calculated in the following way:

e Forj=1,....J, where J is the number of MNOs, for each MNO
find the channel ["™ which has the highest number of
allocations xj™ . If more than one channel got the highest
number of allocations, select the channel with lower ID. For
each MNO calculate the difference A; between x™ and the
number M; of all APs of given MNO. For each MNO calculate
auxiliary factor F;j as a multiplication of Aj and M;. Value of F;
determines the order according to which MNOs are re-
optimized. This order has to be determined as re-allocation of
channels for one MNO influences re-allocation in the network
of other MNO and therefore it has to be started from the optimal
point, i.e. re-allocation of channels starts from the MNO with
the highest value of F; factor and continues according to
descending value of Fj. If more than one MNO have the same
value of Fj, select the one with lower ID. Factor F; helps also to
determine which channel is the optimal CPC.

e Once the order of channels re-allocation and CPC for each
MNO are determined, procedure of channels re-allocation starts.
Stage 3 is the most complicated part of the algorithm, as it must
ensure maintenance of the optimal co-existence between APs
and at the same time shuffle the channels in a way which
allocates CPC to all APs. Main part of Stage 3 runs according
to the determined order of channels re-allocation - first are re-
allocated channels of APs which belong to the MNO with the
highest values of F; factor. According to this order, each MNO
is checked whether it has CPC allocated in all APs. If not, each
AP which does not have CPC is evaluated against all other APs
in the area, including also APs of other MNOs. This evaluation
determines whether evaluated AP m causes interference to any
other AP n. If yes, then that other AP n is checked whether it
has channel which is the CPC for AP m being under evaluation.
If yes, then the evaluated AP m is checked whether it has the
channel which is the CPC for AP n. Depends of these checks,
AP m and AP n exchange given channels between them. The
evaluation cycle of AP m is repeated against next AP n+1. After
that, AP m+1 of given MNO is evaluated. The same procedure
is repeated for other MNOs. As the outcome of this procedure,
all APs of all MNOs have allocated CPCs.

The last step of Stage 3 is called Final Coexistence Check. The
aim of this step is to verify if any pair of interfering APs did not
receive the same channel(s) during the re-allocation process
(Stage 3). If such situation is detected the algorithm removes
channel(s), which are the same for interfering APs, from the list
of channels of one of the interfering APs. In the result of Final
Co-existence Check some APs can have partially reduced
number of channels, in comparison to the outcome of Stage 2,
however this is the cost of re-allocation and allocation of CPC
to all APs. Detailed flow charts of Stage 3 and Final Coexistence
Check can be found in [13].

D. Verification of the 3-stage Algorithm by Simulations

Based on the above description of the algorithm a simple
simulation scenario has been developed to verify the
algorithm’s effectiveness, i.e. whether outcomes of the
consecutive stages follow agreed assumptions. It has been
assumed that the algorithm is used by a central controller to
allocate channels between APs of different MNOs. Main
simulation parameters used for evaluation of the algorithm are
included in Table 1. Figure 4 presents example outcome of the
full algorithm according to both the 1% and the 2" Order of
Stage 2. Results of each stage of the algorithm are marked by
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TABLE |
MAIN SIMULATION PARAMETERS USED FOR EVALUATION OF THE 3-STAGE
ALGORITHM
Parameter Value
Avrea size 5km x5 km
No. of MNOs 3
20 (randomly positioned in the area and
No. of APs assigned to MNOs)
Carrier frequency 3500 MHz
Max EIRP 30dBm
Interference threshold
of AP -75dBm
Channel model Free space
Other k=0 for APs of the same MNO
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Fig. 4. Results of simulation verification of the consecutive stages of the
algorithm

different colors (magenta, green and red respectively for
consecutive stages), whereas positions of APs are marked by
dark blue points. It can be noticed that three separate radio
channels are needed to ensure co-existence in assumed
simulation scenario, as ’3” is the highest number obtained after
Stage 1 (magenta color). As the result of Stage 2 some of APs
have received additional one or two channels (green color),
which means that better spectrum utilization has been obtained.
Difference in the outcome of Stage 2 according to the 1% and the
2" Order are visible inside the shaded area - in case of the 1%
Order more channels are allocated to APs of the MNO 3, which
in given area deploys more stations than the MNO 1. Opposite
situation occurs in the case of the 2" Order, when more channels
are allocated to APs of the MNO 1. These allocations follow the
reasoning described in subsection B. Finally, Stage 3 reshuffled
channels allocated during previous stages and ensured that each

K. BECHTA

MNO has CPC allocated to all of its APs (red color), i.e. the
MNO 1 received CPC=2, the MNO 2 received CPC=3 and the
MNO 3 received CPC=1.

Source code of the described algorithm in MATLAB
modelling environment, with implemented the above simulation
example, can be found in [13].

E. Efficiency of the Algorithm in Realistic Propagation
Conditions

To illustrate capability of the algorithm for efficient channels
distribution between BSs of realistic cellular network, a simple
simulation scenario has been developed. It has been investigated
if the algorithm can improve the spectrum utilization in a
cellular network with SFR scheme [14]. As illustrated in Fig. 5,
SFR allocates different frequencies for downlink (DL)
transmission to UEs allocated at the cell edges, to avoid intercell
interference. In assumed implementation, 3 radio channels are
needed for SFR between 7 cells. This implementation allocates
channel according to predetermined order, even if the actual
propagation conditions in the place of network deployment
allow to avoid intercell interference only due to the path loss. In
that deployment scenario the SFR may lead to locally sub-
optimal spectrum utilization, but at the same time is simple and
does not require additional processing. Therefore, it has been
investigated if the algorithm proposed in this paper is able to
distribute radio channels between 7 cells in more efficient way
than SFR does. The aim of this study was to illustrate the
algorithm’s efficiency in comparison to baseline SFR scheme.
Main simulation assumptions used for this study are presented
in Table II.

It has been assumed that DL intercell interference is
calculated, i.e. BS is the aggressor for UEs of all neighboring
cells. Due to that, the interference threshold for UE’s receiver
has been determined. Therefore, results of simulation indicate
how the available radio channel can be distributed between 7
cells to avoid intercell interference and maximize spectrum
utilization in RMa propagation environment. Figure 6 illustrates
the geometry of assumed simulation scenario and includes
example outcome of the algorithm’s calculations. Only Stage 1
and Stage 2 of the algorithm, as described in subsections A and
B, respectively, have been used. As can be noticed in the
example results of Fig. 6, the algorithm was able to re-use
channels 2 and 3 and allocate them to cells 2, 4 and 7 without
generation of intercell interference. To obtain the full statistical
picture of the algorithm’s effectiveness the Monte Carlo
simulation method has been used with 1000 drops of
algorithm’s realizations for assumed scenario. In case of SFR
scheme for 100% of scenario realizations the 3 channels are

Cell 4
Channel 2

Cell 6
Channel 2

Cell 1

Channel 3

Fig.5. The frequency planning and power allocation for the SFR scheme [14]
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TABLE Il
MAIN SIMULATION PARAMETERS USED FOR ESTIMATION OF THE
ALGORITHM’S PERFORMANCE IN REFERENCE TO SFR SCHEME

Parameter Value
Propagation environment 3GPP RMa [15]
Height of the BS antenna 50 m

Height of the UE antenna 2m

Inter-site distance 15000 m
Carrier frequency 1800 MHz
Auvailable bandwidth 60 MHz
No. of MNOs 1
No. of BSs 7
Max EIRP of single BS 43 dBm
Interference threshold of UE -104 dBm

x10*

35

14
n

Y Coordinates [m]
(5]

15 2 As 3 35 4
X Coordinates [m] x10%

Fig. 6. Geometry of the assumed simulation scenario and example outcome of
the algorithm’s calculations

needed to avoid intercell interference, whereas according to
obtained simulation results the presented algorithm required
only 2 channels in 24% of simulated cases and 3 channels for
68% of cases. In remaining 8% of simulated cases the algorithm
required 4 channels. Assuming that 60 MHz of the available
bandwidth can be distributed between 2, 3 or 4 radio channels,
thanks to Stage 2 of the algorithm, almost 60% of DL
transmissions can utilize more than 20 MHz of bandwidth,
which includes more than 10% of DL transmissions with 60
MHz bandwidth. Only for 5% of all DL transmissions the
available bandwidth is less than 20 MHz. Therefore, 20 MHz of
the bandwidth is allocated for remaining 35% of DL
transmissions. It should be clarified at this point that 20 MHz is
the amount of the spectrum which is available for each cell in
case of SFR scheme. Presented algorithm allows then to
maximize utilization of the available spectrum by the increase
of channel bandwidth in 60% of DL transmissions.

Next section presents outcome of the algorithm in case of
radio channels distribution between UXNBs and terrestrial BSs
deployed in 3GPP-defined network of 5G system.

IV. SPECTRUM SHARING AND COORDINATION BETWEEN
UXNBS AND TERRESTRIAL BSs

Similar simulation scenario as in subsection E of Section Il
has been used to illustrate capability of the algorithm to
distribute radio channels between cells served by UxNBs and
cells of terrestrial BSs, deployed in the same network and
coverage area. Therefore, UXNBs have been assumed to provide
additional coverage or network capacity (e.g. due to emergency
situations) in the rural area, where the deployment of terrestrial

BSs is not dense and may lead to local coverage or capacity
shortage. Simulation parameters for this deployment case are
presented in Table I11.

Also, in this simulation scenario it has been assumed that DL
interference is calculated between all cells, including cells
served by terrestrial BSs and UxNBs. Assumption was made
that the algorithm can be implemented as new functionality of
UTM manager. According to requirements made by 3GPP [4]
and listed in Section I, it was assumed that the UTM can obtain
from 3GPP mobile network all data required for calculation of
interference conditions by the algorithm, like equivalent
isotropic radiated power (EIRP) and coordinates of all
transmitters, interference threshold of receivers and type of
propagation environment. Other necessary information can be
subject of individual implementation of UTM and the used
algorithm.

Three sub-scenarios have been studied, where the number of
randomly distributed UXNBs was 1, 3 and 9, respectively. In all
cases the algorithm was trying to find the minimal number of
channels required to ensure co-existence between all cells and
then re-use those channels in the most efficient way. It has been
assumed that without the algorithm the number of channels
required on top of 3 channels of SFR scheme would be equal to
the number of UXNBs in the analyzed coverage area. Therefore,
introduction of 1, 3 and 9 UxNBs in the area served by 7
terrestrial cells would respectively require 4, 6 and 12 separate
channels to ensure co-existence between all cells. Figure 7
compares cumulative distribution functions (CDF) of minimal
number of channels required in the abovementioned sub-
scenarios as an outcome from Stage 1 of the algorithm. In sub-
scenario with 1 UxNB the algorithm required less than 4
channels for 65% of statistical realizations and more than 4
channels only for 2% of cases. This means that in majority of
simulated realizations the algorithm outperformed the
simplified SFR-based scheme. Performance of the algorithm
was even higher in remaining two sub-scenario — in case of 3
UxNBs for 99% of statistical realizations the algorithm required
less than 6 channels and much less than 12 channels for 100%
of realizations in case of sub-scenario with 9 UxNBs. During
Stage 2 the algorithm was able to re-use channels pre-allocated
during Stage 1 and due to that further increase the efficiency of
spectrum utilization, which can be observed in Fig. 8. For at
least 85% of DL transmissions in all simulated sub-scenarios the
allocated channel bandwidth was higher than obtainable by
SFR-based approach, i.e. 15 MHz, 10 MHz and 5 MHz for sub-

TABLE Il
MAIN SIMULATION PARAMETERS USED FOR ILLUSTRATION OF THE
ALGORITHM’S CAPABILITY TO DISTRIBUTE CHANNELS BETWEEN
TERRESTRIAL BS AND UXNBS

Parameter Value
Propagation environment 3GPP RMa [15]
Height of the terrestrial BS antenna 50 m
Altitude of UXNB 150 m
Height of the UE antenna 2m
Inter-site distance 15000 m
2D position of UXNBs Random
Carrier frequency 1800 MHz
Auvailable bandwidth 60 MHz
No. of MNOs 1
No. of terrestrial BSs 7
No. of UXxNBs 1,39
Max EIRP of terrestrial BS 43 dBm
Max EIRP of UXNB 23dBm
Interference threshold of UE -104 dBm
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Fig. 7. Simulation results of minimal number of channels obtained for the
algorithm and SFR scheme in terrestrial and aerial 3GPP RMa deployment
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Fig. 8. Simulation results of allocated channel bandwidth obtained for the
algorithm and SFR scheme in terrestrial and aerial 3GPP RMa deployment

scenarios with 1 UXNB, 3 UxNBs and 9 UXNBs, respectively.
Only for less than 1% of realizations in sub-scenario with 1
UxNBs the algorithm allocated less than 15 MHz. It can be also
noticed that with the increasing number of deployed UXNBs, the
algorithm is able to outperform the SFR-based approach better.
This is due to the limited number of transmitters in the analyzed
deployment area, which allows to re-use radio channels between
cells and still avoid intercell interferences. However, further
increase of the number of UxNBs will lead to severe intercell
interference and will decrease performance of the algorithm,
which at some point may be similar to the performance of the
SFR-based approach.

V. CONCLUSION

This paper includes high level feasibility study for
implementation of a centralized algorithm for dynamic and
efficient spectrum sharing between UxNBs and terrestrial BSs
deployed in 3GPP-based cellular network of 4G or 5G systems.
It has been presented that the latest releases of 3GPP
specifications include definition of UTM manager and its
functionalities. According to these requirements the UTM is
able to monitor and control activities of UXNBs through 3GPP
systems and at the same time can share relevant data about 4G
or 5G networks, inside which the UxBNs are deployed. Based
on the information from 3GPP specifications, it has been

K. BECHTA

assumed that UTM manager is feasible to implement centralized
algorithm as part of its functionalities. Proposal of the algorithm
has been made, which is based on the principles of Kohonen
neural networks theory. It has been shown that the algorithm is
able to allocate minimum required radio resources to all radio
nodes participating in optimization process and at the same time
it helps to maximize spectrum utilization. By simple simulation
scenarios it has been presented that spectrum available for
transmissions inside 4G or 5G networks can be efficiently
distributed between UxNBs and terrestrial BSs. In comparison
to basic SFR scheme the centralized algorithm can allocate radio
channels more efficiently. For assumed RMa deployment
scenarios it has been observed that at least 85% of simulated DL
transmissions are gaining more channel bandwidth if the
presented algorithm is used instead of SFR-based approach.
These preliminary results allow to consider the concept of
centralized spectrum sharing between UxNBs and terrestrial BS
inside 3GPP network as a valuable direction in studies on
cognitive UAV networks, especially in the context of growing
interest in UAV communication and work progress of 3GPP.
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Abstract—This paper investigates the impact of antenna
pattern modeling accuracy on performance evaluation in realistic
Citizens Broadband Radio Service (CBRS) cellular networks.
The current practice of using nominal antenna pattern of CBRS
device (CBSD), as measured in anechoic chamber, for estimation
of interference conditions between CBSDs does not address the
antenna gain degradation and antenna pattern reshaping caused
by angular spread in scattering propagation environment.
System level simulations have been conducted using a model of
commercially available antenna of CBSD in urban macro
deployment scenario with full 3D channel model and proprietary
algorithm for resources distribution. The result reveals that the
value of interference between each pair of investigated CBSDs
can be underestimated by 6 dB if nominal antenna pattern is
assumed in link budget calculation instead of effective antenna
pattern. This underestimation may lead to suboptimal channels
distribution in real spectrum sharing environment of CBRS
network and severe co-existence issues between CBSDs.
Therefore, effective antenna pattern of CBSD, as determined for
given scattering propagation conditions, should be used for more
accurate modeling of interference during CBRS network
planning, optimization, as well as network operation in spectrum
sharing environment.

Keywords—angular spread; CBRS; effective antenna pattern;
GAA; nominal antenna pattern; power angular spectrum

L INTRODUCTION

Increasing demands of data throughput in mobile
communication systems have been pushing mobile network
operators (MNOs), equipment vendors and regulators to search
for better utilization of radio frequency (RF) resources.
Spectrum in classical cellular bands (such as those below 2.5
GHz) is increasingly crowded and expensive, and new
spectrums in high bands above 6 GHz, such as the millimeter
wave bands adopted in the 5™ generation of mobile
communication system (5G), have tens of GHz bandwidth
(BW) available but suffer from worse radio propagation
conditions and higher penetration/scattering loss in cluttered
environments. Therefore, the challenge of providing adequate
coverage of mobile communication systems without significant
growth of cells density has driven the search of better
utilization of frequency bands. One of such attempts is to the
Citizens Broadband Radio Service (CBRS) system being
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specified in USA by Wireless Innovation Forum (WInnForum)
standardization body.

CBRS is a three-tier architecture system for spectrum
sharing in the 3550-3700 MHz frequency band [1], [2]. The
first tier of CBRS is composed of incumbent services, basically
military Radiolocation Service (RLS), Fixed Satellite Service
(FSS) and for a finite period, grandfathered terrestrial wireless
broadband service. As the highest tier in this framework,
incumbents will receive full protection against interference
from any other users. The second and the third tiers consist of
CBRS Devices (CBSD), intended to provide wireless
broadband access through authorized channel access in any
location and frequency, and includes two groups of users called
Primary Access License (PAL) and General Authorized Access
(GAA) [3]. Due to the variety of radio access technologies
which can be used as CBSD (e.g. 5G NR — New Radio, 4G
LTE — Long Term Evolution, WLAN — Wireless Local Access
Network, etc.), assurance of co-existence between CBSDs
becomes challenging without external coordination. Such
coordination is provided by Spectrum Access System (SAS)
controller which is responsible for channels assignment to
CBSDs through SAS-CBSD protocol [4]. In particular, the
group of GAA users requires the guidance from SAS as GAA
channels are unlicensed type.

SAS is specified to monitor interference conditions
between CBSDs, as well as between CBSDs and incumbents of
the first tier, to ensure that radio channels are distributed in an
efficient way. Interference conditions between particular radio
nodes are determined based on radio parameters of CBSDs
declared by manufacturers or MNOs (users of CBSDs). One of
the most important parameters of CBSD is antenna radiation
pattern. However, according to the latest specifications of
CBRS standard, developed by WInnForum [5]-[8], only a very
general information about radiation patterns are required for
reporting to SAS. The most detailed description is specified as
an optional requirement and referred to as “Enhanced Antenna
Pattern” [7]. According to [7] this pattern is equivalent to
nominal pattern as determined by theoretical model, eventually
measured in anechoic chamber and specified in technical
datasheet of the antenna. However, when deployed in realistic
radio wave scattered environment (which is significantly
different from free space propagation of anechoic chamber) the
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effective pattern and gain of the antenna can deviate noticeably
from nominal values [9].

Due to phenomenon of angular spread of radiated energy in
scattering environment, the maximum effective gain of antenna
pattern can be lower and its half power beam-width (HPBW)
can be wider in comparison to nominal values. Additionally,
the side lobes levels are increasing which is especially
important for estimation of interference conditions. These
deviations can be experienced even in line-of-sight (LOS)
conditions but are visible especially in the case of non-line-of-
sight (NLOS). Figures 1 and 2 present results of effective
antenna pattern measurements performed in urban Manhattan
environment [10]. As can be noticed on Fig. 1 the effective
maximum gain in azimuth plane can be more than 4 dB below
the nominal maximum gain in 10% of measured cases. Figure
2, on the other hand, illustrates impact of scattering
environment on widening of antenna pattern and increase of
side-lobes levels.

The aim of this paper it to demonstrate the difference in
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Fig. 1. CDFs of effective antenna gains measured in urban Manhattan
environment [10] presented in comparison with nominal antenna gain
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Fig. 2. Horizontal angular spectra of effective directional antenna
patterns measured in urban Manhattan environment [10], where red
dash-dot is the nominal pattern measured in anechoic chamber, and blue
solid and black dashes lines are pattens from urban street canyon
measurement

performance of CBRS system evaluated in the three-
dimensional (3D) statistical system level simulations which
consider nominal and effective antenna patterns. It is shown
that in realistic simulation scenarios such as urban macro the
values of interference between CBSDs can be significantly
underestimated if nominal antenna pattern is used for
estimation instead of effective antenna pattern. Consequence of
this underestimation is suboptimal distribution of radio
resources by SAS, which may lead to co-existence issues
between CBSDs and unsatisfactory performance in CBRS
network.

The rest of this paper is organized as follows. Section II
introduces system modelling and Section III contains
simulation scenario and results, whereas Section IV concludes
and summarizes the paper.

II.  SYSTEM MODELLING

Considering the abovementioned modifications in antenna
pattern and gain, as introduced by scattering environment, it
can be easily concluded that neglecting of those may have
significant impact on correct evaluation of interference
between radio nodes of CBRS system, i.e. CBSDs or CBSD
and incumbent, which in consequence may lead to suboptimal
spectrum allocation by SAS, if only nominal antenna pattern is
assumed during evaluation.

Equations (1)-(3) describe how the effective antenna
pattern can be analytically obtained based on nominal antenna
pattern and power angular spectrum (PAS) of the assumed
propagation environment [9].

180° 180°

g7 (46 = I JgN”’”(¢,9)-p(¢—¢0,0—00)d¢d9, (1)
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In above equations gE-ﬁ ‘indicates 3D effective antenna

m

pattern, whereas g"'*” indicates 3D nominal antenna pattern.

gﬂf ‘and ggg indicate azimuth and elevation cuts of effective
antenna pattern, ¢ and 6 define angular domain in azimuth
and elevation, respectively, whereas ¢, and 6@, indicate

boresight direction between Tx and Rx in azimuth and
elevation, respectively. p, and pg, represent realizations of

PAS in azimuth and elevation.
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Accurate modeling of antenna pattern of CBSD is
important during CBRS network deployment and operation. If
at the stage of radio network planning (RNP) the impact of
scattering environment will not be properly reflected in link
budget calculations for serving and interfering links, i.e.
nominal antenna pattern is considered instead of effective
antenna pattern, the coverage and capacity of CBSD cells after
deployment in the field may be significantly worse than
estimated during RNP. This may lead to time consuming and
expensive optimization of deployed cells, which could be
avoided if accurate modeling of antenna pattern is assumed
already at the early stage of RNP. Additionally, the effective
antenna patterns of CBSDs should be determined, maintained
and used also during operation of CBRS network, already after
deployment. This relates to SAS functions, especially
distribution of radio channels between GAA according to link
budget calculations for interfering links, where antenna pattern
model is particularly important. Therefore, if accurate antenna
pattern of GAA, i.e. effective pattern in the place of GAA
deployment, is not available to SAS the distribution of radio
channels to all GAA cells in the network may be suboptimal
and lead to locally increased interference or underutilized
spectrum resources.

III.  SIMULATION SCENARIO AND RESULTS

To emphasize the impact of accuracy in antenna pattern
modeling on estimation of performance in realistic CBRS
network, a commercially available antenna model used by
CBSD [11] was assumed in simulation study, with deployment
scenario parameters from practical network [12].

The purpose of simulation studies presented in this section
was evaluation of impact on CBRS network performance if
nominal antenna pattern is used by SAS to determine
interference conditions between GAA access points deployed
in realistic scattering environment, where effective antenna
pattern applies. Simulation results obtained using both nominal
and effective antenna patterns are presented, to illustrate the
difference between effective (realistic) performance obtainable
in the field and the one estimated inaccurately based on
nominal antenna pattern. Such comparison of quantitative
metrics allows to easily assess the importance of effective
antenna pattern for optimal CBRS network operation.

A. Effective pattern of practical antenna model for CBSD

Simulation scenario assumed deployment of GAA access
points in the urban macro (UMa) propagation environment at
3.5 GHz carrier frequency with available bandwidth of 10
MHz. For accurate modeling of angular spread phenomenon of
realistic UMa environment, a full 3D statistical channel model
determined by the 3™ Generation Partnership Project (3GPP)
[13] was used. Based on angular spread statistical distributions,
which in section 7.5 of [13] are defined by inverse Gaussian
and Laplacian functions for azimuth and zenith spreads,
respectively, the representative 3D PAS for UMa environment
in LOS and NLOS conditions have been determined. Obtained
3D PAS have been then used to calculated 3D effective
patterns of antenna model [11] according to (1). Table I
includes main nominal parameters of antenna model [11],
whereas Figs. 3 and 4 illustrate comparison of its nominal and

[10]

TABLE L MAIN NOMINAL PARAMETERS OF ANTENNA MODEL [11]
Parameter Value
Antenna Gain 10.5 + 1.5 dBi
Horizontal Beam Width | 65+ 10°
Vertical Beam Width 35+ 10°
90
120 10 60
5
150

— — — Nominal pattern
Effecive pattern in LOS
— — — Effective patten in NLOS

180

210

240 300
270

Fig. 3. Comparison of horizontal cuts of nominal and effective patterns
of assumed antenna model in 3GPP UMa environment
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— — — Nominal pattern
Effecive pattern in LOS
— — — Effective patten in NLOS

180
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240 300
270

Fig. 4. Comparison of vertical cuts of nominal and effective patterns of
assumed antenna model in 3GPP UMa environment

calculated effective pattern cuts in horizontal and vertical
planes, respectively. As can be noticed on these figures, the
maximum gain of antenna pattern drops between nominal and
effective pattern by around 0.5 dB in case of LOS conditions,
and almost 2 dB in case of NLOS conditions. However, in case
of angles far from pattern’s boresight, e.g. +/- 50" in horizontal
plane, the effective gain is significantly higher than nominal in
both LOS and NLOS conditions. These phenomena are caused
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by spatial filtering of multipath components (arose due to
propagation by scatterings) by nominal antenna pattern, which
in (1)-(3) is modeled by convolution function. The shape of
simulated effective patterns is also aligned with measurement
results presented in Figs. 1 and 2 for urban Manhattan scenario,
as well as measurement results obtained for other environments
in [14]-[16], where drop in maximum gain and increase of side
lobe levels are observed.

In radio cellular networks most of interference is
transmitted and received by side lobes (or other angles than
boresight) of antenna pattern. From the antenna patterns of
Figs. 3 and 4 it is clear that during interference calculations the
effective antenna pattern should be used instead of nominal
pattern. In other case, the value of estimated interference can
be noticeably lower than the actual value experienced in real
propagation conditions with scatterings, which may lead to
suboptimal allocation of radio channels, leading to lower than
expected performance or even receiver’s blockage due to high
interference.

B. Modeling of interference between CBSDs in UMa
scattering environment and its impact on channels
distribution
To evaluate the impact of nominal and effective antenna

patterns on interference evaluation between GAA access points

of the same network, and therefore on distribution of radio
channels by SAS inside the CBRS network, the system level
simulations with Monte Carlo methodology have been
performed. It was assumed that SAS is distributing radio
channels, of 10 MHz each, between GAA access points
according to proprietary algorithm based on Kohonen neural
networks. Details of the algorithm are described in [17] and

[18]. Simulation parameters follow assumptions made for

practical CBRS network in [12] and are summarized in Table

IL

Figure 5 illustrates the cumulative distribution function
(CDF) of point-to-point (p2p) interference between each pair of
GAA access points obtained from conducted system level
simulations. These values of interference have been used by
Kohonen algorithm to decide about channels allocation
between GAA access point in simulated deployment area of
CBRS network. For instance, if interference caused by access
point A to access point B and by access point B to access point
A are both lower than -96 dBm per 10MHz, it is possible to
allocate the same radio channel to both access points.
Otherwise, the same channel cannot be allocated to access
point A and access point B. Therefore, it is important to ensure
that SAS accurately calculates interference between GAA
access points. As can be noticed on Fig. 5, the effective
interference for real propagation conditions can be more than 6
dB higher (in median) than estimation based on nominal
antenna pattern. In consequence, the number of separate radio
channels required to ensure co-existence between GAA access
points is also different, as obtained from assumed Kohonen
algorithm. According to CDFs on Fig. 6, the minimal number
of channels are 8 and 10 for nominal and effective patterns (in
median), respectively. In other words — when nominal pattern
is used by SAS for determination of interference conditions
between GAA access points in UMa propagation environment,

TABLE IL. MAIN PARAMETERS OF SIMULATION SCENARIO
Parameter Value
From 40 dBm per l0OMHz to
EIRP of GAA 47 dBm per 10MHz (Cat B)
Interference protection criteria -96 dBm per 10MHz
Antenna height above ground 6mto30m
Down tilt From 2'to 10
Density of GAA 30 per km?
Channel bandwidth 10 MHz
Simulated area 4 km?
Position of GAA Un}fom} random distribution
inside simulated area
1 T T T T
— — — Nominal interference _Z
Effective interference , 7
(LOS and NLOS) | ,
0.8 b
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Fig. 5. CDF of point-to-point interference between each pair of GAA
estimated with nominal and effective antenna patterns
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Fig. 6. Comparison of vertical cuts of nominal and effective patterns of
assumed antenna model in 3GPP UMa environment

some of access points suffer interference originated from other
access points, because 2 additional channels are missing to
ensure sufficient co-existence conditions.

Presented evaluation has been performed for the 4G LTE
type of GAA access points and associated antenna model. In
case of 5G NR standard, which is adapted to utilize antenna
arrays for shaping high gain narrow-beam antenna patterns via
different beamforming techniques, the impact of scattering
environments on effective antenna pattern is more visible, as
demonstrated in [9]. Considering that at the beginning of 2020
the CBRS Alliance, an industry organization focused on
developments of CBRS, together with Federal Communication
Commission (FCC) enabled support for 5G NR deployments
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using shared spectrum in the 3.5 GHz band, the first CBSD
implementations based on 5G NR standards are expected in
2021. Therefore, extension of study presented in this paper is
planned to cover evaluation of CBRS performance with
nominal and effective directional patterns of GAA based on 5G
NR antenna arrays. However, results of already conducted
studies suggest that enhancements of applicable requirements
of WInnForum, especially [7] and [8], should be introduced to
consider effective antenna pattern for improvement of
performance in future CBRS network with 5G NR
implementations.

IV. CONCLUSION

System level simulation study of performance in GAA type
of cells in CBRS network with centralized SAS controller was
performed. Simulation study assumed model of commercially
available antenna of CBSD, as well as realistic deployment
scenario, full 3D channel model and proprietary algorithm for
resources distribution, to emphasize practical meaning of
obtained results. The aim of the study was to clarify if nominal
antenna pattern of CBSD (as measured in anechoic chamber) is
appropriate for estimation of interference conditions between
CBSDs in scattering propagation environment. It has been
shown that effective antenna pattern of CBSD (as determined
for given scattering propagation conditions) is needed for
accurate modeling of interference during CBRS network
planning and optimization, as well as during CBRS network
operation in spectrum sharing environment. In assumed
simulation scenario the value of interference between each pair
of GAA cells can be underestimated even by 6 dB if nominal
antenna pattern is assumed in link budget calculation instead of
effective antenna pattern. This underestimation may lead to
suboptimal channels distribution by SAS and in consequence to
severe co-existence issues between GAA access points.
Therefore, it is suggested that relevant requirements of CBRS
standard should be enhanced to consider effective antenna
patterns, especially in case of implementations based on 5G
NR with high gain narrow-beam antenna patterns.
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Abstract—Multi-beam antenna systems are the basic
technology that is used in developed fifth-generation systems.
This article is devoted to assessing the impact of a multi-beam
antenna system on the interference level in the downlink. These
interference are generated by neighboring base station antenna
beams. The presented analysis is based on simulation studies in
which the multi-elliptic propagation model is used.
Transmission characteristics of propagation environments such
as power delay profile and antenna beam patterns that define
the geometric structure of the model were adopted on the basis
of the 3GPP standard. The obtained results show the possibility
of using the presented method to assess the separation angle
between co-channel beams. It is the basis for minimizing
spectral resources in the system.

Keywords—5G, downlink, interference, multi-beam antenna
system, multi-elliptical propagation model, signal-to-interference
ratio (SIR), 3GPP standard

I. INTRODUCTION

Achieving greater transmission capacity for wireless links
is the main goal of currently developed fifth-generation (5G)
networks. The use of new spectral resources that cover
frequency ranges exceeding 3 GHz provides an increase in the
performance and capacity of these networks. However,
propagation phenomena that occur in the millimeter-wave
range cause numerous problems in the practical
implementation of radio transmission equipment solutions.
The increase in propagation environment attenuation at higher
frequencies makes it necessary to reduce the size of cells and
sectors served by individual network base stations. Hence,
obtaining full coverage forces increasing the density of
network access nodes (base stations) in a given area. The
dominant number of mobile users of wireless networks occurs
in urban areas, where the phenomenon of multi-path
propagation significantly limits the transmission capabilities
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of radio links. As a result of this phenomenon in combination
with the Doppler effect, which arises as a result of user
motions, the signal undergoes a dispersion phenomenon both
in time, frequency, and reception angle domains.

A multi-antenna system is one of the basic solutions used
in the currently implemented 5G systems that minimize the
impact of adverse propagation phenomena. A massive
multiple-input-multiple-output (massive-MIMO) technology
plays a special role. It uses a beamforming technique, which
gives the possibility of practical implementation of spatial
multiplexing for radio resources. This multiplexing allows
minimizing spectral resources by using the same frequency
sub-bands in angularly separated beams. In urban areas, the
occurrence of multipath propagation is the cause of the
angular dispersion of the received signals. This is the reason
for receiving signal components from unwanted beams that
significantly interfere with the signal from a useful beam (i.e.,
areference beam). In this paper, we present a methodology for
assessing the interference level in a downlink that arises as a
result of using a multi-beam antenna system in the 5G base
station (i.e., 5G gNodeB). In simulation studies, the use of a
multi-elliptical propagation model (MPM) [1] and real beam
patterns of the massive-MIMO antenna systems [2]
determines the originality of the obtained results and the
method of determining the interference level from undesirable
beams (i.e., interfering beams) of the antenna system.

The rest of the paper is organized as follows. Section II
describes the practical ways of using multi-beam antenna
systems. Section III presents the basis for assessing the
interference level in the downlink, which is based on the use
of the MPM. Assumptions, obtained results, and conclusions
from the carried out simulation tests are presented in Sections
IV and V, respectively.
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II. MULTI-BEAM ANTENNA SYSTEM — PRACTICAL ASPECTS

One of the key differentiators of 5G is the ability to utilize
the benefits of the massive-MIMO technique, especially the
simplification of multiple-user access. Because of a large
number of antenna elements connected to multiple
transmission-reception radio chains, the fast fading was seen
by the base station gradually disappears and the radio channel
becomes flat in the frequency domain. This effect, called
channel hardening, causes that in orthogonal frequency
division multiplexing (OFDM) access, each subcarrier has
similar channel gain and therefore different user equipment
(UE) of the same cell can be allocated to the whole available
frequency bandwidth [3].

On top of that massive-MIMO allows to significantly
increase the cell capacity in reference to conventional MIMO.
Due to spatial multiplexing of available resources, obtained by
the ability of energy focusing by large antenna arrays, i.e.,
beamforming, massive-MIMO allows reusing the same
frequency bandwidth by multiple UEs at the same time.
However, such a multi-user scenario is possible only in the
case of favorable propagation conditions, i.e., when the
propagation channel responses from the base station to
simultaneously served UEs are sufficiently different (UEs are
considered to be spatially orthogonal). From that viewpoint,
the number of available resources in the cell is multiplied by
the number of UEs. In less favorable propagation conditions,
i.e., when the spatial orthogonality between UEs is not
sufficient, the available radio resources have to be distributed
properly. Usually, if different UEs are served by different
beams they can be allocated with full available bandwidth but
in different time slots, to avoid intra-cell interference. In case
when the same beam serves multiple UEs the available
bandwidth is split between these UEs accordingly. It can be
also possible that only single UE will be under the coverage
of two neighboring beams, which would result in doubling of
resources available from a single beam, i.e., such UE can be
served in two consecutive time slots.

Even though that due to beamforming the massive-MIMO
significantly limits the inter-cell interference in reference to
legacy MIMO, the problem of unavoidable re-use of training
sequences, i.e., pilot contamination, by UEs in different cells
still exists and the inter-cell interference grows along with the
number of base stations in the network [4]. Therefore, it is
particularly important that inter-cell interference is accurately
modeled at the stage of network planning and optimization as
well as accurately estimated and limited during network
operation by sufficient precoding.

III. FUNDAMENTALS OF INTERFERENCE EVALUATION IN
DOWNLINK
Dispersion in the reception angle domain is characteristic
for areas, where multipath propagation occurs, e.g., urbanized
areas with non-line-of-sight (NLOS) conditions. In such a
propagation environment, the basis for power assessment is

power angular spectrum, p(6,0,d), where 0 and ¢ are the
angles in the elevation and azimuth planes, respectively, and
d is the distance between a transmitter (Tx) and receiver (Rx).
This function allows determining the received power P, (d)

according to the relationship [5]

P, (d)=[[ p(6,0,d)d0d0 (1)

Q

where Q={(6,0):0€[0°,90°),0€ [-180°,180°)}.

Thus, under NLOS conditions, knowing the angular power
spectra for signals from the useful (i.e., reference) and
unwanted (i.e., interfering) beams allows an assessment of the
energy relationship between these signals. In this paper, we
analyze the transmission of signals in the frequency range
from 3 to 4 GHz and the receiving point distance exceeding
100 m. For these conditions, we can assume that the
dispersion phenomenon of the received power dominates in
the azimuth plane. This fact is shown in [1][5]. In this case,
the signal-to-interference ratio (SIR) between the useful signal

strength P, (d) and the power of the interfering signal

Py, (d) that comes from the unwanted beam has the form [6]

180°

P (d) [ po(0.d)do
SIR =10log,, ;O—(d) =10log,, Jp——— ()
o I P (d),d)d(])

—-180°

where p,(¢,d) and p,(¢,d) represent the angular power

distributions of the useful and interfering signals in the
azimuth plane, respectively.

Equation (2) reduces the SIR evaluation to determine
P, (9,d) and p,(0,d) . In this paper, we use the MPM to

determine these channel characteristics. The geometry of this
model describes the most probable locations of scatterers. Its
structure consists of a set of confocal ellipses whose foci
determine the position of the Tx (i.e., gNodeB) and Rx (i.e.,
UE). For the nth ellipse, the major, a.,, and minor, b,,, axes
are defined based on a power delay profile (PDP) according to
the following relationships [1][7]

xn

a =%(c‘c"+d) 3)

b :% ct, (ct, +2d) 4)

xn

where ¢ denotes the speed of light, d is the distance between
the Tx and Rx, and 7T, is a delay for which the PDP takes the

nth local extreme.

The adopted way of creating the geometric structure of the
MPM provides a mapping of transmission properties of
propagation environments. Detailed descriptions of this
structure are provided in [1][5][7][8]. In a simulation testing
procedure, the mapping of directional antennas is obtained by
using their normalized radiation pattern. Because these
characteristics meet the definition properties of probability
density [9], in the simulation procedure the directions of
departure of propagation paths are generated on their basis. A
detailed description of determining the radiation angle
distribution is given in [8]. Radiated propagation paths are
transformed in the MPM geometric structure. At the final
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stage of the simulation procedure, considering the receiving
antenna pattern enables the determination of angular power
spectra that come from individual beams and are seen on the
antenna output [5].

IV. SIMULATION STUDIES

A. Assumptions

In the simulation studies, we consider a scenario illustrated
in Fig. 1. In this case, the macro-cell gNode-B base station
(Tx) with the massive-MIMO antenna array generates two
beams in the selected sector, i.e., reference and interfering
beams presented in green and red color, respectively. Their
directions determined the angle of beam separation, Aa. The
UE (Rx) is in an area of the reference beam at the distance d.
Directions of the UE (purple color) and reference gNodeB
beams provide their alignment. We assess the SIR versus Aa
between two analyzed transmitting beams for various d in the
downlink.

massive-MIMO antena of macro-cell
5G NR gNodeB base station (Tx)

interfering beam

Fig. 1. Spatial scenario of simulation studies.

For more realistic simulation results, we use real patterns
for the UE and gNodeB beams. For this purpose, we base on
[2]. In the selected sector, the gNodeB is equipped with two
vertical patches with 12x8 of antenna elements that generate
two analyzed beams. The UE beam with a half-power
beamwidth (HPBW) equal to 90° is generated by a single
antenna element. Figure2 depicts the three-dimensional
pattern of the reference beam. The patterns of the UE (purple
dashed line), reference (green line), and interference (red
dotted line) beams in the azimuth plane are shown in Fig. 3.

In this case, the interfering beam is presented for example
Aa =30°.
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Fig. 2. Three-dimensional pattern of reference beam.

cam pattes
eference gNodeB beam pattern
interfering gNodeB beam pattern for Aa=30°
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Fig. 3. Patterns of UE, reference and exemplary interfering beams in
azimuth plane.

For the MPM, we additionally consider the following
assumptions:

e carrier frequency of the transmitted signal is
f0=3.5GHz,

e PDP is based on TLD-B, i.e., tapped-delay line (TDL)
model of the 3GPP standard [10] for NLOS conditions;
this TDL correspond an urban macro (UMa) scenario
and normal-delay profile, i.e., rms delay spread is
equal to ;=363 ns [10],

e Rician factor is k=0 [10],
e intensity coefficient of the local scattering is y=0,

e analyzed distances between the gNodeB (Tx) and UE
(Rx) are d = {100, 200, 500} m,

e range of changes in the angle of beam separation is
[0°, 60°].
B. Maintaining the Integrity of the Specifications

For the above assumptions, we carried out simulation
studies. The obtained results are depicted in Fig. 4. In this
case, graphs present the SIR versus angle of beam separation,
Aa, for various distances d between the UE and gNodeB.

15

0

Signal to interference ratio SIR (dB)

--d=100m

10 20 30 40 50 60
Angle of beam separation Aa (°)

Fig. 4. SIR versus angle of beam separation for NLOS conditions, and
different distances between UE and gNodeB.

The increase in Aa reduces the downlink interference
between the reference beam providing services to the UE and
the interference beam. However, the nature of the SIR graphs
is not uniform. For Aa = 15°, 30°, and 48°, there are local
maxima. They result from considering side lobes in the
realistic patterns of the base station beams. As the distance d
increases, these maxima are less and less significant.
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On the other hand, the obtained results differ significantly
from those presented in [6], where some stabilization may be
seen in the SIR graphs. In [6], two simplifications are
assumed. Firstly, the beams are modeling only using the
Gaussian main lobe pattern without side lobes. Secondly, the
beam gain is constant regardless of its radiation direction.
Whereas, in the real massive-MIMO antenna array, the beam
gain depends on its direction. This second fact influences
importantly on the differences in the presented results.

V. CONCLUSIONS

This paper focuses on assessing the interference in radio
downlinks arising in multi-beam antenna systems. The
presented method of the SIR evaluation is based on simulation
studies, where the MPM and real beam patterns are used. The
obtained results show the effectiveness of the developed
solution in determining the angular separation in the multi-
beam antenna arrays that provides an acceptable interference
level. Unlike methods of inter-beam interference assessment
used so far, the solution proposed in this paper considers the
phenomenon of angular dispersion of received power, with
particular regard to NLOS conditions. An ability to adapt the
MPM geometric structure to the actual transmission
conditions of a given propagation environment minimizes SIR
evaluation errors. In that, the presented method of assessing
the interference level at the receiving point can be used to
determine the separation angle between co-channel beams,
which allow minimizing the spectral resources in the system.
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Abstract: Multi-beam antenna systems are the basic technology used in developing fifth-generation
(5G) mobile communication systems. In practical implementations of 5G networks, different ap-
proaches are used to enable a massive multiple-input-multiple-output (mMIMO) technique, including
a grid of beams, zero-forcing, or eigen-based beamforming. All of these methods aim to ensure
sufficient angular separation between multiple beams that serve different users. Therefore, ensuring
the accurate performance evaluation of a realistic 5G network is essential. It is particularly crucial
from the perspective of mMIMO implementation feasibility in given radio channel conditions at
the stage of network planning and optimization before commercial deployment begins. This paper
presents a novel approach to assessing the impact of a multi-beam antenna system on an intra-cell
interference level in a downlink, which is important for the accurate modeling and efficient usage of
mMIMO in 5G cells. The presented analysis is based on geometric channel models that allow the
trajectories of propagation paths to be mapped and, as a result, the angular power distribution of
received signals. A multi-elliptical propagation model (MPM) is used and compared with simulation
results obtained for a statistical channel model developed by the 3rd Generation Partnership Project
(3GPP). Transmission characteristics of propagation environments such as power delay profile and
antenna beam patterns define the geometric structure of the MPM. These characteristics were adopted
based on the 3GPP standard. The obtained results show the possibility of using the presented novel
MPM-based approach to model the required minimum separation angle between co-channel beams
under line-of-sight (LOS) and non-LOS conditions, which allows mMIMO performance in 5G cells to
be assessed. This statement is justified because for 80% of simulated samples of intra-cell signal-to-
interference ratio (SIR), the difference between results obtained by the MPM and commonly used
3GPP channel model was within 2 dB or less for LOS conditions. Additionally, the MPM only needs
a single instance of simulation, whereas the 3GPP channel model requires a time-consuming and
computational power-consuming Monte Carlo simulation method. Simulation results of intra-cell
SIR obtained this way by the MPM approach can be the basis for spectral efficiency maximization in
mMIMO cells in 5G systems.

Keywords: 5G; downlink; interference; signal-to-interference ratio (SIR); massive MIMO; multi-beam
antenna system; multi-elliptical propagation model; 3GPP standard

1. Introduction

Achieving greater transmission capacity for wireless links is the main goal of the
currently developed fifth-generation (5G) mobile communication system [1,2]. The use of
new spectral resources that cover frequency ranges exceeding 3 GHz provides an increase
in the performance and capacity of next generation networks. However, propagation
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phenomena that occur in the centimeter-wave (cmWave) and millimeter-wave (mmWave)
ranges cause numerous problems in the practical implementation of radio transmission
equipment solutions [3,4]. The increase in propagation environment attenuation at higher
frequencies makes it necessary to reduce the size of cells and sectors served by individual
network base stations (BS). Hence, obtaining full coverage forces increased density of BSs
in a given deployment area. The dominant amount of mobile users’ equipment (UEs) of
wireless networks occurs in urban areas, where the phenomenon of multipath propagation
significantly limits the transmission capabilities of radio links. In combination with the
Doppler effect, resulting from user motions, this phenomenon leads to signal dispersion in
time, frequency, and reception angle domains [5].

A multi-antenna system is one of the basic solutions used in the currently implemented
5G systems that minimize adverse propagation phenomena. A massive multiple-input-
multiple-output (mMIMO) technique plays a special role [6,7]. It uses a beamforming
technique [8,9], which allows for the possibility of practical implementation of spatial
multiplexing for radio resources. This multiplexing improves spectral efficiency by using
the same frequency sub-bands in angularly separated beams (spatially orthogonal beams).
In urban areas, multipath propagation is the cause of the angular dispersion of the received
signals [10]. It is the reason for receiving signal components from unwanted beams that
significantly interfere with the signal from the serving (i.e., useful, reference) beam. A level
of this interference is directly connected with spatial orthogonality between reference and
interfering beams. If a signal-to-interference ratio (SIR), i.e., the ratio between received
powers of reference and interfering signals, is higher, then the spatial orthogonality between
these beams is better. Therefore, at the mMIMO 5G network planning and optimization
stages, it is important to assess spatial orthogonality in realistic propagation conditions
accurately. This allows achievable performance for a given deployment scenario to be
estimated. One of the metrics that can help estimate mMIMO cell performance is the
relation between the SIR and angular separation between the reference and interfering
beams. Since UEs are distributed mostly on a horizontal plane, rather than a vertical one, in
the typical cells of a mobile network, in the majority of cases is enough to consider angular
separation only on a horizontal plane to make an accurate estimation of the SIR. In other
words, accurate modeling of the relation between the angular separation of reference and
interfering beams on a horizontal plane and the SIR helps to estimate many parameters
of mMIMO cells. For example, we may determine a minimum distance between UEs that
can be served by simultaneous mMIMO beams with an assumed interference level or
maximum number of uniformly distributed UEs, which can be served by simultaneous
mMIMO beams with the assumed level of the SIR.

In the literature, an interference subject concerns interfering signals in a wide-sense.
The nature of their formation may be diverse. In most cases, when we talk about interfer-
ences, we mean so-called non-intentional interferences, i.e., those arising from the operation
of radio, electronic, or mechatronic devices, networks, or whole systems during their work.
The second group is the so-called intentional interference (i.e., jamming) mainly used
in the military or security to disrupt enemy communication systems or counteract radio
systems in a protected area (i.e., electromagnetic curtain [11]), e.g., in airports, buildings,
and infrastructure of strategic importance. Examples of jamming 5G systems are presented
in [12,13]. The remainder of the paper focuses on non-intentional interferences.

The interference subject in communication systems, in particular in 5G systems, is
widely represented in the literature. Works in this area focus on the three following topics:

interference cancelation, mitigation, awareness, and management methods,
interference modeling and assessment methods,
interference estimation and measurement methods.

Software-based algorithms and hardware solutions that are implemented in BS and
UE belong to the first method group. Papers focusing on this topic present novel solutions,
usually based on simulation analysis, e.g., [14-19]. The purpose of these methods is to
increase the efficiency of devices and networks and make better use of radio resources.
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Various modeling methods are used in interference evaluation. They are usually based
on energetic assessment of the received signals. However, interference level analysis may
take different aspects into account. In this case, the important aspects influencing the
received signal form have a crucial value in the faithful reflection of the modeled issue in
relation to the real situation. These aspects include, first of all, the channel model, as well
as the parameters and characteristics of antenna systems. The possibility of considering
environment nature and propagation conditions, as well as the appropriate reflection of
angular dispersions affecting the received signal powers, should be taken into account
when choosing a channel model. On the other hand, considering the parameters and
patterns of antenna systems is of crucial importance, especially in the analysis of 5G
spatially multiplexing systems, including those ensuring beamforming (e.g., with the
mMIMO system).

Modeling methods are used to evaluate existing systems or new solutions (e.g., new
mitigation algorithm) and, in particular, to evaluate inter- and intra-system electromagnetic
compatibility, coexistence of 5G with other systems (e.g., fixed satellite services (FSS) [20,21],
radars [22], long term evolution (LTE) [23], etc.) or to assess 5G network/system efficiency
under occurring interference [24]. For 5G systems, intra-system interference (also called
self-interference) analysis concerns, i.e., inter-cell [16-19] or inter-beam (or intra-cell) [17,24]
interferences. In this case, we would like to note that most of the works available in the
literature focus on inter-cell rather than inter-beam interference analysis. These methods
are usually used in the network design and planning stages. This paper focuses on this
group method for modeling and evaluating inter-beam interference in 5G massive-MIMO
systems.

The last group of research and scientific works focuses on interference measurements
in real environments for existing systems and networks, e.g., [23,25,26].

In this paper, we present a novel approach for assessing the interference level in a
downlink (DL) that arises as a result of using a multi-beam antenna system in 5G BS
(gNodeB), which is based on a multi-elliptical propagation model (MPM) [27]. Simulation
results of the DL SIR obtained with the use of the MPM were compared with simula-
tion results of the commonly used 3rd Generation Partnership Project (3GPP) channel
model [28]. Simulations have been performed for realistic beam patterns of mMIMO
antenna systems [29] and parameters of 5G networks determined by the 3GPP and Interna-
tional Telecommunication Union (ITU) [30]. These assumptions indicate the originality of
the obtained results and the MPM approach for determining the interference level from
undesirable beams, i.e., interfering beams of the antenna system.

Joint modeling of beamforming and angular spread is required to obtain an accurate
estimation of realistic interference levels. Used spatial filtering of multipath components by
the antenna pattern is sensitive to time-variant radio channel conditions. Such an approach
to the modeling of 5G systems performance is gaining more attention. For example, in [31],
the results of link budget calculations in the real propagation environment of the mmWave
system can be found, whereas the corresponding impact on the efficiency of antenna array
tapering is described in [32]. The study presented in this article follows the same modeling
principles. Therefore, it can be considered as valuable input to the current state of the art.

The rest of the paper is organized as follows. Section 2 describes practical ways of using
multi-beam antenna systems. Section 3 presents the basis for assessing the interference level
in the DL based on the use of the MPM and 3GPP channel model. Assumptions, obtained
results, and conclusions from the performed simulations are presented in Sections 4 and 5,
respectively.

2. Multi-Beam Antenna System—Practical Aspects

One of the key differentiators of 5G is the ability to utilize the benefits of the mMIMO
technique, especially the simplification of multiple-user access [1,2]. Due to a large number
of antenna elements connected to multiple transmission-reception radio chains, fast fading,
as seen by the gNodeB, gradually disappears, and the radio channel becomes flat in
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the frequency domain. This effect, called channel hardening, causes that in orthogonal
frequency division multiplexing (OFDM) access each subcarrier has a similar channel
gain. Therefore, different UEs from the same cell can be allocated to the whole available
frequency bandwidth [6,7].

On top of this, mMIMO allows cell capacity in reference to conventional MIMO to
increase significantly. Due to the spatial multiplexing of available resources obtained
through energy focusing using large antenna arrays, i.e., beamforming, mMIMO allows
the same frequency bandwidth to be reused by multiple UEs at the same time. However,
such a multi-user scenario is only possible in the case of favorable propagation conditions,
i.e., when propagation channel responses from the gNodeB are sufficiently different to
simultaneously serve UEs (UEs are considered to be spatially orthogonal). From this
viewpoint, the number of available resources in the cell are multiplied by the number of
UEs. In less favorable propagation conditions, i.e., when the spatial orthogonality between
UEs is not sufficient, the available radio resources have to be appropriately distributed.
Usually, if different UEs are served by other beams, they can be allocated with full available
bandwidth in different time slots to avoid intra-cell interference. In cases where the same
beam serves multiple UEs, the available bandwidth is split between these UEs accordingly.
It may also be possible that only a single UE will be under the coverage of two neighboring
beams. This would result in a doubling of the resources available from a single beam, i.e.,
UE can be served in two consecutive time slots.

Even though, due to beamforming, mMIMO significantly limits inter-cell interference
in reference to legacy MIMO, the problem of unavoidable re-use of training sequences,
i.e., pilot contamination, by UEs in different cells still exists, and the inter-cell interference
grows along with the number of base stations in the network [19]. Therefore, it is crucial
that inter-cell interference, on top of intra-cell interference, is accurately modeled in the
network planning and optimization stages, as well as accurately estimated and limited
during network operation through sufficient precoding.

3. Interference Evaluation in Downlink
3.1. Fundamentals of the Multi-Elliptical Propagation Model

Dispersion in the angular domain is characteristic of areas where multipath propaga-
tion occurs, e.g., urbanized areas with non-line-of-sight (NLOS) or even line-of-sight (LOS)
conditions [10]. In such propagation environments, the basis for power assessment is a
power angular spectrum (PAS), p(6, ¢, D), where 6 and ¢ are the angles of arrival (AOA) in
the elevation and azimuth planes, respectively, and D is the distance between a transmitter
(Tx) and receiver (Rx). This function allows the received power Pg(D) to be determined
according to the relationship [33]

Pr(D) = [[ p(6,9, D)d0dg. M
Q

where O = {(6,¢) : 6 € [0°,90°),¢ € [—180°,180°) }.

Thus, knowing the PAS for signals for useful (i.e., reference, serving) and unwanted
(i.e., interfering) beams allows the energy relation between them to be assessed. In this
paper, we analyze the transmission of signals in a frequency range from 3 to 4 GHz and
with receiving point distances at 100, 200, and 500 m. For these conditions, we can assume
that the dispersion phenomenon of the received power dominates in the azimuth plane.
This fact is shown in [27,33]. In this case, the SIR between the useful signal strength Pro(D)
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and the power of the interfering signal Pr;(D) that comes from the unwanted beam has
the following form [5]:

180°
D)d
Pro(D) _ 101og,, 71£0° pol¢:D)d¢ )
(D) T o, D)o

—180°

SIR(D)(dB) = 10log,,

90° 90°
where po(¢, D) = [ po(6,¢,D)d0 and p;(¢,D) = [ pi(6,¢, D)d6 represent the PASs of
the serving and intgrfering signals in the azimuth ploane, respectively.

Equation (2) reduces the SIR evaluation to determine py(¢, D) and p;(¢, D) in the case
when the MPM is used. The geometry of this model describes the most probable locations
of scatterers. Its structure consists of a set of confocal ellipses whose foci determine the
positions of the Tx and Rx, i.e., the gNodeB and UE for the DL scenario, respectively. The
scattering geometry of the MPM in the azimuth plane is illustrated in Figure 1 [27], whereas
Figure 2 depicts the simplified MPM simulation procedure.

transmitting

exemplary
receiving antenna pattern  y , scatterer
antenna pattern \ HPBW delayed scattering
S HPBWx | components

2|’7_‘.‘i3 >
X
local
scattering B D
components 2a:

Figure 1. Scattering geometry of the multi-elliptical propagation model (MPM) in the azimuth plane.

Based on considered assumptions, i.e., the Tx-Rx distance—spatial scenario (step 1)
and a chosen power delay profile (PDP) for LOS/NLOS conditions (step 2), in step 3, we
calculate parameters of scattering geometry structure. For the nth ellipse (time-cluster), the
major, dy,, and minor, byn, axes are defined based on the PDP according to the following
relationships [27,34]:

1
Axn = E(CTn + D)/ 3)

1
byn = 5 cty(cty + 2D), (4)

where ¢ denotes the speed of light, 7, is a delay for which the PDP takes the nth local
extreme, n = 1,2,...,N, and N is the number of time-clusters (i.e., the local extremes) in
the PDP.
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conditions structure based antennas
(LOS/NLOS) on PDP
8. Based on 7. Determine 6. Based on 5. Generate
PDP, choose AOA geometry A'OD b. d
proper power histogram for 4 structure, < T s tase
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time-cluster time-cluster for each AOD P
9. Consider .
local scattering 11.' Spflhal 12. Calculate
¢ 10. Calculate ’ filtering ’ PAS at output
components PAS around Rx by Rx antenna atoutpu
and direct path t of Rx antenna
(for LOS) pattern

Figure 2. Simplified simulation procedure of the MPM.

The adopted way of creating the MPM geometric structure enables mapping of the
transmission properties of propagation environments. Detailed descriptions of this struc-
ture are provided in [27,33-35].

In step 4, we choose the Tx and Rx antenna parameters, i.e., their pattern shapes, gains,
directions of maximum radiation/reception, and half-power-beamwidths (HPBWs). In the
simulation testing procedure, the mapping of directional antennas is obtained using their
normalized radiation pattern [35], which is realized in step 5. Since these characteristics
meet the definition properties of probability density [36], in the simulation procedure,
the directions of departure of propagation paths are generated on their basis. A detailed
description of determining the radiation angle distribution is given in [35]. In step 6,
based on the MPM geometry structure, AOAs are calculated for each angle of departure
(AOD). The sets of the obtained AOAs for each time-cluster are the basis for determining
the histograms in step 7. For each time-cluster, we choose appropriate powers defined
in the analyzed PDP (step 8). Next, in step 10, we multiply the AOA histograms with
the proper powers to obtain the PAS seen around the Rx [33,35]. At this stage, the local
scattering components and direct path for LOS conditions are also considered (step 9).
Using spatial filtering by the Rx antenna pattern, we calculate the PAS seen on this antenna
output (steps 11 and 12) [33]. During interference analysis, we launch the MPM simulation
procedure twice for the serving and interference Tx beams, respectively.

3.2. Fundamentals of 3GPP Channel Model

For link-level and detailed system-level simulations, the 3GPP has provided instruc-
tions on how to generate statistical three-dimensional (3D) channel models, as shown in
Figure 3 [28]. It includes all the necessary radio propagation phenomena that must be
considered during a comprehensive simulation to provide an estimation of the radio link
budget (including interference) and performance.
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Figure 3. Block diagram of statistical channel model reconstruction according to 3GPP.

It should be noted that according to [28], dispersion in the angular domain is modeled
in steps 4, 6, 7, and 8 of Figure 3. In step 4, when the angular spread (AS) for a given
scenario and network layout is generated, i.e., based on the assumed statistical model, the
following parameters are generated:

azimuth spread of departure (ASD),

zenith (i.e., elevation) spread of departure (ZSD),
azimuth spread of arrival (ASA),

zenith spread of arrival (ZSA).

In step 6, the power for all rays of all clusters (which arise due to multipath propaga-
tion) is generated, whereas in step 7, the angles of departure and arrival are determined
for all these rays. Finally, in step 8, random coupling is performed between departure and
arrival angles for rays inside a given cluster, in both azimuth and elevation. As can be
noticed, according to the 3GPP channel model [28], the PAS, p(6, ¢, D), obtained at the
end of step 8 does not depend on the assumed antenna pattern. It is considered only in
step 11, where channel coefficients for each cluster and each Tx and Rx element of antenna
arrays are generated. Only at the end of step 11 are results of the spatial filtering of multi-
path components (clusters and rays) by the Tx and Rx nominal antenna patterns known.
Therefore, to correctly calculate the received power of either reference or interfering signal,
it is required to determine the effective antenna gains for the Tx and Rx. These effective
antenna gains are defined as an integral part of the multiplied nominal antenna pattern
(for the Tx or Rx) and PAS, which is equivalent to spatial filtering, as shown below [37]:

GEI(D) = ([ gN°"(6,¢)p (0,9, D)dodg, (5)
QO

where ¢N°" (6, ¢) indicates nominal 3D antenna pattern, either for the Tx or Rx, in either
the reference or interfering link. Similarly, GEff (D) indicates the effective gain of the Tx or
Rx in either the reference or interfering link. Following the notation of Equation (2), the
SIR calculated according to the 3GPP channel model [28] may be presented as follows:

G (D) - R/ (D)
G (D) - GEf (D)

SIR(D)(dB) = 10log,, - ii(D ) _ 101og,, ©)

Pri(D)
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where G%f (D), G%f (D), G?{f (D), and Gﬁ{f (D) indicate the effective gains of the Tx and
Rx in reference and interfering links, respectively.

4. Simulation Studies
4.1. Assumptions

In the simulation studies, we considered a scenario illustrated in Figure 4 [38]. In this
case, the macro-cell gNodeB (Tx) with the mMIMO antenna array generates two beams in
the selected sector, i.e., reference and interfering beams marked in green and red colors,
respectively. Their directions determined the angle of beam separation, Ax. The UE (Rx)
is in an area of the reference beam at distance D. Directions of the UE (purple color) and
reference gNodeB beams provide their alignment. We assessed the DL SIR versus Aw
between the serving and unwanted beams for various distances D in an urban macro
(UMa) deployment scenario.

massive-MIMO antena of macro-cell
5G NR gNodeB base station (Tx)

interfering beam

Figure 4. Spatial scenario of simulation studies [38].

For more realistic results, we used practical patterns for the UE and gNodeB beams,
and simulation assumptions developed by the 3GPP and ITU in [29,30]. The gNodeB was
equipped with an antenna array of 8 x 8 elements that generate two analyzed beams in
the selected sector. The UE beam with HPBWs equal to 90° and 65° on the horizontal and
vertical planes, respectively, is generated by a single antenna element. Figure 5 depicts the
3D pattern of the reference beam [38]. The patterns of the UE (purple dashed line), reference
(green line), and interference (red dotted line) beams in the azimuth plane are shown in
Figure 6 [38]. In this case, the exemplary interfering beam is presented for Ax = 30°.
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Figure 5. 3D pattern of reference beam [38].
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Figure 6. Patterns of users’ equipment (UE), reference, and exemplary interfering beams in the azimuth plane [38].

The main simulation parameters are summarized in Table 1, whereas details of as-

sumed channel models are as follows:

in case of the MPM:

o PDPs are based on tapped-delay line (TDL) models from the 3GPP stan-
dard [28] (pp. 77-78, Tables 7.7.2-2, 7.7.2-4), i.e., TDL-D and TDL-B for LOS
and NLOS conditions, respectively;

0 these TDLs correspond an UMa scenario and normal-delay profile, i.e., rms
delay spread (DS) is equal to o = 363 ns [28] (pp. 80, Table 7.7.3-2);

o in the TDL-D for LOS conditions, the Rician factor is defined as k = 13.3 dB [28]
(pp- 78, Table 7.7.2-4);

0 local scattering described by the von Mises distribution [39] with an intensity
coefficient equal to v = 60;
in case of the 3GPP model:

o New Radio (NR) UMa LOS and NLOS statistical channel models with parame-
ters from [28] (Section 7.5);

o Monte Carlo simulation methodology with 1000 repetitions of statistical chan-
nel model realizations.
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Table 1. Main simulation parameters.

Parameter Value

carrier frequency 3.5 GHz

distance D between gNodeB (Tx) and UE (Rx) {100, 200, 500} m

height of gNodeB (Tx) antenna 25 m
height of UE (Rx) antenna 1.5m

gain of single antenna element 6.4 dBi

HPBW of single antenna element 90° for H, 65° for V
. 0.5 of wavelength for H, 0.7 of wavelength

spacing between antenna elements for V
front to back ratio 30 dB
antenna array of gNodeB (Tx) 8 x8
antenna array for UE (Rx) 1x1

range of angular separation Ax in horizontal

. . f ° to 60°, with step of 1°
plane between reference and interfering beams rom 07 to 607, with step o

The angular spread characteristics for the UMa channel are determined by the 3GPP [28]
using the inverse Gaussian and Laplacian functions for the azimuth and zenith spreads,
respectively. The mean and standard deviation values for these distributions are given
in [28] (pp. 42-44, Table 7.5-6 Part-1). Therefore, the Monte Carlo simulation methodology
is required to obtain a statistically representative set of results.

Two separate simulation tools have been used to obtain results for the MPM and
3GPP model. In the MPM’s case, we use our own simulator developed in a MAT-
LAB environment. It is based on analysis of propagation paths between the Tx and
Rx, scattered on the multi-elliptical geometry, according to the block diagram depicted in
Figure 2. Since 2015, the MPM and its simulator are developing [27,34]. In the first version,
isotropic/omnidirectional pattern antennas were considered [34]. Next, we introduced
the Gaussian pattern for the transmitting [35] and then for the receiving antennas [33]. In
this case, the transmitting pattern is used to determine the path direction probability. In
contrast, the receiving pattern is using for spatial filtering of the paths reaching to the Rx,
similarly to the 3GPP model. In the last version of the simulator used in this research, we
replaced the Gaussian patterns with realistic patterns based on3GPP recommendation [30].
In this case, we use the same approach as in the second simulator for the 3GPP model. The
MPM simulator was validated at every stage of its evolution. In many of our papers, we
showed its verification based on measurement data and comparison with other propaga-
tion models, e.g., [34,35,40]. Generating a huge number of propagation paths, we obtained
an average result for the MPM based on only one simulation run. In this case, analysis
of the confidence intervals of the obtained results is not possible. To achieve this aim, we
have to follow an approach similar to that used in the 3GPP simulator, i.e., we must run
multiple simulations for a small number of random propagation paths in accordance with
the Monte Carlo process. We want to highlight that the calculation time for the Monte
Carlo approach is definitely shorter for the MPM than the 3GPP simulator.

Simulation results for the 3GPP channel model have been obtained by a proprietary
system-level simulator, also implemented in a MATLAB environment according to the
block diagram depicted in Figure 3. A crucial part of this simulator is the implementation of
the full 3D statistical channel model, as defined by the 3GPP in [28]. From the perspective of
the results presented in this paper, the essential parts of the simulator used are the antenna
model and fast fading models, based on Sections 7.3 and 7.5 of [28], respectively. As a
UMa scenario has been assumed in this study, the most important statistical parameters
of angular spread can be found in Table 7.5-6 Part-1 of [28]. This simulator is maintained
and used to provide system-level simulation results as contributions to current 3GPP
standardization works, as well as research studies, e.g., [37].
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4.2. Results for LOS Conditions

For the above assumptions, we carried out simulation studies. Results obtained for
LOS conditions are depicted in Figures 7 and 8. Graphs in Figure 7 present the SIRs
versus the angle of beam separation for the various distances between the UE and gNodeB,
obtained for the MPM and 3GPP model. Figure 8 shows the corresponding cumulative
distribution functions (CDFs) of SIR.

40

35

10 4 ——MPM LOS (TDL-D), D= 100 m
——MPM LOS (IDL-D), D =200 m
y; MPM LOS (TDL-D), D =500 m
5- ' - - -3GPP LOS, D =100 m H
# -~ -3GPP LOS, D =200 m
~ 3GPP LOS, D =500 m
U - - T
0 10 20 30 40 50 60
[Aal (%)

Figure 7. Signal-to-interference ratios (SIRs) versus angle of beam separation for line-of-sight (LOS) conditions and different
UE—gNodeB distances obtained for the multi-elliptical propagation model (MPM) and 3GPP model.
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Figure 8. Cumulative distribution functions (CDFs) of SIR for LOS conditions and selected distances obtained for the MPM
and 3GPP model.

As can be expected, an increase in Ax reduces the DL interference between the refer-
ence beam (providing services to the UE) and the interference beam. However, the nature
of the SIR graphs is not uniform. For Ax = 15°, 30°, and 48°, there are local maxima. They
are visible for both assumed channel models and result from considering side lobes in
the realistic patterns of gNodeB beams. For the 3GPP channel model, the magnitudes of
local maxima are noticeably higher than in the MPM. High maxima in the 3GPP model are
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caused by the significant difference between powers of direct and reflected multipath com-
ponents, which is typical for the 3GPP LOS channel models. However, for the remaining
ranges of angular separation Ax, where local maxima are not present, the results obtained
for the MPM and 3GPP model are comparable. The CDFs of SIR (see Figure 8) illustrate that
for 80% of the analyzed range of angular separation, the results obtained by both models
are within 2 dB, with half of these results within 1 dB of difference. This comparison of the
LOS scenario clearly indicates that estimation of intra-cell interference and SIR with the
use of the MPM demonstrates accuracy comparable with the 3GPP channel model.

To estimate intra-cell interference and SIR, the MPM only needs a single simulation
instance. In contrast, the 3GPP statistical channel model requires computational power-
and time-consuming Monte Carlo simulations. Taking the above facts into account, the
MPM seems to be a reasonable alternative to the commonly used channel model of the
3GPP, especially if obtained simulation results are comparable.

4.3. Results for NLOS Conditions

Due to modeling of the transmission properties of the propagation environment, the
3GPP simulation test procedure is strictly statistical. On the other hand, the procedure used
in the MPM is based on the PDP, which provides the creation of a geometric structure for the
determined analysis of propagation paths. The DS (o = 363 ns) is the only joint parameter
that describes the transmission properties of the environment. Under LOS conditions, the
signal arriving at the Rx via the direct path is the dominant component of the received
signal. Hence, according to 3GPP and MPM procedures, simulation tests give us results
with a similar set of values and the nature of changes. Under NLOS conditions, the 3GPP
approach gives a statistical estimate of the SIR as a function of the beam separation angle
and the distance from the gNodeB. In contrast, the MPM procedure is associated with
specific transmission properties of the propagation environment, which define the PDP
and constitute one random set of parameters in the 3GPP procedure.

For NLOS conditions, we carried out the simulation tests based on the assumptions
described in Section 4.1. The obtained results are shown in Figures 9 and 10. Charts in
Figure 9 depict the SIRs versus Aa for various D obtained for (a) the MPM and (b) the
3GPP model, respectively. The corresponding CDFs of SIR are illustrated in Figure 10.

: ) : .
——MPM NLOS (TDL-B), D =100 m 16 ——3GPP NLOS, D=100 m |
——MPM NLOS (TDL-B), D =200 m ——3GPP NLOS, D =200 m fOC-‘\,/
MPM NLOS (TDL-B), D =500 m 3GPP NLOS, D =500 m LA /
14- /r '
Vi
v
12 f?
/
s
2 10- /
— |
4 8 /f’
/
/
6
P
y4
4 J
A
p
/
! ‘ 0 // ! |
10 20 30 40 50 60 0 10 20 30 40 50 60
Al () [Aal ()

Figure 9. SIRs versus angle of beam separation for non-line-of-sight (NLOS) conditions and different distances between UE
and gNodeB obtained for the (a) MPM and (b) 3GPP model.
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Figure 10. CDFs of SIR for NLOS conditions and selected distances obtained for (a) the MPM and (b) the 3GPP model.

As can be expected, an increase in Ax reduces the DL interference between the ref-
erence beam (providing services to the UE) and the interference beam. However, the
spreading effect of the propagation environment causes significant angular dispersion
in the power of the received signals. This is the reason for an increase in the level of
co-channel inter-beam interference, i.e., a decrease in the SIR by about 15 dB in reference to
corresponding LOS results. The results obtained in the 3GPP simulation test process show
little differentiation in relation to the EU position. This effect is due to the multiple uses
of averaging in the 3GPP procedure. It consists of a random selection of the transmission
parameters of the propagation environment in the next simulation step. The selection
randomness of these parameters is limited only by the condition of ensuring a constant the
DS value.

On the other hand, use of the MPM makes it possible to assess the impact of the UE
position on SIR changes. In this case, the PDP unambiguously defines the transmission
environment parameters that are the basis for determining the MPM spatial structure.
Thanks to this, it is possible to map the Rx position in relation to scattering element
locations, which determines the individual propagation path trajectories. The simulation
test results clearly indicate that estimation of the intra-cell interference and SIR with MPM
use demonstrates greater detail in comparison to the 3GPP channel model [27]. Therefore,
the MPM seems to be a reasonable alternative to the commonly used 3GPP channel model,
especially if we want to obtain an assessment for strictly determined PDP.

It should be highlighted that the 3GPP model is currently considered a standard in
the analysis of 5G systems and beyond. However, this does not mean that the results
obtained by this model always faithfully reflect the simulated scenario. This may be due
to differences between the modeling approaches, i.e., statistical, stochastic, geometric, or
deterministic. Many models in the literature also show divergence from the 3GPP model,
e.g., [41-44]. The authors of [41,42] propose models based on empirical measurements
carried out in Vienna and New York, respectively, whereas ray-tracing approaches are
described in [43,44]. In the last, differences in the CDFs of the received interference power
are shown.

4.4. Analysis of SIR Confidence Intervals

To analyze simulation result variability, we determined the confidence intervals
against the average SIRs, SIRayg, presented in Sections 4.2 and 4.3. The obtained confidence
intervals are depicted in Figures 11 and 12 for LOS and NLOS conditions, respectively. In
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this case, considering the similarity of the results for various distances, we show the results
only for D = 100 m.

a) 45 : : b) 45
40 -
35
30
o 25
z
T 20
d
%15
10
5 5
— MPM LOS (TDL-D): SiRMg —3GPP LOS: SIRM
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Figure 11. Exemplary SIRs with confidence intervals versus angle of beam separation for LOS conditions, D = 100 m,
obtained for (a) the MPM and (b) the 3GPP model.
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Figure 12. Exemplary SIRs with confidence intervals versus angle of beam separation for NLOS conditions, D = 100 m,
obtained for (a) the MPM and (b) the 3GPP model.

The confidence intervals of the SIR graphs were illustrated as SIRayg(Ax) & o51r(Ar),
where ogjr (Ar) is a standard deviation for the selected separation angle, calculated based
on 1000 values of the SIR set obtained during each Monte Carlo run. Using the Monte
Carlo approach in the 3GPP simulator allows these confidential intervals to be obtained
simultaneously. Average results for the MPM simulator, illustrated in previous sections,
were obtained based on the so-called single-simulation mode. In this case, we used a huge
number of propagation paths. To analyze the confidence intervals for these average results,
we also had to run the MPM simulator in Monte Carlo mode with a small number of

random propagation paths.
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Generally, we may see that the MPM results fall within the ambit of the 3GPP con-
fidence intervals. Under LOS conditions, both models’ results are very convergent, as
described in detail in Section 4.2. The obtained results of the confidence intervals further
increase their similarity. In this case, a characteristic feature is a slight increase in the
deviation with the increase in Ax. Under NLOS conditions, the SIR results for the MPM
fall wholly within the ambit of the confidence intervals obtained for the 3GPP model. For
these propagation conditions, it is characteristic to keep the constant os;r regardless of the
separation angle.

To compare error distribution of the simulation results, we calculated the mean
standard deviation, 7, for the MPM: ??AOPSM = 0.84 dB and E%{gg = 1.83 dB, and 3GPP:
739EP = 0.94 dB and 735,145 = 8.91 dB, under LOS and NLOS conditions, respectively. In
this case, SIR variability may be modeled as a Gaussian random variable with a standard
deviation determined by the appropriate &. Conversely, the average value of this random
variable should be modeled using the averaged SIR described in Section 4.2 or Section 4.3.
On the other hand, we can see the similarity of both simulators in their & values for LOS
conditions. Under NLOS conditions, the values of 7 are definitely different. This may
result from the fact that in the MPM, the scatterer locations are limited to the defined multi-
elliptical structure related to the PDP. However, in the statistical 3GPP channel model, the
potential positions of the scatterers are characterized by more spatial variation.

5. Conclusions

This paper focused on modeling the interference of radio DLs arising in multi-beam
antenna systems, which helps to assess the performance of the mMIMO in 5G cells at
network planning and optimization stages. Furthermore, we presented the comparison
of two modeling methodologies that allow the DL intra-cell interference and SIR to be
estimated. The presented methods of SIR evaluation were based on simulation studies.
In this case, the MPM and 3GPP channel model, combined with realistic beam patterns
and simulation parameters of the 3GPP/ITU, were used. The obtained results shown the
effectiveness of the novel approach using the MPM in determining the minimum angular
separation in multi-beam antenna arrays that provided an acceptable interference level
compared with the simulation results obtained by the 3GPP channel model. Unlike the
methods of inter-beam interference assessment used so far, the MPM solution proposed in
this paper considers the phenomenon of the angular dispersion of received power. The
ability to adapt the MPM geometric structure to actual transmission conditions minimizes
SIR evaluation errors. In this, the presented novel MPM approach’s utilization for assessing
the interference level at the receiving point could be considered as an efficient method
for the determination of the required minimum angular separation between co-channel
beams of mMIMO cells. Therefore, the MPM approach might help maximize spectral
efficiency in 5G networks under deployment. This statement is justified as for 80% of
simulated samples of the intra-cell SIR the difference between results obtained by the
MPM and commonly used 3GPP model was within 2 dB or less for LOS conditions of the
UMa network operating in a 3.5 GHz band. In the case of NLOS, the difference between
both channel models is more visible. This may result from the fact that in the MPM, the
scatterer locations are limited to the defined multi-elliptical structure related to the PDP.
Conversely, in the statistical 3GPP channel model, the potential positions of the scatterers
are characterized by more spatial variation. Further studies are being conducted in which
the MPM effectiveness is assessed in mmWave simulation scenarios with both DL and
uplink.
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Abstract: This paper presents a methodology for assessing co-channel interference that arises in multi-
beam transmitting and receiving antennas used in fifth-generation (5G) systems. This evaluation
is essential for minimizing spectral resources, which allows for using the same frequency bands in
angularly separated antenna beams of a 5G-based station (gNodeB). In the developed methodology,
a multi-ellipsoidal propagation model (MPM) provides a mapping of the multipath propagation
phenomenon and considers the directivity of antenna beams. To demonstrate the designation
procedure of interference level we use simulation tests. For exemplary scenarios in downlink and
uplink, we showed changes in a signal-to-interference ratio versus a separation angle between the
serving (useful) and interfering beams and the distance between the gNodeB and user equipment.
This evaluation is the basis for determining the minimum separation angle for which an acceptable
interference level is ensured. The analysis was carried out for the lower millimeter-wave band, which
is planned to use in 5G micro-cells base stations.

Keywords: wireless mobile communications; 5G; millimeter-wave; multi-beam antenna system;
wireless downlink and uplink; co-channel interference; signal-to-interference ratio; multi-ellipsoidal
propagation model; simulation studies

1. Introduction

This paper focuses on a methodology for assessing co-channel interference occur-
ring in fifth-generation (5G) networks, in which a directional wireless link is one of the
key techniques [1,2]. To this aim, especially in frequency bands below 6 GHz, 5G new
radio (NR) base stations (gNodeBs) use multi-beam antenna systems based on massive
multiple-input-multiple-output (massive-MIMO) technology, which is enabled by digital
beamforming [3,4]. This solution reduces the energy expenditure due to the high gain and
narrow width of the beams. The needed increase in the radio link capacity is obtained
thanks to an energy balance improvement. On the other hand, massive-MIMO ensures the
efficient use of spectral resources. An appropriate angular separation between individual
beams makes it possible to use the same frequency channels. However, the minimization
of spectral resources offered by this technology is associated with the need to assess the
interplay of signals received by individual beams. In the millimeter-waves (mmWaves)
frequency range, where early implementations of 5G are based on analog beamforming, the
multi-beam transmissions inside a single cell sector are obtained by multiple sub-arrays,
which constitute the full antenna array. Each of these sub-arrays is connected to individ-
ual transmission-reception chain and enables the simultaneous generation of multiple
beams. Hitherto, evaluation methodologies of co-channel interference mainly concerned
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omnidirectional and sectoral antennas and homogeneous environments, e.g., [5-7]. From
the viewpoint of 5G systems that use mmWaves, massive-MIMO, and beamforming, such
analysis should consider narrow beams of antenna systems. Examples of such studies
are presented in [8-11]. On the other hand, the analysis of co-channel interference is es-
sential to assessing the coexistence and compatible functioning of different radio systems.
The importance of this problem is presented in [9]. Besides, many new procedures in
massive-MIMO and beamforming systems that increase the efficiency of 5G require assess-
ing the level of interference between the antenna beams to and from individual users. The
partial-nulling based statistical beamforming is an example of such a procedure, the use of
which is based on the division of all users into two groups with a significantly different
degree of spatial correlation [12]. The solution presented in [13] is another example that
increases the spectral efficiency in massive-MIMO systems. These selected examples show
the importance of assessing the level of interference between the beams of the antenna
system from other users in developing and implementing new solutions.

The utilization of narrow beams and the dominance of the multipath propagation
phenomenon in urban areas significantly change interference analysis methods. In this
case, the practical used method of the interference assessment is based on simulation tests.
Parameters of transmitted and received signals as well as their statistical properties for
various types of propagation environments are input for these studies. The 3rd Generation
Partnership Project (3GPP) standard [14] is commonly used for this aim. This approach
recommends using deterministic cluster delay lines (CDLs) for link-level simulations,
where average angles of departure (AODs) and arrival (AOAs), in addition to tapped delay
line (TDL), are defined. For system-level simulations, where a statistical approach is more
appropriate, the 3GPP standard [14] recommends the full three-dimensional (3D) modeling
of a radio channel.

The interference topic is widely represented in the literature. On the one hand, there
are works on counteracting interference in the emerging and future systems. Examples
include software algorithms and hardware solutions aimed at interference cancellation [15],
mitigation [16], or awareness [17,18]. In this case, the currently proposed solutions are
mainly dedicated to multi-antenna systems. On the other hand, papers focusing on the
interference evaluation and measurement [19] methodologies are presented. In general,
the interference analysis can be performed at any distance from the signal source antenna.
In the case of a near-field, the influence between the individual elements of the multi-
antenna system can be investigated [20-24]. In the case of a far-field, inter-beam [25,26],
inter-cell [18,26,27], or inter-system interferences, i.e., the coexistence of different systems
and networks [9,11,28], might be studied. In the literature, the vast majority of scientific
works concern coexistence topic and the inter-cell interference assessment, rather than
inter-beam interference.

In this paper, we present a methodology for assessing co-channel interference that
is resulting from the utilization of the same frequency channels in different beams of
the gNodeB antenna system. To evaluate the signal-to-interference ratio (SIR), we use
simulation tests that are based on a 3D multi-ellipsoidal propagation model (MPM) [29-31].
However, the proposed methodology differs from the simulation approach recommended
by the 3GPP standard for link-level evaluations. In our methodology, using the MPM as
a geometry-based model (GBM) provides a statistical SIR metric in contrast to the 3GPP
approach with the pre-determined AODs and AOAs. In our solution, the knowledge
of spatial parameters such as the average AODs and AOAs of propagation paths is not
required to obtain results and the use of any power delay profile (PDP) or the TDL makes
it possible to adapt this model to any propagation scenarios. The use of the MPM and
antenna radiation patterns allow determining a power angular spectrum (PAS) of the
received signals. The obtained PASs are the basis for the SIR assessment in the multi-beam
antenna system. The MPM geometry is constructed based on the PDP or TDL, which
describe the transmission properties of a propagation environment. This original way
of mapping the effects of propagation phenomena enables obtaining a fully statistical
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SIR evaluation. It ensures a relationship of simulation results with the analyzed type
of propagation environment. The presented analysis is an extension of the paper [32],
which focused only on the downlink (DL) interference in multi-beam 5G macro-cell for
3.5 GHz band and under non-line-of-sight (NLOS) conditions. In that case, we used a two-
dimensional multi-elliptical model [31]. In this study, based on the 3D MPM, we discuss
the inter-beam co-channel interference in DL and additionally uplink (UL) for 28 GHz
band, under line-of-sight (LOS) and NLOS conditions. Using the 3D MPM to modeling
the inter-beam interference level testifies to the novelty of the presented approach. In this
case, an original approach to the UL interference assessment was proposed, taking path
loss corrections into account, compared to the DL scenario [32] shown previously.

The mutual configuration of the transmitting and receiving antenna beams is not only
the factor considered in our methodology. The presented solution of the SIR determination
also provides a mapping of the propagation environment influence on the PAS of the
received signals. The 3GPP methodology also takes this impact into account. However, it
is limited to well-defined types of environments that are defined based on the determined
channel characteristics and distributions of channel parameters. In the case of the MPM
methodology presented in this paper, we have the option to assess the SIR for any type of
propagation environment, whose transmission properties are defined by an appropriate
PDP. This fact significantly distinguishes the developed method and proves its originality.

The remainder of the paper is organized as follows: Section 2 shows the construction
way of the MPM geometry based on the transmission properties of the propagation envi-
ronment, i.e., the TDL. The essence of the PAS determination procedure and then the SIR
assessment is presented in Section 3. In Sections 4 and 5, the description of the analyzed
scenarios for the DL and UL transmissions and the results of simulation studies are drawn.
Section 6 contains conclusions.

2. Multi-Ellipsoidal Propagation Model

In 5G networks, designing wireless links with narrow beams and beamforming tech-
nology enforces the use of GBMs. It is particularly important in relation to urbanized
areas. In this case, there is a large directional variation in the received powers. The use
of GBMs ensures the spatial power distribution in the vicinity of the receiving antenna.
In combination with the narrow beam patterns, this approach gives the possibility of a
statistical evaluation of the transmission properties of the wireless link. The MPM is one
of the GBMs. The set of confocal ellipsoids forms its geometrical structure representing
the potential locations of the scattering elements for an emitted radio wave. In the foci of
the ellipsoids, a transmitter (Tx) and receiver (Rx) are located. In propagation scenarios,
where the Tx and Rx are on the Earth’s surface, the MPM structure is represented by a set
of semi-ellipsoids, as shown in Figure 1 [31].

njth scatterer o
i semi-ellipsoids

associated with
time-clusters

[ Zﬂw

! .
receiving transmitting
antenna pattern antenna pattern

Figure 1. MPM geometrical structure considering Earth surface.
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The MPM geometrical structure is closely related to the transmission properties of
the propagation environment, which may be described by the PDP or TDL. In multipath
environments, we can observe the occurrence of several or a dozen taps or local extremes
in the TDLs or PDPs, respectively. It means that as a result of scattering on terrain obstacles,
the electromagnetic wave reaches the Rx by different propagation paths but with the same
delays 7, forn = 1,2,..., N [33]. Thus, based on the properties of geometrical figures,
the most probable locations of the scattering elements form an ellipsoid. Of course, the
number of ellipsoids is equal to the number N of time-clusters representing the taps or
local extremes in the TDL or PDP, respectively. If the distance between the Tx and Rx is
equal to D, then the parameters of individual ellipsoids such as a major, ay,, and minor
semi-axes by, cz; describe the following relationships:

1
axn = E(CTn + D)/ (1)
1
byn = Czn = Ew/cm(crn +2D), 2)

where c denotes the speed of light.

The geometrical structure of the MPM is described in detail in [29-31]. The 3D
MPM may be reduced to the 2D multi-elliptical model, where propagation phenomena
in the azimuth plane are dominant [31]. For this modeling procedure in relation to other
GBMs, minimizing the estimation error of the PAS is shown in [34]. In the MPM, the
phenomenon of local scattering around the transmitting and receiving antennas is also
included. In this case, the AOAs of propagation paths are generated based on the 2D von
Mises distribution [29,35]:

_ Cexp(r0c0s(90°—0)) | exp(19cosg)
fol6,9) = Q=50 271l (74) 3)
for 6 € (0,90°) and ¢ € (—180°,180°),

where (6, ¢) is AOA in the elevation and azimuth planes, respectively, 74 and 7, define
the angular dispersion of the components in the elevation and azimuth planes, respec-

tively, Ip(-) is the zero-order modified Bessel function of the imaginary argument, and Cy
90°

represents the normalizing constant such that mﬁ% [ exp(ygcos(90° — 6))do = 1.
0

3. Evaluation of Co-Channel Interference in Multi-Beam Antenna

The co-channel interference assessment is based on the SIR measure defined as:
SIR =1 (%) & SIR(dB) = Ps(dBm) — P; (dBm), )

where Ps and Pj are the powers of the serving and interfering signal, respectively, which
occur at the output of the receiving antenna. In the multi-beam receiving antenna, the
interference signal is from a wireless link whose receiving antenna beam is formed in the
same frequency band as the serving beam. From the SIR definition, it follows that the main
problem of assessing this measure relies on determining Ps and P;. Note that these powers
can be calculated based on the appropriate PASs, ps (6, ¢), which are seen at the output of
the receiving antenna, namely:

P = [ psi(6,9)dodg. 5)
(6.¢)

However, these distributions depend on the power pattern of the serving beam [30]:

ps,1(0,f) = ps,1(6,£)|g(6, ) ©6)
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where pg (6, ¢) represent the PASs in the vicinity of the receiving antenna and |g(6, ¢) % is
the normalized power pattern of the receiving antenna.

Hence, it follows that the problem of the SIR assessment boils down to determining
Ps,1(6,¢). The developed methodology uses simulation tests to determine these PASs. The
input data for simulation procedures that condition the estimation of pg 1 (6, ¢) is a set of
the following parameters and characteristics:

e normalized power patterns |gs (07, ¢7)[%, |31(67, ¢7)|°, and [g(6, ¢)|*, of the serving
and interfering transmitting and receiving beams, respectively, where (67, ¢71) denotes
AOD in the elevation and azimuth planes, respectively;

e gains Gg, Gy, and G of the serving and interfering transmitting and receiving beams,
respectively;

e the Tx-Rxdistances, i.e., Dg and D between the serving and interfering mobile stations
(user equipment, i.e., UE-S and UE-I) and gNodeB for the UL scenario, respectively, or
Dg = D; = D for the DL scenario;

e the type of propagation environment defined by the TDL or PDP and rms delay
spread.

e  Estimation of pg (6, ¢) consists in the generation of a set of propagation paths de-
parting from the transmitting antennas of the serving and interfering links and their
transformation in a system composed of the semi-ellipsoid set. The generation pro-
cedure of AODs, (67, ¢r), uses the properties of the normalized power radiation
patterns [36]:

1 .
a7 jf |g5f1(eTf¢T)|2Sm Ordordpr = 1. )
(0r.971)

The function under integral is non-negative. Therefore, the normalized power radia-
tion patterns meet the axioms of a probability density function. Hence, we can express the
distribution of AOD as [36]:

fs,1(01,¢1) = ﬁ\gs,l(en ¢7)|*sin b7 8)

The geometry structure of the MPM represents the statistical locations of the scattering
elements. Thus, the intersection of the radiated path with individual semi-ellipses indicates
the scattering places of this path. Knowing the AODs, (6, ¢7), of radiated propagation
paths, we can determine for each of them the radial coordinate 77 in a spherical system with
an origin in the Tx (UE-S or UE-I). For the selected time-cluster (ellipsoid), this coordinate
is described by [29]:

— — L b2Dsino L [(e2Dsino g
rT = 5 , D sin 01 cos g7 + o ( ;D sin Tcosng) + 4aby | a3 — =) 9)
where a = (b sin 01 cos <[)T)2 + a2 (cos2 Ot + (sinfr sin (])T)z) .

Appropriate coordinate transformation resulting from translation the system origin to
the Rx allows determining AOA, (6, ¢), for propagation paths reaching the Rx [29]:

\/(rT sin 07 cos pr + D)* + (rr sin 07 sin ¢r)?

0 = arctan
rr cos Ot

, (10)

rrsin Ot sin ¢t
rrsin@rcos¢r+ D’

¢ = arctan (11)

In addition to the AOAs of propagation paths reaching the Rx with delays, the local
scattering paths are also included. In this case, the AOAs are generated using the von
Mises distribution described by Equation (3).
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Powers p of individual paths are determined based on the PDP or TDL. To generate
these powers, we use exponential distributions, f(p), whose parameters (i.e., mean values
pnforn =1,2,..., N) are equal to powers of the taps or local extremes occurring in the
TDL or PDP, respectively:

F(p) = pOp(f) for 720, (12)
0 for p <O,

where p;, is the nth local extreme of the PDP (or nth tap value of the TDL), which cor-
responds to the propagation paths reaching from the nth semi-ellipsoid, i.e., with the
delay ;.

As a simulation result, we get the set of {(6, ¢, P) } that enables estimating ps 1 (6, ¢) [29].
Additional multiplication of each p value by the appropriate value of |g(6, ¢) 2 gives us
the set of {(6, ¢, p) }, which is the basis for estimating pgs (6, ¢). A detailed description of
the practical implementation of the estimation procedure is provided in [30]. As a result,
we can determine Pg and P; based on Equation (5).

For the DL scenario, the SIR may be calculated based on Equation (4), because the
serving and interfering beams are generated by the same gNodeB, i.e., Ds = D; = D.
However, for the UL scenario, the SIR assessment requires additional consideration of
attenuation resulted from a difference in the distances between the gNodeB and UE-S or
UE-L. Considering this fact, we have:

SIR = BAPL < SIR(dB) = Ps(dBm) — P; (dBm) + APL(dB) (13)
where: PL(D
APL = 428l  APL(dB) = PL(Ds)(dB) — PL(D;) (dB) (14)

represents the relationship between attenuation of propagation environment for different
distances, PL(Dg) and PL(Dy) are path losses for the wireless links between the UE-S or
UE-I and gNodeB, respectively. For assessing APL, we use a close-in free space reference
distance path loss model presented in [37]. To take the influence of variable weather
conditions into account that are related to atmospheric precipitation, the used path loss
model should be corrected based on ITU-R recommendations [38,39] or other approaches
proposed in the literature, e.g., [40,41].

Generally, the proposed methodology of the interference evaluation consists of the
following stages:

defining the scenario parameters,

determining the MPM parameters,

determining the PASs for the serving and interfering links based on simulation studies,
calculating the powers for the determined PASs,

calculating the SIR finally.

4. Assumptions and Scenarios of Simulation Studies

The aim of the simulation tests is to present a method of modeling and assessing the
co-channel interference that arises in the radio link with a multi-beam antenna system.
The studies focused on determining the SIR relationship on the separation angle Ax and
changes in the distance D (or distances Dg and D;) between the UEs and gNodeB. The
simulations were carried out for carrier frequency of 28 GHz, typical for the 5G micro-
and pico-cells, where multiple sub-arrays and beamforming technologies are planned for
implementation. Besides, we considered two scenarios for the DL and UL, which are
illustrated in Figures 2 and 3, respectively.
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of macro-/micro-cell
5G NR gNodeB base station (Tx)

{ multi-beam antena system 1

5

direction )
of cell sector center

serving (reference) |
gNodeB beam |

Figure 2. DL spatial scenario of simulation studies [32].

of macro-/micro-cell

multi-beam antena system
. | 5G NR gNodeB base station (Rx)

reference |
gNodeB beam

Figure 3. UL spatial scenario of simulation studies.

In the DL scenario, we assumed that the gNodeB was generating two beams (serving
and interfering) in the selected sector that were operating in the same sub-band (frequency
channel). Thus, the SIR assessment came down to determining Ps and P; powers induced
in the UE antenna that come from the signals generated by the serving and interfering
beams of the gNodeB, respectively. The distances between the gNodeB (Tx) and UE (Rx)
was equal to D. Besides, the serving (reference) gNodeB and UE beams were aligned, i.e.,
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(dB)

directed to each other (75 = 0 and ag = 0, see Figure 1). In relation to the direction of the
cell sector center, the reference and interfering gNodeB beams are oriented in &g and ®;
directions, respectively (see Figure 2). Thus, the separation angle of the beams is defined as:

Ax = Bg — Dy, (15)

Then the interfering beam orientation in relation to the Tx-Rx direction was equal to
arr = Aw.

A similar scenario was taken into account for the UL transmission depicted in Figure 3.
In this case, the analyzed gNodeB beam served one subscriber (UE-S) in its area, while
another subscriber (UE-I) generated interferences towards this gNodeB beam. The UE-S
and UE-I beams (Tx) were oriented to the gNodeB (Rx), i.e., a7s = a1y = 0 (see Figure 1).
Whereas the gNodeB beam directions to the UE-S and UE-I were equal to ags = 0 and
gy = Aa, respectively. So, in both scenarios, the separation angle, Ax, was always
related with the direction of the gNodeB beam for the interfering link. In relation to the
direction of the cell sector center, the gNodeB beam direction was equal to ® (see Figure 3).
The distances between the gNodeB (Rx) and UE-S or UE-I (Tx) were equal to Dg or Dy,
respectively.

In our tests, the direction of the reference gNodeB beam overlapped with the cell
sector center, i.e., @y = &5 = 0. Hence, we considered the change in separation angle in
the ranges of 0°+-60°. When analyzing the SIR changes in relation to the beam separation
angle, we considered discrete distance values between the gNodeB and UE (or UE-I in
the UL scenario), i.e., Ds = 100 m and D = D; € {50,100,150} (m). In this case, Ax was
changed from 0 to 60°, which corresponds to half of a 120° sector. Analyzing the SIR versus
D or Dj (for the DL or UL scenarios, respectively), we considered a continuous change of
the distance in the ranges of 10+-250 m, whereas the separation angle has discrete values
15°,20°, and 30°. For the UL scenario, we additionally used the close-in free space reference
distance propagation models with path loss exponents equal to 1.9 and 4.5 for LOS and
NLOS conditions, respectively [37].

To model the antenna power radiation patterns, we adopted 3GPP recommenda-
tions [42]. Half-power beamwidths of main-lobes of the antenna beams were 90° for the UE
and about 12° for the gNodeB, respectively. Single antenna beam patterns of the UE and
gNodeB for direction ®y = 0° and ®y = 30° are illustrated in Figure 4 [32]. In the gNodeB,
we used a vertical patch as an antenna array with a size 12 x 8 of elements, whereas the
UE antenna consists of a single element.

—gNodeB beam pattern for & = 0°

——gNodeB beam pattern for & =30°
0

- - UE beam pattern

20

)12, 19(4)]

=~ 10

D,

o

-10

200 LN A JA\V/AY

-180 -120 -60 0 60 120 180
Azimuth AOD, AOA O @ (°)

Power beam pattern 1g(

Figure 4. Antenna beam patterns of 1 X 1 UE and 12 x 8 gNodeB for @y = 0° and @ = 30° [32].
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The simulations were carried out for an urban macro (UMa) environment that is char-
acterized by a normal delay profile with the rms delay spread equal to 266 ns [14]. To model
the channel transmission properties, we adopted the TDLs with the 3GPP standard [14], i.e.,
TDL-D and TDL-B for LOS and NLOS conditions, respectively. To estimate ps (6, ¢), we
used the averaging PASs obtained in 3600 Monte-Carlo simulations. In each Monte-Carlo
run, the PAS was obtained based on the generation of 10 random propagation paths for
each time-cluster (ellipsoid). Figure 5 presents averaged PAS examples of the UE-S and
UE-I in the azimuth plane for the UL scenario, Ds = D; = 100 m, Ax = 30°, LOS and
NLOS conditions.

(b)
0
—pg(@)- PAS for UL between UE-S and gNodeB

--p9)- PAS for UL between UE-T and gNodeB, and Aa = 30°

-10
-20

=30

PAS p(d), p(¢) (dB)

—40

v
P

.

:
! . [
\ KA ]
N '
h L a 1

120

'
'

1
1
1 ~
| N

-120

=50
-180

—60 0
Azimuth AOA ¢ (°)

180

60
Azimuth AOA & (°)

-60 0

Figure 5. PASs of UE-S and UE-I in azimuth plane for Ax = 30°, Dg = D; = 100 m, under (a) LOS (TDL-D) and (b) NLOS
(TDL-B) conditions.

The presented results show the diversity of pg(6,¢) and p;(6,¢) both due to the
relationship between the beam lobes and surface areas under the graphs that correspond
to the received powers, Ps and Pj, respectively. This fact indicates the dependence of the
received power on the main lobe orientation of the gNodeB beam pattern in relation to the
UE-L. This directly influences the determined SIR value. We observe the same situation in
the DL scenario. A detailed analysis of the simulation test results is described in the next

section.

5. Simulation Results

For the assumptions described in Section 4, we carried out simulation studies using
the MATLAB environment. The results for the DL and UL scenarios are discussed in
Section 5.1 and Section 5.2, respectively. Section 5.3 contains the comparison of inter-beam
interference evaluation obtained based on the MPM and 3GPP statistical model [14]. In
this case, we chose the DL scenario to present exemplary results.

5.1. DL Scenario

The simulation results for the DL scenario are presented in Figures 6-10. Figures 6 and 7
show the SIR graphs versus separation angles for selected distances between the gNodeB
and UE, under LOS and NLOS conditions, respectively. Based on these charts, we also
determined cumulative distribution functions (CDFs) of SIR, F(SIR), presented in Figure 8.
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Figure 6. SIR versus separation angle for DL scenario, selected D = {50, 100, 150} m, and LOS (TDL-D) conditions.

10

@®

Signal-to-interference ratio SIR (dB)

D=150m

0 10 20 30 40 50 60
Angle of beam separation Aa (°)

Figure 7. SIR versus separation angle for DL scenario, selected D = {50, 100, 150} m, and NLOS (TDL-B) conditions.
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Figure 8. CDFs of SIR for DL scenario, selected D = {50, 100, 150} m, under (a) LOS (TDL-D) and (b) NLOS (TDL-B)
conditions.
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Figure 9. SIR versus distance for DL scenario, selected Ax = {15°, 20°, 30°}, under (a) LOS (TDL-D) and (b) NLOS (TDL-B)

conditions.

Signal-to-interference ratio SIR (dB)

--D.=100m, “, = 50m

—Dg=100m, D, =100 m

D, =100 m, Dr =150 m

10 20 30 40 50 60
Separation angle |Aal (°)

Figure 10. SIR versus separation angle for UL scenario, selected D; = {50, 100, 150} m, Dg = 100 m, and LOS (TDL-D)

conditions.

The increase in the separation angle reduces the downlink interference between the
reference beam providing services to the UE and the interference beam. However, the
nature of the SIR graphs is not uniform. For Aax = {15°,30°,48°}, there are local maxima.
We may observe this effect both for LOS and NLOS conditions. It results from considering
side lobes in the realistic patterns of the base station beams. As the distance D increases,
these maxima are less and less significant. We obtain the similar results in [32] for the
carrier frequency of 3.5 GHz.

On the other hand, the obtained results differ significantly from those presented in [43],
where some stabilization may be seen in the SIR graphs. In [43], two simplifications are
assumed. Firstly, the Gaussian main lobe pattern without side lobes is modeling as the
beam. Secondly, the beam gain is constant regardless of its radiation direction. Whereas, in
the real beamforming antenna array, the beam gain depends on its direction. This second
fact influences importantly on the differences in the presented results.

The comparison of the CDFs (see Figure 8) shows that for 80% of the results of the
LOS simulation tests, we obtain up to 20 dB better beam separation compared to NLOS
conditions. In the absence of a direct propagation path, we can observe an increase in the
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SIR value by 5 dB in over 80% of the results, whereas this increase is below 1 dB for LOS
conditions. Figure 9 illustrates the SIR versus the gNodeB-UE distance for selected Aw,
under LOS and NLOS conditions.

Analyzing the obtained results, we can see that as the distance increases, the SIR
is reduced. The rationale for this effect is as follows. In the simulation study scenarios,
we assume that the environment is homogeneous in terms of propagation properties.
This means that the PDP is constant in all directions of electromagnetic wave emission.
This assumption complies with the conditions of the propagation phenomena analysis
described and recommended by 3GPP [14]. In relation to the model MPM, this means that
an increase in the gNodeB-UE distance causes an apparent increase in large and a decrease
in small semi-axes of all half-ellipsoids. As a result, the reception of the propagation paths
which originate from the main lobe of the interfering beam is focused on the direction of
maximum reception of the UE antenna. This causes an increase in the interference level
relative to the power of the useful signal by about 7 dB. However, for Ax = 20°, we see an
evident influence of the side lobes on the increase of the interference level, which results in
the reduction of the SIR to 13 dB in LOS simulations. The concentration of the interfering
paths on the direction of maximum reception also occurs in the NLOS conditions. In this
case, the uniformity of the spreading of all propagation paths lowers the range of SIR
variation about 10 dB and reduces the differentiation of the side lobes” influence.

For LOS conditions, we can also observe that, despite the larger separation angle
for A = 20°, we obtain a lower useful beam resistance to interference compared to
Awx = 15°. This effect is the result of the concentration of the received power on the side-
lobe direction and the first minimum of the useful Rx beam, respectively. Figure 10 shows
that this phenomenon does not occur under NLOS propagation conditions. The scattering
phenomenon of electromagnetic waves under these conditions makes it impossible to
concentrate the received power in the Tx-Rx direction.

5.2. UL Scenario

In Figures 1013, the simulation results are depicted for the UL scenario. Figures 10 and 11
present the SIR curves versus separation angles for selected distances between the gNodeB
and UE-L, under LOS and NLOS conditions, respectively. Figure 12 shows the CDFs of SIR
for the UL scenario, which were obtained based on curves in Figures 10 and 11.

-- D =100m, D[* 50 m
0 —Dg=100m, D} =100 m

D\ =100 m, D[: 150 m

10 20 30 40 50 60
Separation angle |Aal (°)

Figure 11. SIR versus separation angle for UL scenario, selected D; = {50, 100, 150} m, Dg = 100 m, and NLOS (TDL-B)

conditions.
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Figure 12. CDFs of SIR for UL scenario, selected Dy = {50, 100, 150} m, Dg = 100 m, (a) LOS (TDL-D) and (b) NLOS (TDL-B)

conditions.
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Figure 13. SIR versus distance D for UL scenario, selected Aa = {15°, 20°, 30°}, Dg = 100 m, under (a) LOS (TDL-D) and (b)
NLOS (TDL-B) conditions.

The obtained results are evident because the SIR graphs correspond to the inversion of
the gNodeB beam pattern for the useful link. This testifies the correctness of the developed
simulation procedure. The comparison of graphs in Figures 10 and 11 shows the smoothing
effect of a multipath propagation environment on changes in the SIR as a function of Ax.
Figure 11 shows that as the distance between the UE-I and gNodeB increases, the shape of
the analyzed graph becomes similar as to the graph for LOS conditions. In this case, the
distance increase contributes to the convergence of the signal reception directions to the
distribution concentrated around the UE-I-gNodeB direction. Similar as to the DL scenario,
the comparative analysis of the CDFs (see Figure 12) shows better beam separation with
respect to the NLOS conditions. In this case, for 80% of the simulation test results, the SIR
value may be about 25 dB greater. The graphs illustrated in Figures 10 and 11 also show
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that under both LOS and NLOS conditions, to ensure the desired quality of the received
signal, i.e., a given value of the SIR, the separation angle decreases with increasing the
distance. From a practical viewpoint, this conclusion is obvious. However, the possibility
of quantitative SIR assessment in multi-beam radio links operating under NLOS conditions
determines the originality of the presented solution. This fact is a premise for the practical
use of the developed method in the process of planning and power control in radio links
with multi-beam antenna systems.

Figure 13 displays the SIR charts versus D for Dg = 100 m, selected Ax, under LOS
and NLOS conditions. The presented results are obtained for Ax equal to 15°, 20°, and 30°.
For these values, the gNodeB beam pattern of the serving link reaches the first minimum,
maximum of the first side-lobe, and second minimum, respectively (see Figure 10).

Analyzing the results for LOS conditions, we can see the same effect as for the DL
simulation study scenario. Despite the larger separation angle for Ax = 20°, we obtain
a lower useful beam resistance to interference compared to Ax = 15°. Of course, the
reason for this effect is the same as in the DL scenario. For NLOS conditions, the scattering
phenomenon of electromagnetic waves under these conditions makes it impossible to
concentrate the received power in the Tx-Rx direction. Therefore, we do not see this effect
in Figure 13b. The obtained results show the possibility of the SIR evaluation for various
propagation conditions enabling optimal management of co-channel beams, which is the
basis for interference mitigation, minimizing energy and spectral resources of wireless
networks.

5.3. Exemplary Comparison of MPM with 3GPP Approach for DL Scenario

In this section, we provide an example comparison of the proposed MPM-based
approach with another solution. In our opinion, choosing a different propagation model
that can be the basis for a similar analysis of the inter-beam interference level is not easy. It
results from the fact that only a few propagation models make it possible to consider the
parameters and patterns of antennas and the environmental scattering of signals occurring
in a radio channel. The statistical model based on the 3GPP standard [14] is one of them.
Moreover, the choice of the 3GPP model was dictated by three reasons. Firstly, the analysis
carried out in this paper with the use of the MPM is based on TDLs defined in the same
standard [14]. Secondly, in both simulators we considered the same antenna patterns
created according to the 3GPP recommendation [42]. Thirdly, we were able to use a
proprietary simulator of the 3GPP statistical model, which was developed in the MATLAB
environment and is used for generating the results contributed to the 3GPP, as an input to
5G standardization or research studies (e.g., [9,44]).

Exemplary interference comparison determined based on the MPM and 3GPP model
was carried out for the DL scenario and the distance D = 100 m. To obtain the average
SIR, SIRavg, the Monte Carlo method with 1000 repetitions of statistical channel model
realizations was used in the 3GPP simulator. Based on the set of obtained results, confidence
intervals for SIRayg with the standard deviation o5 were also determined. The same
parameters as in Section 5.1 were adopted in the research.

To compare the MPM and 3GPP approaches, we ran the MPM simulator also in Monte
Carlo mode for 1000 runs. Thus, the mean results, ST Ravg, with the confidence intervals,
SIRavg + 05ir, were determined. The results of the MPM and 3GPP comparison for the
DL scenario and the distance D = 100 m between the gNodeB and UE are illustrated in
Figures 14 and 15 for LOS and NLOS conditions, respectively.
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Overall, we might conclude that the results are similar. The SIR results are more
similar for LOS conditions (see Figure 14), where we may see characteristic extremes
resulting from the use of the same gNodeB antenna pattern. In this case, both the maxima
and the minima fall for the same separation angles. This is due to the presence of a direct
path that enhances or reduces the influence of the pattern side lobes in certain directions
relative to its main lobe (see Figures 4 and 5). Therefore, the optimal directions’ selection
for the adjacent beams in the gNodeB based on the MPM and 3GPP approaches will be
identical or very similar. In this case, we would like to emphasize that the MPM approach
gives the possibility to obtain an average result from a single simulation, while the 3GPP
statistical model requires the time-consuming Monte Carlo methodology.

Under NLOS conditions (see Figure 15), the dynamics of SIR changes is lower than
for LOS conditions. The results for the MPM and the 3GPP model show that the multipath
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propagation environment for NLOS conditions and the lack of a direct path provide to
minimize the impact of the transmitting antenna pattern lobes. Thus, the selection of
optimal directions for the adjacent gNodeB beams should be made based on an analysis
for LOS conditions. On the other hand, we would like to highlight that other propagation
models available in the literature also indicate result differences with the 3GPP model,
e.g., [45-48].

With regard to the presented above comparative analysis, it is also worth providing the
mean values of the standard deviation, Eﬁ/ggﬁlNLos, obtained for the MPM.: E%%M = 0.58 dB
and 7NFM = 1.69 dB, and 3GPP model: 7355F = 0.97 dB and oot = 7.51 dB under LOS
and NLOS conditions, respectively. The differentiation of the obtained results is related
to the different spatial nature of scatterings (i.e., spatial dispersion) in the two analyzed
propagation models. In the MPM, we use a multi-ellipsoidal geometric structure which
is defined based on the TDL of the 3GPP standard [14]. On the other hand, the 3GPP
statistical model has greater flexibility in the spatial location of potential scatterers. A more
detailed comparison of the MPM and 3GPP model will be presented in the prepared next
paper focusing on the 3.5 GHz band used in 5G massive-MIMO systems. A more detailed
description of the 3GPP model and simulator will be presented there.

6. Conclusions

This paper is devoted to assessing the limitations that exist in multi-beam antenna
systems. Here, the SIR is the primary metric that is used to evaluate the level of interference
between the intra-cell beams. The presented procedure for assessing this parameter is
based on the PAS analysis, which is determined by simulation tests. By using the channel
transmission characteristics (i.e., TDL or PDP) to create the geometric MPM structure, the
results of assessing the received power are closely related to the different propagation envi-
ronment type. Using the MPM allows mapping the impact of the antenna beam radiation
patterns on the PAS. The presented methodology allows evaluating changes in the PAS as a
function of antenna beam shape and parameters such as the maximum radiation direction,
main and side-lobes beamwidths. Additionally, the ability to evaluate the SIR under both
LOS and NLOS conditions justifies using this method in the network planning process
of energy and spectral management of 5G system with the multi-beam antenna systems.
In the multipath propagation environment, in most cases to evaluate fluctuations in the
received signal level, the Rician and Rayleigh distributions are used for LOS and NLOS
conditions, respectively. The SIR assessment is the basis for determining the parameters of
these characteristics. Due to the association of the SIR with the propagation properties of
the environment, it is justified to use the presented SIR assessment methodology in the 5G
network planning. The ability to adapt the developed model to any environment, weather
conditions, and multi-beam antenna system distinguishes this SIR determination method
from among the methods used so far. The comparison of the mean results for the proposed
methodology with a similar approach based on the 3GPP statistical model shows that the
same optimal directions for the adjacent gNodeB beams might be determined faster based
on the MPM approach. A more detailed comparison of the two solutions with regard to
the interference level assessment in the 3.5 GHz band will be presented in the authors’ next
work [49]. In the future, we also plan to conduct empirical research for selected scenarios
that will allow us to verify the approach presented in this paper.
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Abbreviations

3D three-dimensional

3GPP 3rd Generation Partnership Project
5G fifth-generation

AOA angle of arrival

AOD angle of departure

CDF cumulative distribution function
DL downlink

GBM geometry-based model

gNodeB  5G base station

ITU International Telecommunication Union
LOS line-of-sight

MIMO multiple-input-multiple-output
mmWave millimeter-wave

MPM multi-ellipsoidal propagation model

NLOS non-line-of-sight

NR New Radio

PAS power angular spectrum

PDP power delay profile

Rx receiver

SIR signal-to-interference ratio

TDL tapped delay line

Tx transmitter

UE user equipment

UE-I interfering UE

UE-S serving UE

UMa urban macro

UL uplink

Symbols

6,¢) AOA of individual propagation path

(6T, ¢1) AOD of individual propagation path

|g(6,¢) |2 normalized power pattern of receiving antenna
|g1(67, 1) |2 normalized power pattern of interfering transmitting antenna
|gs (0T, pT) |2 normalized power pattern of serving transmitting antenna
&R direction of receiving beam

XR] direction of interfering receiving beam

XRS direction of serving receiving beam

ar direction of transmitting beam

ary direction of interfering transmitting beam
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aTs
A

APL

ﬁModel
LOS/NLOS
—MPM

SIRavg
SIRavg *+ 0s1R

direction of serving transmitting beam

separation angle between serving and interference beams

path loss correction coefficient (relationship between attenuation of
propagation environment for different distances)

angular dispersion of local scattering components in elevation plane
angular dispersion of local scattering components in azimuth plane
elevation AOA of individual propagation path

elevation AOD of individual propagation path

direction of receiving (gNodeB) beam in relation to direction of cell sector
center in UL scenario

direction of interfering transmitting (gNodeB) beam in relation to direction of
cell sector center in DL scenario

direction of serving transmitting (gNodeB)beam in relation to direction of cell
sector center in DL scenario

azimuth AOA of individual propagation path

azimuth AOD of individual propagation path

standard deviation of SIR for confidence interval analysis

standard deviation of SIR for 3GPP model and LOS conditions
standard deviation of SIR for 3GPP model and NLOS conditions
standard deviation of SIR for Model and LOS/NLQOS conditions
standard deviation of SIR for MPM and LOS conditions

standard deviation of SIR for MPM and NLOS conditions

delay of nth time-cluster in PDP/TDL

auxiliary variable used to compute rr

major semi-axis of nth ellipsoid along x-axis

minor semi-axis of nth ellipsoid along y-axis

normalizing constant

lightspeed

minor semi-axis of nth ellipsoid along z-axis

distance between Tx and Rx or between gNodeB (Rx) and UE (Tx) in DL
distance between UE-I (Tx) and gNodeB (Rx) in UL

distance between UE-S (Tx) and gNodeB (Rx) in UL

CDF of SIR

distribution of path power

2D von Mises distribution describing local scattering components
distribution of AOD for interfering link

distribution of AOD for serving link

gain of receiving beam

gain of interfering transmitting beam

gain of serving transmitting beam

zero-order modified Bessel function of imaginary argument

number of all time-clusters in analyzed PDP/TDL

number of analyzed time-cluster in PDP/TDL

power of interfering signal

power of serving signal

path loss

path loss for wireless links between UE-I and gNodeB at distance D;
path loss for wireless links between UE-S and gNodeB at distance Dg
power of individual propagation path

mean power of nth time-cluster in PDP/TDL (nth local extreme of PDP/TDL)
PAS seen at the output of receiving antenna for interfering link

PAS seen at the output of receiving antenna for serving link

PAS in vicinity of receiving antenna for interfering link

PAS in vicinity of receiving antenna for serving link

radial coordinate in spherical system with origin in Tx

SIR

average SIR for confidence interval analysis

confidence intervals of SIR
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Abstract— A promising way of realizing the fifth
generation (5G) wireless systems is to operate 5G deployments
at higher frequency bands, specifically in the millimeter-
wave (mmW) spectrum (30-300 GHz). Access to such spectrum
bands will enable future 5G wireless systems to meet the 5G
requirements of peak rate greater than 10 Gb/s, and cell edge
rate of up to 1 Gb/s. However, the emerging 5G systems will
need to coexist with a number of incumbent systems in these
bands. This paper provides an extensive study of the co-channel
coexistence of 5G in two critical mmW bands, 27.5-28.35 GHz
(28 GHz) and 71-76 GHz (70 GHz) bands, where fixed satellite
service (FSS) and fixed service (FS), such as wireless backhaul,
are the predominant incumbent users. In the 28-GHz study,
we show that interference from 5G into the FSS space stations
can be kept below the FSS interference protection criterion.
We also characterize the minimum separation distance between
the FSS earth stations (ESs) and 5G in order to protect the
5G system from interference due to the ESs transmissions.
In the 70-GHz study, we show that the 5G-to-FS interference
could be a potential issue in certain scenarios, but we introduce
techniques to significantly suppress this interference, while
maintaining acceptable performance of the 5G systems.
For each study, we suggest appropriate deployment strategies
for a 5G system based on our results.

Index Terms—5G, coexistence, spectrum sharing, mmW,
28 GHz, 70 GHz, FSS, FS, wireless backhaul.

I. INTRODUCTION

HE millimeter wave (mmW) bands previously have been

best suited for satellite or fixed microwave applications.
However, recent technological breakthroughs, such as the
capability to integrate a very large numbers of antennas into
future the 5th generation (5G) User Equipments (UEs) and
Access Points (APs), have newly enabled advanced mobile
services in these bands, notably including very high speed and
low latency services [5]. Thus, disadvantages in propagation
due to high frequency in mmW bands can be mitigated by
using large antenna arrays at both transmitter and receiver
ends of 5G wireless links, creating a massive Multiple Input-
Multiple Output (MIMO) communication system. The ideas of
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deploying massive MIMO arrays in mmW bands have been
well-covered in recent work such as [2] and [3].

There is high international interest (including USA, Japan
and South Korea) in making the 27.5-28.35 GHz (28 giga-
hertz, GHz) band available for mobile use [5]. In addition, the
71-76 GHz (70 GHz) band was identified at the International
Telecommunication Union (ITU)’s World Radiocommunica-
tion Conference (WRC) 2015 [6] as a possible band for future
5G wireless system deployments. In the 28 GHz band, Fixed
Satellite Service (FSS) uplink-i.e., the communication links
from Earth Stations (ESs) to Space Stations (SSs)—is in wide
use, whereas in the 70 GHz band, the Fixed Service (FS) Wire-
less Backhaul (WB) for other cellular systems—e.g., the 4th
generation (4G)—is the predominant incumbent.

There is related work that discusses various models of
coexistence [7]-[14], and a body of prior work that discusses
the techniques of interference reduction [15]-[19]. There is
also recent work that has been performed in the area of
spectrum sharing in mmW bands [20]-[26].

In this paper, we discuss coexistence between 5G and
two incumbents at 28 GHz and 70 GHz, the FSS and FS
systems, respectively. Showing that 5G can coexist with these
incumbent systems is critical to the introduction of 5G in
mmW bands. One relevant discussion of the coexistence
of the 5G systems is provided in [21]. Our work is more
extensive than [21] for the following three reasons. Firstly,
we discuss both co-channel interference scenarios of 5G-to-
FSS and FSS-to-5G at 28 GHz, whereas in [21] only FSS
ES-to-5G interference is discussed. In fact, the authors iden-
tified analysis of the 5G-to-SS interference as their future
work. Secondly, we additionally study coexistence of 5G with
FS at 70 GHz. Thirdly, motivated by our results at 70 GHz,
we propose several techniques that mitigate interference from
5G APs and UEs to the incumbent systems while interference
mitigation at 70 GHz is another future work area that is
identified in [21].

The proposed interference mitigation schemes in this work
are novel for several reasons. Firstly, while the prior schemes
[23]-[25], [25] focus on inter-cell interference in 5G systems,
we address coexistence of 5G with incumbent systems. Sec-
ondly, our schemes are more efficient than those proposed in
[15]-[18], since (i) they are standalone techniques in the sense
that they do not require assistance from infrastructure, such as
the Spectrum Access System (SAS) adopted as a solution for
coexistence at 3.5 GHz [4], and (ii) they are straightforward to
implement in realistic deployments, as the proposed schemes
solely rely on the native beam management protocols defined
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as part of the 5G air interface. Thirdly, this paper discusses
detailed methods of compensating the performance degrada-
tion of 5G systems incurred when mitigating 5G interference
towards the incumbent systems. Finally, this paper assesses the
UE-to-FS interference that is not discussed in [18] and [19],
and proposes a novel method of mitigating it.

Specifically, the contributions of this paper are as follows:

o We provide detailed analysis and supporting simulation

results of the co-channel coexistence between 5G and
uplink FSS systems in the 28 GHz band. With respect
to the 5G system modeling, we concentrate on APs,
as interference generated and observed at the APs is much
more significant than that at the UEs. Hence, we analyze
the AP-to-SS and ES-to-AP interference. Based on our
results, we conclude that (i) potentially on the order
of hundreds to thousands of APs can simultaneously
transmit in a given 5G service area without harming an
SS receiver and (ii) a separation distance on the order of
a few kilometers is required between an ES and the 5G
system for acceptable operation of 5G.
We also provide an initial set of results on the UE-to-
SS interference assessment. In general, characterization
of the UE-to-SS interference is heavily dependent on the
deployment scenario and such system parameters as the
percentage of UEs indoors or below clutter, as well as
the particulars of the UE antenna array design. Hence,
a detailed study of the UE-to-SS interference is outside
the scope of this paper. Nevertheless, we provide a
number of preliminary results on UE-to-SS interference,
indicating that under reasonable UE deployment assump-
tions, the number of active UEs supported can far exceed
the number of active APs in a 5G service area.

« We analyze the co-channel coexistence between 5G and
FS at 70 GHz. We assume the FS system to be a point-to-
point WB for another cellular system such as 4G. Unlike
the coexistence at 28 GHz, all of the four directions of
interference are possible in this band: AP to FS, FS to
AP, UE to FS, and FS to UE. It is because: (i) both
directions of an FS link operate at 70 GHz, and (ii)
UE has higher probabilities of Line-of-Sight (LoS) in
a 5G-FS coexistence topology since the beam of an
FS’s antenna is placed terrestrially and pointed closer
toward the ground. We find that compared to the FS-to-
5G interference, the one from 5G to FS (both AP to FS
and UE to FS) is more significant since an interference
is aggregated among multiple cells.

« Motivated from the finding, we propose techniques that
mitigate AP-to-FS and UE-to-FS interference. The main
idea for mitigation of the AP-to-FS interference is to
establish exclusion zones at each region of AP, in order
to ensure that the transmit beam gain toward the FS
is attenuated sufficiently. Mitigation of the UE-to-FS
interference is to force a UE to generate an uplink beam
that is away enough from the direction toward FS. The
proposed techniques can be applied to other coexistence
situations, as long as the incumbent system operates
terrestrially.
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The coexistence models adopted in this paper rely on real-
istic channel and beamforming models that strive to truthfully
capture the interaction between the multipath environment
observed at the APs and UEs (according to the channel model
of [35]) and the selection process of the AP and UE transmit
and receive beamforming weights. Given the selected weights,
the resulting distribution of the AP and UE transmit and
receive beamforming gains is central for characterizing the
interference scenarios considered in this paper. Unfortunately,
the multipath fading model in [35] is stochastic in nature
and is quite complex, which makes closed-form mathematical
analysis of the interference distributions of interest intractable.
Thus, in this work we resort to a semi-analytical approach,
whereby the interference distributions of interest are evaluated
via Monte-Carlo simulations.

This paper is organized as follows. In Section II, we discuss
coexistence of 5G with FSS at 28 GHz. Section III studies
coexistence of 5G with FS at 70 GHz. Section IV describes
our proposed techniques that mitigate interference from 5G
to the incumbent system, followed by evaluation results in
Section V. Conclusions are drawn in Section VI.

II. COEXISTENCE OF 5G WITH FIXED SATELLITE
SERVICE AT 28 GHz

At 28 GHz, the FSS operates in the uplink only (from ES to
SS). Therefore, for coexistence with 5G, the possible scenarios
of interference are 5G to SS and ES to 5G. Note that we
consider the case of co-channel interference only.

In general, we expect APs to be the dominant source of
interference from 5G. The reason is that in comparison to
AP-t0-SS interference, the UE-to-SS interference has much
smaller impact since the Effective Isotropically Radiated
Power (EIRP) of a UE is likely far lower than that of an AP.
In addition, a UE is far more likely than an AP not to have
a line-of-sight (LoS) propagation path toward an SS, which
further reduces the potential for the UE-to-SS interference.
These observations are confirmed by our results on the UE-
to-SS interference, indicating that the number of active UEs
permitted in a 5G service area far exceeds that of active APs.

For the FSS-into-5G direction, only ES-to-AP interference
is considered as interference observed at the APs is expected to
be the bottleneck for 5G system deployments. The UEs likely
to have smaller antenna gains and experience much higher
propagation losses from the ES transmitters than APs. Hence,
the directions of interference that we consider in this study are
AP-t0-SS, UE-to-SS and ES-to-AP.

Finally, we note that the distribution of UEs in the system
plays an important role in both directions of the interference.
The reason is that the position of a UE determines the
UE’s and the serving AP’s beamforming directions, which
in turn affects both the AP-to-SS, UE-to-SS and ES-to-AP
interference. As in Table I, the cell site of an AP is divided
into three sectors, each of which spans 120 degrees (°). The
distribution of UEs follows Poisson Point Process (PPP) [27]
in a sector region.
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TABLE I
PARAMETERS FOR 5G

Parameter | AP | UE
Carrier frequency 28 GHz
System layout UMi [35]
Inter-site distance (ISD) 200 m
Cell density 29 cells/km?
Cell sectorization 3 sectors/site
Duplexing Time-division duplexing (TDD)
Transmission scheme Singler-user (SU)-MIMO
Bandwidth 850 MHz
Temperature 290 K

Max antenna gain 5 dBi per element

Transmit power 21 dBm per element 14 dBm per element

Number of antennas (X /2 array) 8x 8 and 16X 16 4x4

Noise figure 7 dB 9 dB

Antenna height 10 m 1.5 m
TABLE 11

PARAMETERS FOR FSS SS

Parameter [[ Class1 [ Class2 | Class3 |
Elevation angle (degrees) 15-55 15-55 5-50
Orbit distance (km) 36.000 36,000 9.000
Max antenna gain (dBi) 58 58 27
Temperature (K) 1000 650 570
Thermal noise (dBm/Hz) -168.6 -170.5 -171.0
Path loss models between LoS: FSPL + 4
5G and FSS SS (dB) NLoS: FSPL + 24
Interference protection P

TH ={-12.2,-6,0
criterion (I/N, dB) fss { ’ ¥

TABLE III
RESULTS OF 5G AP-TO-FSS SS INTERFERENCE

SS class, Los/NLoS mix Result
Mean individual-sector Maximum number of
interference (dBm/Hz) simultaneously transmitting sectors
THyiss = 1 gqp ‘ 0dB
-12.2 dB
AP EIRP = 62 dBm/100 MHz (8 X 8 array)

50% LoS / 50% NLoS -213 2.000 8.000 32,000
Class 1 25% LoS / 75% NLoS -216 3.800 15,200 60,800

10% LoS / 90% NLoS -220 9,000 36,000 144,000

50% LoS / 50% NLoS -213 1,200 4,800 19,200
Class 2 25% LoS / 75% NLoS -216 2,300 9,200 36.800

10% LoS / 90% NLoS -220 5,400 21,600 86.400

50% LoS / 50% NLoS -217 2,200 8.800 35,200
Class 3 25% LoS / 75% NLoS -219 4,400 17,600 70,400

10% LoS / 90% NLoS -223 10,000 40,000 160,000

AP EIRP = 74 dBm/100 MHz (16 X 16 array)

50% LoS / 50% NLoS -213 2,000 8,000 32,000
Class 1 25% LoS / 75% NLoS 2216 3,800 15,200 60,800

10% LoS / 90% NLoS -220 9,000 36,000 144,000

50% LoS / 50% NLoS -213 1,200 4,800 19.200
Class 2 25% LoS / 75% NLoS -216 2.300 9.200 36.800

10% LoS / 90% NLoS -220 5,400 21,600 86,400

50% LoS / 50% NLoS 2211 600 2,400 9,600
Class 3 25% LoS / 75% NLoS -214 1,300 5,200 20,800

10% LoS / 90% NLoS -218 3,000 12,000 48,000

A. Interference From 5G AP and UE to FSS SS

1) System Model: Tables I and II provide parameters for the
5G AP/UE and FSS SS, respectively. For the SS, the inter-
ference protection criterion is defined as the threshold of
interference-to-noise ratio (I/N), which is denoted by T H ;.
Regarding the path loss between an AP/UE and an SS, various
combinations of LoS and Non-Line-of-Sight (NLoS) channel
conditions are considered. Note that a large percentage of
LoS sites appears to be unrealistic given real-world vege-
tation/foliage losses and practical deployment cases of 5G.
Moreover, we note that LoS channel conditions will occur
with very low probabilities at 28 GHz, where propagation of
a microwave signal is adversely affected not only by blockage
due to buildings and other structures but also by vegetation.
Therefore, only realistic subsets of LoS/NLoS combinations
are reported in our final results given in Tables III and IV.

The path loss models are elaborated as follows. In LoS con-
ditions, we assume a free space path loss (FSPL) model [28]
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TABLE IV
RESULTS OF 5G UE-TO-FSS SS INTERFERENCE

SS class, Los/NLoS mix Result
Mean individual-UE Maximum number of
interference (dBm/Hz) simultaneously transmitting UEs
THyss = 6dB ‘ 0.d8
-12.2 dB
25% LoS / 75% NLoS -225 283,000 1,132,000 4,528,000
Class 1 10% LoS / 90% NLoS -228 566,000 2,264,000 9,056,000
100% NLoS -238 6,226,000 24,904,000 99,616,000
25% LoS / 75% NLoS -217 28,000 112,000 448,000
Class 2 10% LoS / 90% NLoS -220 57,000 228,000 912,000
100% NLoS -230 627,000 2,508,000 10,032,000
25% LoS / 75% NLoS -223 64,400 257,800 1,031,200
Class 3 10% LoS / 90% NLoS -227 162,000 648,000 2,591,800
100% NLoS -237 1,781,900 7,127,500 28,510,100

plus additional atmospheric and polarization losses of 4 dB In
the NLoS channel conditions, an FSPL model is again used,
with additional 20 dB of clutter loss in addition to the 4 dB
of atmospheric and polarization losses [29]. Thus, the total
additional loss assumed in the NLoS model is 24 dB. Recall
that clutter loss is the loss due to various conditions on the
terrain (such as buildings) over a wide area, and hence it also
accounts for the diffraction loss [30], which is the loss due to
propagation bending around an object such as a building or a
wall. Note that our assumption of a 20 dB of clutter loss is
worst case with respect to interference modeling, as diffraction
losses can be significantly higher depending on the ray angles
of incidence and departure toward the satellite. This potentially
higher clutter loss may result in an even lower AP/UE-to-SS
interference in practice.

The threshold T Hygs of —12.2 dB in Tables III and IV
is derived from [31]. There is, however, general recognition
in the satellite community that this interference level was
developed when satellite networks were considered to be
power limited, whereas today satellite networks tend to be
interference limited and, as such, this protection level is very
conservative [6]. Therefore more realistic and less stringent
protection criteria of TH gy of —6 dB and 0 dB are used
in this paper. It is to be noted that T Hyss of —6 dB and
0 dB corresponding to 1dB and 3 dB desensitization (desense)
interference thresholds, which represent the increase in the
noise floor of the system due to interference, are also typically
used for mobile terrestrial systems [32], [33]. We use the same
—6 dB and 0 dB I/N as the protection criteria for satellite
systems in addition to —12.2 dB, since without the knowledge
of the receiver characteristics of the satellite systems, it is
difficult to derive a more precise value of the I/N protection
criteria for the FSS SS and ES receivers. For 5G, T Hs, of
—12.2 dB was also used in addition to —6 dB and O dB to be
consistent with the FSS interference results.

2) Analysis of Interference: As a metric that measures
AP/UE-to-SS interference, we calculate the number of simul-
taneously transmitting APs/UEs such that T H ys at the FSS
SS is not violated.

Here we provide an analysis framework for the AP-
to-SS interference. With straightforward modifications, this
framework can be also applied to the UE-to-SS interference.
To compute such an aggregate interference, an interference
from the downlink transmission of a single sector is computed
by averaging over all possible downlink directions according
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FSS SS

) o
i

5G UE

5G AP

Fig. 1. Topology of coexistence between a 5G system and an FSS SS on
elevation plane.

to position of the UE, which is given by

1

PT,ap Gap,a (Xue)Gap,e (Xue) Gss,3db
PL4p—sss

dxye

ey

where ﬂ(kz is region of a sector and thus 'J{kzy is the area of
a sector; x,, is position of a UE in an R;°; Pr g4p is transmit
power of an AP; G4p 4 and Ggp . are the azimuth and elevation
beamforming gains of a downlink transmission to a UE in the
direction toward the SS; Gy 345 is the beamforming gain of
the SS receiver antenna within its 3dB-contour; PLgp g is
the path loss between the AP and the SS.

For a 5G AP, the attenuation patterns of an antenna element
on the elevation and azimuth plane are given by [35]

Ad(p) = minI12 (ﬁ)z,Am] ,

A, (0) = min {12 (@—90")2 , Am] [dB] ()

O3db

where ¢ and 6 are angles of a beam on the azimuth and
elevation plane, respectively; (-)34, denotes an angle at which
a 3-dB loss occurs. Then the antenna element pattern that is
combined in the two planes is given by

A0, ¢) =min (A, (¢) + A (0), Am) [dB] 3)

where A,, is a maximum attenuation (front-to-back ratio). It is
defined A,, = 30 dB in [35], but it can be higher in practice.
Finally, an antenna gain that is formulated as

G (¢,0) = Gnax — A (¢,0) [dB] “

where G4, 1S @ maximum antenna gain.

Note that G,p 4 and Ggp . are lower than the maximum
azimuth and elevation beamforming gains. The reason is
depicted in Fig. 1. Generally, a beam of an AP is pointed
away from an SS since transmitting to a UE that is placed at
a lower elevation than the AP. The elevation angles that are
shown in Table II for each class of SS [29] are obtained in
this manner.

Based on (1), we calculate an aggregate interference, which
is given by

Iaggr (N [SSS]) = 15g x N [Ss5] (5)

where Ss, is a set of 5G sectors; N [-] is the number of elements
in a set. Now, we can obtain the number of simultaneously
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Class-3min6_ =5
sat
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—8— AP 16 x 16 |

= 15"‘

Class-1 and Class—2 min 6,
sat

i i i i i i i i i
5 10 15 20 25 30 35 40 45 50
Ssai (degrees)

Fig. 2. Normalized mean AP antenna gain into FSS SS vs. the elevation
angle Ggqr.

transmitting APs, N[$s5;], such that Iz, does not exceed
T H fs5, which is given by

arg max Lyger (N [S5]) < 10017 Hrss (©6)
N[Sss]

within an area that a satellite beam forms on the Earth surface.
The receive antenna on board an SS forms a spot where a
solid angle formed by the receive beam subtends the surface
of the Earth; and this is typically known as a spot beam. It is
assumed that the entire 5G system deployment falls within the
3dB-contour of an SS receiver spot beam.

3) Evaluation of Interference: Tables III and IV record our
final results of (i) a mean individual-sector/UE interference
power received at an SS receiver, Isg/W from (1) where
W is bandwidth of 5G, and (ii) the maximum number of
simultaneous 5G sectors/UEs that can transmit under a T H f,
arg maxnyss,] lager (N [Ss5]) from (6). No specific interference
control techniques were assumed at the UEs.

AP-to-SS Interference: Table III shows that potentially
very large numbers of simultaneously transmitting sectors can
be supported. For example, even using a very conservative -
12.2 dB of T Hy,y, Table III shows that with increased EIRP
of an AP from 62 to 74 dBm/100 MHz, the number of active
AP sectors that can simultaneously transmit is kept the same
for both Class 1 and Class 2 FSS systems, although the
number drops for Class 3 FSS systems. This result has certain
implications on the deployment of 5G systems. Specifically,
an environment with higher NLoS yields lower interference
into an SS receiver, due to higher attenuation of the interfering
signal power. In other words, a higher density of 5G sectors
can be deployed in urban areas than in suburban areas.

Fig. 2 provides a justification for this drop. It depicts the
normalized (assuming maximum antenna gain is normalized
to 0 dBi) transmit antenna gain of a sector toward an SS,
which is given by G,, = —A (¢, 8) from (4) with G 4x = 0.
In general, an AP has a lower antenna gain toward an SS
with a larger antenna array, since the beamwidth is reduced
with increasing number of transmit antennas. Conversely,
the antenna gain toward an SS is increased with higher number
of transmit antennas if an SS falls within the main beam of
an AP. The main difference between Class 3 and the other
two classes is the elevation angle 6., as depicted in Fig. 1.
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According to Table II, Class 3 SSs operate at a lower elevation
angle than the other two classes, thus they experience higher
interference due to increased transmit antenna count at the
APs.

Due to several reasons, the numbers given in Table III likely
underestimate the actual number of APs that could be deployed
without violating T H ¢. Firstly, in real-world networks, it is
unlikely that all 5G sectors simultaneously transmit. In fact,
in current deployments, network loading rarely exceeds 30%
[29], thus allowing a roughly three-fold increase in the number
of sectors given in Table III without adversely impacting FSS
links. Secondly, the results only consider outdoor deploy-
ments. Indoor APs will not contribute to aggregate interference
levels observed at the SS receivers due to very high penetration
losses that occur in mmW bands. Finally, this study assumes
that all APs are synchronized and analyzes interference dur-
ing a downlink period when all APs are in transmit mode.
If geographically-adjacent network deployments of several
operators are not synchronized, then their respective downlink
periods will not occur simultaneously. Thus, even a smaller
percentage of APs will be in transmit mode simultaneously,
whereas the remainder of active APs will be receiving uplink
transmissions from UEs. As transmission of a UE is expected
to have much smaller impact on an SS, the overall inter-
ference from a 5G deployment area will be further reduced.
In summary, fractional network loading, indoor deployments,
and unsynchronized network deployments result in a more
favorable scenario than what was modeled to obtain the results
in Table III.

UE-to-SS Interference: Here we provide an initial set
of results on the UE-to-SS interference. The interference
calculation steps mirror those for the AP-to-SS interference
given in (1)-(6), but with the UE parameters given in Table I.
Namely, based on the statistics of the UE antenna array gains
into an SS receiver, a per-UE average interference value is
computed in Table IV. From that, the number of simultane-
ously transmitting UEs is derived, given a certain interference
threshold at the SS. Note that unlike on the downlink where
under heavily loaded APs continuously transmit, UE transmis-
sions on the uplink are scheduled periodically, as all available
uplink slots are shared between the active UEs in a 5G cell.
Assuming a typical heavy-load approximation of 10 active
UEs per sector, the number of active UEs per sector becomes
roughly 10 times that of the simultaneously transmitting UEs.
The final numbers of supported active UEs in a 5G deployment
area under various LoS/NLoS channel conditions are given
in Table IV. Note that the highest probability of LoS for the
UE-to-SS links was assumed to be 25%.

We make two key observations on the UE-to-SS results:
i) the number of active UEs supportable in a 5G system far
exceeds the number of simultaneously transmitting APs given
in Table III. This is mainly due to the increased probability of
NLoS for the UEs and the intermittent nature of the UE uplink
transmissions, where we have assumed a per UE transmission
duty cycle of 10% to convert the number of simultaneously
transmitting UEs into the number active UEs.; (ii) these results
may still significantly underestimate the total number of active
5G UEs that can be supported in a 5G system, as a significant
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FSS ES’s antenna beam pointing at
the center of 5G system

. \

“Nearest” AP

~ es—ap

Fig. 3. Azimuth plane of a 5G-FSS ES coexistence topology.

fraction the UEs may be situated indoors or inside vehicles
and have very high path loss towards the SS receivers.

B. Interference From FSS ES to 5G AP

1) System Model: The analysis is based on a link-level
protection criterion that is defined as an I/N observed at a
5G AP receiver. Specifically for our results, the link-level
protection thresholds, denoted by T Hsg, are set to —12.2, —6,
and 0 dB of I/N. Based on the link-level protection criterion,
we define a system-level interference protection criterion as
the minimum distance between an FSS ES and the edge
of the 5G system deployment, such that 95% of the 5G
uplink connections in the cell nearest to the ES transmitter are
protected under T Hsg. The distance to the edge of the system
deployment is defined as the minimum distance between the
ES and the 5G AP that is nearest to it. Fig. 3 illustrates
an example of the 5G system layout and the definition of
the minimum protection distance. The parameters used for
this study refer to Table I. For the terrestrial propagation
between an ES transmitter and APs, the following three models
are assumed: FSPL [28], Urban Macro (UMa), and Rural
Macro (RMa) [35].

Each AP activates an elevation and azimuth beam to
receive the intended uplink transmission based on the preferred
azimuth and elevation beam index feedback from the UE.
Each UE selects its preferred elevation and azimuth beam from
the elevation and azimuth codebook based on the long-term
received power measurements obtained for all beams in the
codebooks. For the results reported here, a codebook with
16 entries was used for beam selection in the azimuth and
elevation dimensions. The beam patterns are symmetric in
elevation and azimuth planes.

2) Analysis of Interference: Given the preferred azimuth
and elevation beam, an interference received from an ES at
a 5G AP is computed as

L. — PT,es Ges,a Gap,a (Xue) Gap,e (Xue)
“ PLes—)ap (des—>ap)

where the parameters are defined in the same manner as in (1).

The transmit power of the ES node is denoted by Pr .. The

azimuth pattern of an ES, G,y 4, is defined in [34]. For the
interference analysis, the value of EIRPes = Pres + Gax,es

@)
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(where G ,qx,es 1s the maximum transmit antenna gain for the
ES node) is specified according to the three classes of ES
transmitters [29] given by: 12.2, 24.1, and 48 dBm/MHz for
Class 1, 2, and 3, respectively.

Given a certain level of EIRP,s; and position of the ES
relative to the 5G system layout, an ES-to-5G interference
is calculated for every UE attached to the nearest AP. Each
calculation is performed with randomized positions of the UEs
in the system and randomized positions of the ES around the
5G system layout, with variation of des—s4p. It is assumed that
the ES antenna azimuth is always directed toward the center
of the 5G system layout.

3) Evaluation of Interference: Figs. 4 and 5 demonstrate
cumulative distribution functions (CDFs) of the uplink con-
nections computed over all UE positions in the nearest cell
as a function of des—4p for Classes 1 and 2, and for Class 3,
respectively. Given the 95% protection target, the minimum
des—ap can be determined from Figs. 4 and 5. As evident in
the figures, the required des— qp is highly dependent on T Hs,
as well as EIRP,; toward the 5G system.

Based on the above results, we observe that the required
values of des—.qp are reasonable in most cases of interest and
will not place an overly restrictive set of constraints on future
5G system deployments. With a protection margin of -6 dB
I/N, the distance where less than 5% of links fall below the
protection threshold T Hs, is less than 400 m for Class 2 ESs
and less than 50 m for Class 1 ESs. While our calculations
show that Class 3 ESs nominally could interfere with 5G
systems at a distance of 28 km with a -6 dB of I/N threshold,
we believe that this distance could be significantly smaller in
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TABLE V
REQUIRED SEPARATION DISTANCE UNDER UMa AND RMa

UMa RMa
THgg (dB) 122 6 0 122 6 0
Required des— qp (M) 4,900 | 3,000 [ 2,000 5,100 | 4,000 [ 3,00

practice due to additional clutter loss between 5G APs and ES
transmitters not accounted in the FSPL model.

To more accurately model the terrestrial propagation effect,
such as the clutter loss, we also generated results using the
3GPP UMa and RMa models [35] for Class 3 ES transmitters.
The 3GPP UMa and RMa path loss models exhibit much
higher path loss exponents than the FSPL and are more appro-
priate for terrestrial propagation modeling. Fig. 6 exhibits the
percent of 5G uplinks below T Hs, in presence of interference
from an FSS ES based on Class 3. Compared to Fig. 5,
des—sap is dramatically reduced. This implies that a 5G system
experiences lower interference from an ES when deployed in
an environment with higher attenuation—mainly due to higher
probability of NLoS propagation conditions.

Table V shows the results with both 3GPP path loss mod-
els for Class 3 ES transmitters for various I/N thresholds.
As expected, the RMa model requires a larger distance for
interference protection, since in general it predicts higher LoS
probability as a function of distance and has a lower path loss
exponent than UMa. Specifically, the table indicates that the
worst case of protection distance of 5,100 m occurs with RMa
and the most restrictive threshold of T Hs, (-12.2 dB).

III. COEXISTENCE OF 5G WITH FIXED
SERVICE AT 70 GHz

In this section, we discuss co-channel coexistence of 5G at
70 GHz where the Fixed Service (FS) is the incumbent system.
We consider a point-to-point Wireless Backhaul (WB) system
that adopts highly directional antennas to connect distant radio
towers. Note that the FS system provides backhaul for another
cellular system, thus it is uncoordinated with the 5G.

Unlike the 28-GHz coexistence problem, there are four
possible interference scenarios: FS to AP, AP to FS, FS to UE,
and UE to FS. The reasons are as follows: (i) both directions
of an FS system’s wireless link transmit in the 70 GHz band;
(i1) a UE has higher probability of LoS than in the coexistence
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TABLE VI
PARAMETERS FOR 70-GHz COEXISTENCE
Parameter 11 5G 11 FS ]
Carrier frequency 735 GHz
Path loss model [35] UMa and UMi
Bandwidth 1 GHz
System AP UE WB
Transmit power 15 dBm per element 14 dBm per clement 19 dBm
Max antenna gain 8 dBi per element 5 dBi per element 50 dBi
Temperature 290 K 290 K 290 K
Noise figure 7 dB 9 dB 5dB
Antenna height 10 m 1.5 m 25m
Number of antennas 88 and 16X 16 (X /2 array) Omni and 4 X4 (X /2 array)
FS’s antenna beam axis
pointing at the center of 5G system
FS node
. .
Fig. 7. Topology of a 5G-FS coexistence.

at 28 GHz since the beam of an FS’s antenna is placed
terrestrially and pointed closer toward the ground.

Note that this analysis framework is sufficiently general in
that it can be readily applied to coexistence scenarios between
5G and other terrestrial incumbent system.

A. System Model

The parameters for SG and FS are summarized in Table VI.
Note that the parameters of 5G are different from the ones
used in the 28 GHz coexistence of Section II. Since the rules
are still under discussion by the FCC for the 70 GHz band,
the parameters are obtained from a standard 3GPP evaluation
model [37]. We assume 19 cell sites—equivalently 19 APs—
where in total N [$5,] = 57 sectors exist.

Fig. 7 describes a drop—or an instance—of topology for
coexistence. There are two important assumptions: (i) the FS
node is regarded as a transmitter in an FS-to-5G interference
scenario while it is a receiver in a 5G-to-FS interference
situation; (ii) the FS node points its beam at the center of
the 5G system. The interference between the 5G and the FS
nodes is a function of at least four variables corresponding
to the positions of transmitters and receivers in the interferer
and victim systems. Since the FS node is always assumed to
point its beam at the center of the 5G system, position of
the FS receiver in the FS-to-5G scenario and position of FS
transmitter in the 5G-to-FS scenario can be excluded from
consideration. In Fig. 7, the FS node is placed outside of the
5G system, at 176 different positions on an r-6 coordinate:
r=1[0:500:10,500] and & =[O : % : 77”] in reference to
the center of the 5G system.

The blue circles in Fig. 7 correspond to positions of
the APs in a classical hexagonal cell layout with Inter-Site
Distance (ISD) of 200 m. The actual positions of APs (red
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squares) are dithered within 6 m relative to the locations of
the hexagonal cells, to achieve a more realistic system layout.
Furthermore, we uniformly and randomly distribute 10 UEs in
the kth sector region, denoted by ﬂ(kz. The distribution of UEs
can be modeled as a homogeneous PPP [27] whose density
is kept constant to be 1, = 10 over 'J{kz,k =1,2,---,
N [$s55] = 57.

For the path loss model, we use the 3GPP UMa and
UMi [35]. The models are used both for the 5G-FS and
AP-UE links. Again, although 3GPP defines path loss models
for outdoor and indoor scenarios, this paper discusses the 5G
placed outdoor only since the FS devices are likely placed
outdoors and penetration losses at 70 GHz are very high.

The antenna element pattern for the 5G system refers to (2)
through (4) in Section II-A. The antenna beam pattern for an
FS device is provided in [36] as

Goax — 2.5 x 1073 (20)*, 0° <0 <0,

G (0)— Gl, emfe <9r
1= 132~ 2510g0, 6, <0 < 48°
—10, [dB] 48° < 0 < 180°

®)

where G4, is @ maximum gain; D is antenna diameter; A is
a wavelength; G; = 2 + 151og %: gain of the first sidelobe;
O, = % Gmax — G1 in degrees; 6, = 15.85 (%)70'6 in
degrees.

B. Analysis of Interference

1) Coexistence Topology: We now discuss a general frame-
work for interference analysis that is applicable to all the
four scenarios of interference, where the key is to analyze
how antenna gains are determined for: (i) the interferer sys-
tem’s transmitters and (ii) the victim system’s receivers. Let
x = (x,y) denote position of a node on a two-dimensional
Cartesian coordinate plane. Subscripts “7” and “v” indicate
the “interferer” and “victim”, respectively, and “¢” and “r”
denote “transmitter” and “receiver”, respectively. Without loss
of generality, we consider the AP-to-FS interference where
Xz, Xir, and x, , denote the positions of an AP, a UE, and
the FS receiver respectively. The method can be extended to
the other scenarios (i.e., FS to AP, UE to FS, and FS to UE).

Fig. 8 illustrates the azimuth plane of an AP-to-FS inter-
ference scenario. There are two angles that determine the
interference level between a 5G AP and the FS node: the
off-axis angle, ¢orr, and the steering angle, @gr. A ¢y is
an angle between the direction of a beamforming and the
antenna’s physical orientation. Such an electrical steering is
only assumed for the 5G (i.e., APs and UEs), whereas the
FS assumed to be equipped with fixed beam antennas. Also,
we define an inferference axis to be a line connecting the
interfering transmitter (the AP) and the victim receiver (the
FS receiver). A ¢,rr is an angle between the direction of a
beamforming and the interference axis. These angles will be
used in the analysis to represent discrimination of antenna gain
from: (i) electrical steering and (ii) pointing away from the FS
receiver, respectively.
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Fig. 8. 5G AP as interferer on the azimuth plane (Cell orientation of 90°).

For defining the angles, we put an azimuth-plane geometry
on a quadrant and set x;, at the origin of the quadrant. The
angle formed by the interference axis with respect to the
X-axis is denoted by ¢1. The angle of a sector’s physical ori-
entation is denoted by and set as ¢» = 90°. The beamforming
angle with respect to the X-axis of the quadrant is denoted
as ¢3. Now we can define ¢,rr and ¢y, for the 5G AP and
FS receiver as

¢ap,off (Xi,t, Xi,rs Xu,r) = ¢3 - ¢1 )
¢ap,str (Xi,fa Xi,r) =¢3— P (10)
(Xu,t_Xu,r) . (Xi,t_xu,r))

Dfs,off (Xiye» Xo,1, Xp,r) = arccos
( ’ ’ ) 10, — %0, r i, — 30 1 |l
(11)

where (-) in (11) indicates a dot product between two vectors,
and

¢1 = arctan (xv,r, x,-,,) = arctan (M) (12)
Xo,r — Xit

¢3 = arctan (x,-,r, x,-,,) = arctan (M) . (13)
Xi,r — Xit
Now, denote azimuth and elevation planes by subscripts

“a” and “e,” respectively. Then two types of attenuation,

Aap.a,off ((/ﬁap,off) and Agp asir (gbap,m), can be obtained
by substituting @up off and ¢gup,sir into Ay () in (2), where
Pap,off,3dp = 6° and @up 51,306 = 65° [35].

Fig. 9 describes an elevation plane of the interference
scenario of interest. Similarly to the azimuth-plane analysis,
the off-axis angles of the interfering transmitter and the victim
receiver, O, orr and O o, are defined with respect to the
interference axis. The angles can be calculated based on
locations and heights, which are given by

hv,r - hi,t

Gap,off = arctan (| ) + eap,str (14)

IXu,r — Xt I

2 = arctan (7111” — ot )

Juoff %0 — %0l )
Note that although it is set h,; = h, , in Fig. 9, it can
be generalized as in (15). Again, by substituting ,p off
into A, (0) in (2), we can obtain Agp . off (Hap,off) with
Oup,off,3db = 6° and Oup g1y 300 = 65° [35].
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“Interference axis”

Fig. 9. 5G AP as interferer on the elevation plane.

Also, for the FS receiver, the azimuth and elevation off-axis
angles, @ s orr and Oy orr, are substituted into (8) to obtain
the G s (¢rs.0r7) and G 15 (Os.057)-

2) Analysis Framework: An interference power received at
a victim receiver is computed as

_ PrG; (¢i,0;) Gy (¢p, 6)

1
PL (Xl',l" Xu,r)

(16)

where Pr denotes a transmit power of the interferer system’s
transmitter; G (-) denotes an antenna gain that is given in (4).
Again, for a 5G device (either AP or UE), the angles ¢; ory
and 0; orp include ¢orr and @y, and Oppp and Oy, It is
important to note that although not explicitly expressed, an /
is a function of (x;;, %y,1, %,,,) in an FS-to-5G interference
and (xi, Xir, Xp,r) in a 5G-to-FS interference, which can be
expressed through (9) and (11) and written as

= [Ifs—>ap (Xi,t, Xp,t» Xl),}’) (17)

Iap—)fs (Xi,t, Xi,r, Xl),}’) .

Also, PL (-) is a path loss that is a function of x;; and x, ,.
By generalizing an expression for path loss given in [35] as
PL = &d* where d is a distance, one can rewrite (16) as
1= PrGi ($i,0) G (0, 00) & iy — 0, 7% (18)
3) 5G as Interferer: Based on (18), we can calculate 5G-
to-FS interference. The analysis focuses on the AP-to-FS
interference only but can readily be extended to the UE-to-
FS scenario. We consider an aggregate AP-to-FS interference
with the 5G system that is fully loaded in both downlink and
uplink. An aggregate interference is defined as an interference
that is received at a victim FS receiver at x, , from all the 5G
sectors, which can be formulated as

& w ® _®
Iaggr = Z Iap—)fs (Xi,t » Kjro X“”’)
k=1
N[SSS]

—a
Pre™t D0 G (1.0 GP (0.00) 1) — 01
k=1

19)

where a superscript (k) indicates that the quantity is defined

for a sector region, ﬂ(kz; a set of AP sectors is denoted by Ss;.

Now we need to compute the mean of akggregate interference
k) (k)

over all the possible positions of x;"/, x."” and x, ,, which is

it “i,r
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given by
Laggr
—E[aggr]
> i 1 / Ry /
N[sfs o PLy R e
—_—— —————

(k ) (k)

average of x, average of x;

(k) (k) (k)
(Iap—>fs) dX',r dXi,t
I 2

52’& ‘N st Sts /l(k) /(k)

(61 81,0 GP 90, 0) %Y

average of %;

553

) axax®
(20)

where Syr¢ denotes a set of positions of the FS node. The inte-
gral expression in (20) is not amenable to analytic evaluation
due to high complexity in calculation. Therefore, in the rest
of the paper we evaluate (20) via Monte-Carlo simulations.

4) 5G as Victim: The FS-to-5G interference is a per-sector
interference power averaged over the N[S5,] = 57 sectors.
As above and without loss of generality, we analyze the
FS-to-AP interference scenario in detail, and this analysis is
applicable to the FS-to-UE interference scenario by replacing
parameters for the AP with those for the UE. From (19),
the average interference that is received at an AP located at
xu » and pointing its receive beam at a UE located at xl()kz in
ﬂ(k can be formulated as

1 N[SSS] " "
—_ I( ) (Xl()},xl()]fz,xi,,).

N (21)
N[Sss] & o=

Ial)g =
Similarly to (20), an average of (21) over all the possible
" k) (k) )
positions of Xy 1» Xo,r» and x;, can be calculated as

Favs = E[Lug]

N [553‘]

. x0xie) | 22)

1 (k)
—F (
N[$s] & S

C. Evaluation of Interference

Similarly to the ES-to-AP interference study, we adopt
I/N as our coexistence interference metric, which is defined
according to the direction of interference as

(I/N)ap orue—fs — I_aggr/Nth,fs
(I/N)fSHap orue — Iaug/Nth,ap or ue

where Nyj () is the thermal noise power of a receiver device
according to the system type.

As mentioned in Section II, THs, of -6 and 0 dB are
typically used for mobile terrestrial systems. An T Hy, of -
10 dB was chosen for the FS as per [38].

Recall from (20) and (22) that the 5G-to-FS interference
metric is aggregated whereas the FS-to-5G interference is

(23)
(24)
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Fig. 12. Interference from FS to 5G APs.

averaged over N[S5,] = 57 sectors in the 5G system. This
is why 5G-to-FS interference is more significant, as observed
in Figs. 10 through 13. It is shown in Figs. 10 and 11 that
the 5G-to-FS interference is above the interference protection
criterion of the FS, THy; = —10 dB of I/N, in many cases
where the FS node is situated in the proximity of the 5G
system. On the other hand, Figs. 12 and 13 show that the
FS-to-5G interference is below the interference protection
criterion of the 5G, T Hsg = —6 and 0 dB of I/N, in all cases
of interest. Comparing both sets of figures, it is consistently
observed that UMi yields lower interference than UMa, in both
scenarios of 5G-to-FS and FS-to-5G interference. This is
because UMi predicts a higher propagation loss which in turn
leads to a lower interference signal power.

One interesting observation is that an inflection point is
observed in the region of 2,000 to 4,000 m, in all of Figs. 10
through 13. To analyze this phenomenon, we consider a single
AP and place it at the center of the 5G system (see Fig. 7 for
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Fig. 13. Interference from FS to 5G UEs.

the layout). We found two dominant factors contributing to the
AP-to-FS interference: (i) the elevation antenna gain of the FS
node, G fy.¢ (0fs,0f7), and (ii) the path loss from the AP to the
FS as a function of distance, PLs,, 5. Fig. 14 shows the two
factors separately, and the resulting I/N with the two factors
combined. In Fig. 14a, around the region of 3,000 to 3,500 m,
G fs,e (0fs,0ff) increases by 8.35 dB while P Lsg_, 7 drops by
only 2.3 dB in Fig. 14b. Therefore, in Fig. 14c, the resulting
I/N increases by 5.73 dB which causes an inflection point.
We note that the elevation antenna gain curve is the result
of the FS antenna beam pattern model adopted by the ITU
[36]. Hence, the behavior of I/N is dependent on the specific
properties of the FS node antenna pattern.

IV. MITIGATION OF INTERFERENCE FROM 5G
INTO FIXED SERVICE

As demonstrated in Section III, in the coexistence between
5G and FS, the 5G-to-FS interference is more problematic
due to aggregation of interference from multiple 5G sec-
tors. This section proposes practical mechanisms to mitigate
AP-to-FS and UE-to-FS interference. Although the proposed
mechanisms refer to the system model and parameters dis-
cussed in Section III, these mechanisms can be applied to
any interference scenario where a 5G system adopting high-
gain steerable directional antennas coexists with a terrestrial
incumbent system.

The key idea of the proposed mitigation methods is to
prohibit transmissions from 5G nodes (APs or UEs) with
transmit beams pointing at the victim FS receiver. In other
words, the 5SG transmitters are driven to point the beams away
enough from the FS receiver so that they have sufficiently
attenuated transmit gains toward the FS.

A. Mitigation of AP-to-FS Interference

Without loss of generality, let us consider beam restriction
techniques on the azimuth plain. For an AP, ¢up ofr and ¢ap sir
are recalled from Fig. 8 as an off-axis angle and a steering
angle. Note that the antenna gain of an AP’s beam attenuates
as it: (i) points further away from the FS receiver and (ii) gets
further away from the sector’s physical orientation. The victim
FS receiver can undergo a lower interference if the transmit
beam from an AP is sufficiently attenuated based on the two
factors. To measure the two types of attenuation, we define the
thresholds @, and @y, that ¢p oy and ¢ap 51 must exceed,
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respectively. Fig. 15 illustrates the thresholds. If a beam is with
Qap,off < Dorr, it means that the beam points closer at the FS
receiver than allowed. Similarly, if ¢qp sr < @y, the beam
is attenuated less than allowed by electrical steering.

Therefore, we shut down a beam if it does not meet
Qap,off > Dorfr and Pup sir > Dy at the same time, which
is formulated based on (4) as

Gap (¢ap50ff’ ‘f)ap,str)

Gap (¢a17:0ff’ ¢ap,str) s ¢ap,off > Dypf
- and ¢ap,str > Oy

0, otherwise.
(25)

Now, we can rewrite (16) to depict that an AP is the interfering
transmitter and the FS is the victim receiver as

](k) _ PT,apGap (¢ap,0ff, QZsap,str) Gfs (va, (91))
ap=Js PLap—)fs (Xap» st)

where Pr ., denotes transmit power of an AP. Thus, an
AP-to-FS interference aggregated over the N[Sss] = 57
sectors is obtained by substituting (26) into (19), which now
reflects the proposed interference mitigation method.

As mentioned in Section I, this proposed method enables
each AP to autonomously (without the need of an inter-system
infrastructure) identify the beams that are to be avoided and
perform the interference mitigation. The reason is that for the
computation of ®,rf, the only information that an AP needs
is location of the victim FS receiver. It can be learned from the
license data registered to the FCC because all the FS devices
in the 70 GHz band are required to register.

The proposed method is integrated into a realistic protocol
that utilizes 5G interface as follows:

1) Define (a) Beam Exclusion Zone(s) at Each AP: Each
AP constructs (an) exclusion zone(s), which is defined as an
intersection (highlighted in light green in Fig. 15) of two fan-
shaped areas that are formed by the following two inequalities:
() Pap,off < Qopy and (i) dap,str < Dyyr.

2) Shut Down the Interfering Beams: The interfering beams
are identified as the beams in the exclusion zones. Downlink
pilot transmissions corresponding to these beams are also shut
down (or transmitted at reduced power levels) during the 5G
beam scanning intervals. This enables SG UEs to exclude such
interfering beams during their initial beam attachment or peri-
odic beam re-selection process. A UE requesting an attachment
in an exclusion zone is handed over to another sector through
a re-selection process.

(26)

B. Mitigation of UE-to-FS Interference

The method of mitigating UE-to-FS interference is also a
two-step process as follows:

1) Identify the Interfering UE Based on its Uplink Refer-
ence Signal: The proposed UE-to-FS interference mitigation
technique is similar to the AP-to-FS interference mitigation.
It aims to reduce interference caused by UEs, based on identifi-
cation of the specific beams causing unacceptable interference
at the FS receiver. Hence it also refers to (26), but with the
parameters for the UE.
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However, the key problem with identification of the inter-
fering UEs is that in general only the AP is aware of which
of its UEs are assigned to transmit during a certain uplink
time slot. As a solution, this paper proposes a probe-based
method where a 5G probe device is co-located with the
victim FS receiver. The probe measures and reports its uplink
Reference Signal Received Power (RSRP) measurements to
the 5G system server. The probe device is frame-synchronized
with the 5G system and may rely on the uplink 5G air-
interface beam measurement procedures. Also, the antenna
characteristics of the probe device should match those of the
FS node (Table VI), which enables the probe to accurately
track UE-generated interference as received by the FS node.

To enable interfering UE identification by the 5G system,
it is proposed for the emerging 5G air interface to embed a
cell-specific identification signal into the uplink Demodulation
Reference Signal (DMRS). The cell-specific identification
signal can take a form of a pseudo-noise (PN) sequence with
a particular index of the sequence tied a particular 5G cell
in which the uplink transmission was performed. Given the
probe’s RSRP report and the identity of the cell in which
the interfering transmission has occurred, the 5G system can
readily identify the interfering UE(s) by learning the particular
frame and cell of the interfering transmission(s).

2) Hand Over the Interfering UEs to Another Sector: Given
that the interfering UEs have been successfully detected and
identified, the 5G system initiates a handover of the interfering
UEs to another sector. Because of the highly directional
transmit beams deployed by the 5SG UEs on the uplink, simply
handing over the interfering UEs will very likely change the
direction of the UEs’ transmit beams even if the UEs remains
stationary. This change in the transmit beam direction will

Distance between FS and the center site (m)

(b) PL5g—>fs

6000 8000 10000 0 2000 4000 8000

Distance between FS and the center site (m)

10000

(c) Resulting AP-to-FS interference

mitigate or even fully eliminate the interference observed at
the FS node prior to the handover.

V. EVALUATION OF THE PROPOSED
INTERFERENCE MITIGATION TECHNIQUE

We evaluate performance of the interference mitigation
methods that are discussed in Section IV. The settings and
parameters for the evaluation refer to Table VI of Section IV.

A. Evaluation Method

We assess the proposed interference mitigation techniques
in the following two aspects: (i) 5G-to-FS interference and
(i) impact on performance of the 5G system itself. Firstly,
the improvement in the 5G-to-FS interference is calculated
based on (23). Secondly, the application of the proposed
AP and UE interference mitigation methods will invariably
lead to performance degradation of the 5G system, since the
AP interference mitigation technique restricts the selection of
beams available for UE attachment on the downlink and forces
handover to a possibly suboptimum attachment point for the
UE interference mitigation on the uplink. We characterize this
performance degradation by computing downlink SINR and
uplink SNR before and after applying the downlink and uplink
interference mitigation techniques.

For the downlink, a signal-to-interference-plus-noise
ratio (SINR) that is measured at a UE in the jth sector, Kj.z,
is calculated as

()
P Gu.G
SINR = Ryue ~He P © 27)
Ninue + ZkeN[SSS],k#j P e

where P1(ej, ,)4 . denotes the signal power that the UE receives
from the jth sector’s antenna. Note that this SINR does not
include the interference from the FS; referring to Fig. 12,
the FS-to-AP interference is insignificant compared to the
noise level observed at the UEs.

For the uplink, a signal-to-noise ratio (SNR) at an AP is
obtained as

()
Py GupG
SNR = _R.ap —aP7He (28)
th,ap
where Plgj L)lp denotes a signal power received at the jth sector.

Similarly,j the FS-to-UE interference is excluded since it has
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Fig. 16. Mitigation of AP-to-FS interference.
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Fig. 17. Reduction of ®,¢r (Pg¢r = 60°, Ap = 45 dB).

little impact on the SNR as observed from Fig. 13. As a further
simplification, we note that the uplink performance is noise-
limited due to lower UE transmit powers and also exclude
inter-cell interference from calculation of the uplink SNR.

B. AP-to-FS Interference Mitigation

Fig. 16 shows the impact of the proposed interference mit-
igation technique on the AP-to-FS interference. Note that the
decrease in AP-to-FS interference follows the corresponding
increase in sector antenna’s front-to-back ratio, A,; this is
especially pronounced in the region of AP-to-FS distance
of 2,000 m or more. That is, a 15 dB increase in A, roughly
results in a 15 dB decrease in I/N. This effect demonstrates
that the dominant interfering beams in the sectors that are
pointed directly at the FS node have been suppressed and the
interference is now largely dependent on the power received
from the sectors that are pointed away from the FS node.

As the performance of the 5G system can be adversely
affected by the size of a beam exclusion zone, here we explore
the sensitivity of the resulting I/N at the FS node to the size
of the exclusion zone at an AP. Reduction of exclusion zone
can be achieved by reduction of either ®,r¢ or @, defined
above in Fig. 15. Impacts of reduction of the two thresholds
are shown in Figs. 17 and 18. Reducing the exclusion zone
according to @,y does not result in a significant increase in
AP-to-FS interference, as shown in Fig. 17. On the other hand,
Fig. 18 shows that reduction of exclusion zone according to
@, significantly increases AP-to-FS interference.

The reason for this behavior is explained in Fig. 20. Each
subfigure shows a cumulative snapshot of 10 drops with
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10 UEs dropped per sector. For consistency with the topology
shown in Fig. 15, the victim FS node is fixed at (x,y) =
(500,0) which is on the right side of the cell; thus the
interference axis is defined as a horizontal line passing through
the AP at (0, 0) in each subfigure. The red dots represent the
UEs in the exclusion zone, while the blue ones indicate those
outside of the zone where downlink transmissions are allowed.
Let us begin with the case of ®,rr = 60°, Dy = 60° that
is given in Fig. 20a. The cases where the thresholds ®@,fr
and @, are reduced are presented in Figs. 20b and 20c,
respectively. In Fig.20b, reduction of ®,;r opens up a beam
transmission area that is further away from the interference
axis, which does not translate into increased interference at
the FS node. On the other hand, in Figs. 20c, reduction of
¢sir Opens up an area with interfering beam transmissions
that is closer to the interference axis, resulting in significant
interference increase at the FS node.

We further note that reducing either of the two thresholds
results in a similar level of improvement in SINR for the
5G downlink which is given in (27). Fig. 19 displays a
CDF of the downlink SINRs with no interference mitigation
and three different ®,7s and @y, settings. The figure shows
that reduction of either ®,7r or @y, improves the SINRs
since both of these thresholds about equally reduce the beam
exclusion zone at each AP. This is also evident in Figs. 20b
and 20c, where the sizes of the exclusion zones (areas with red
dots) are roughly equal after reduction. As a consequence, it is
much more efficient to adjust ®,¢ for controlling the size of
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Fig. 21. Mitigation of UE-to-FS interference.

the exclusion zone, while keeping @, fixed, since adjusting
®,rr yields a similar level of downlink SINR improvement
but without increasing the AP-to-FS interference.

C. UE-to-FS Interference Mitigation

Fig. 21 evaluates the UE-to-FS interference with application
of the proposed mitigation technique. Similar to the trend
observed in Fig. 16, the change in residual interference level
observed at the FS node roughly follows the change in the
UEs’ antenna front-to-back ratio, A,,. We again conclude that
the proposed mitigation technique on the UE side is effective
in suppression of the beams pointed directly at the FS node,
as it is observed that the residual interference becomes a
function of the energy received from the back side of a
UE’s antenna.

Fig. 22 presents the impact of the UE-to-FS interference
mitigation technique on the uplink 5G system performance.
Maximum degradation observed with this mitigation technique
is approximately 15 dB, which is due to forcing the interfering
UE:s to re-attach to a sector that provides a sub-optimum uplink
signal strength.

D. Discussion on Performance of 5G

In general, 5G systems will be expected to provide a high
degree of coverage and reliability even in the most severe
propagation environments. In [20], typical values of SINR
for uplink and downlink at mmW frequencies are displayed.
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Fig. 22. Impact of UE-to-FS interference mitigation on the 5G uplink SNR.

According to the results in [20], SINRs as low as -10 dB could
be observed at these frequencies in challenging propagation
conditions, and 5G systems are expected to remain fully
operational even in these very low SINR conditions.

From Figs. 19 and 22, one can see that the “worst-case”
downlink SINR and uplink SNR of a 5G system adopting
the proposed interference mitigation techniques are also in
the range of -10 dB. Thus, we conclude that despite some
degradation in both downlink and uplink due to incumbent
interference mitigation, the performance of a 5G system will
remain acceptable.

VI. CONCLUSION

This paper performed a detailed analysis of coexistence
scenarios for 5G in mmW bands, namely co-channel coexis-
tence of 5G with FSS uplink at 28 GHz and with FS WB
at 70 GHz. The first part of our 28 GHz study discussed
the AP-to-SS and UE-to-SS interference. We showed that 5G
can satisfy interference protection criteria of the FSS while
allowing simultaneous transmissions from at least several
thousands of sectors and tens of thousands of UEs under
various LoS and NLoS channel conditions and with various
sets of parameters for the FSS. In the analysis of ES-to-AP
interference, we characterized the separation distances in order
to guarantee that higher than 95% of uplink transmissions
in the nearest cell are protected. The required separation
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distances are not overly restrictive for deployment of 5G
systems, and our results further validate that the 28 GHz band
is viable for future 5G system deployments. In the 70 GHz
study, we demonstrated that the 5G-to-FS interference is more
significant than the FS-to-5G interference, due to aggregation
of interference among all of the sectors. Motivated by this
observation, we proposed the mechanisms that mitigate the
interference from APs and UEs into the FS system. Our results
showed that the proposed techniques can effectively suppress
the interference at the FS receiver while maintaining operable
performance of 5G.
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