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ABSTRACT The 5th generation of mobile communication system (5G) enables the use of millimeter wave
frequency bands and beamformingwith 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 andmillimeter 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 5th genera-
tion of mobile communication system (5G) started in early
2019. The 5G New Radio (NR) [1], which was named by
3rd 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.

II. 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]:

gNommax =
2

Bho · Bvo
= N · Ge, (1)

where gNommax is the maximum nominal antenna array gain, Bho
and Bvo 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 Ge 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

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.

gEff (φ0, θ0) =

180◦∫
−180◦

180◦∫
0◦

gNom (φ, θ)

· p (φ − φ0, θ − θ0) dφdθ, (2)

gEffAz (φ0) = gEff
(
φ0, θ0 = 90◦

)
=

180◦∫
−180◦

gNom
(
φ, θ = 90◦

)
· pAz (φ − φ0)dφ,

(3)

gEffEle (θ0) = gEff
(
φ0 = 0◦, θ0

)
=

180◦∫
0◦

gNom
(
φ = 0◦, θ

)
· pEle (θ − θ0)dθ.

(4)

In the above equations gEff is the 3D effective antenna
pattern, whereas gNom is the 3D nominal antenna pattern.
gEffAz and gEffEle indicate azimuth and elevation cuts of effective
antenna pattern, respectively. φ and θ define angular domain
in azimuth and elevation, respectively, whereas φ0 and θ0
indicate boresight direction between transmitter (Tx) and
receiver (Rx) in azimuth and elevation, respectively. pAz 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].

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.

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.

III. 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 beamformingwhere 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 × 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

FIGURE 4. Nominal and effective Tx antenna pattern cuts in horizontal
plane for 8× 8 array in mmWave (28 GHz) 3GPP UMi SC deployment [11].

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 10th 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
10th to 99th). When per-scenario PAS is used, the accuracy
decreases slightly (2 dB gap at 10th 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 urbanmacro (UMa) and urbanmicro
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.

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

PRx =
PTx · GTx · GRx

PL
, (5)

wherePRx andPTx are Rx and Tx power respectively, whereas
GRx andGTx 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 ( GniRx ) or GeiTx (GeiRx)
for nominal or effective antenna patterns, respectively. These
gains are presented by (6)-(9).

GniTx = gNomTx

(
φAoDi,LOS − φ

AoD
i,BF , θ

ZoD
i,LOS − θ

ZoD
i,BF

)
, (6)

GniRx = gNomRx

(
φAoAi,LOS − φ

AoA
i,BF , θ

ZoA
i,LOS − θ

ZoA
i,BF

)
, (7)

GeiTx =
Ni∑
j=1

Gni,jTx · Pi,j

= gEffTx
(
φAoDi,LOS − φ

AoD
i,BF , θ

ZoD
i,LOS − θ

ZoD
i,BF

)
, (8)

GeiRx =
Ni∑
j=1

Gni,jRx · Pi,j

= gEffRx
(
φAoAi,LOS − φ

AoA
i,BF , θ

ZoA
i,LOS − θ

ZoA
i,BF

)
. (9)

In (6)-(9) gTx(φAoD, θZoD) and gRx(φAoA, θZoA) are the 3D
nominal/effective patterns of Tx and Rx antennas, respec-
tively. φAoDi,LOS , θ

ZoD
i,LOS , φ

AoA
i,LOS and θZoAi,LOS represent angles of

LOS direction between Tx and Rx in azimuth and elevation
for radio link i. φAoDi,BF , θ

ZoD
i,BF , φ

AoA
i,BF and θZoAi,BF represents direc-

tions in azimuth and elevation for which main beams of Tx
and Rx antennas are pointed (beamformed). In (8) and (9),
Gni,jTx and Gni,jRx indicate nominal gains of transmitting and
receiving antennas respectively for multipath j of radio link i.
Pi,j is the power carried by multipath j (j = 1, 2, . . . ,Ni) of

radio link i and
Ni∑
j=1

Pi,j = 1.

TABLE 1 summarizes 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

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

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× 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× 16 and
8× 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 × 16 array and 21.5 dB for
8× 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 × 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 efficientmethod inNLOS con-
ditions with the effective SSL as low as 3.4 dB. Similar obser-
vations apply to the 16× 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

FIGURE 7. Effective Tx antenna pattern cut in horizontal plane for 8× 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
(K1;K2), with:

K1K2 ≤ N . (10)

The array of (K1; K2) = (1;N ) corresponds to a horizon-
tally deployed uniform linear array, whereasK2 = 1 indicates
a vertically deployed uniform linear array. Let Bve and Bhe
be the nominal beam-widths of the antenna elements whose
gain is Ge. The nominal RMS beam-widths Bv0 and Bh0 of
the analog beams formed by antenna array of size (K1; K2)
can be approximately described as:

Bv0 =
Bve
K1
, Bh0 =

Bhe
K2
. (11)

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

G (N ,Bve,Bhe, σv, σh) =
2√(

Bve
K1

)2
+ σ 2

v

√(
Bhe
K2

)2
+ σ 2

h

,

(12)

where σh and σv 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
(K1; K2), and Bve and Bhe are determined by the antenna
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element via Ge = 2/(BveBhe), the array geometry (K1; K2)
can be optimized tomaximize the effective beamforming gain
G stated in (12) subject to the size constraint (10). While
ignoring the integer constraint on array dimensionK1 andK2,
the effective beamforming gain is maximized if and only if
the array geometry is given by:

K1 =

√
NBveσh
Bheσe

, K2 =

√
NBheσv
Bveσh

. (13)

The nearest integer pair close to (K1; K2) 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 × 8 to
16× 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 × 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.

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).

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].

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

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

FIGURE 9. CDFs of DL S per UE for mmWave suburban FWA deployment
with MU-MIMO (combined LOS and NLOS links).

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 ofMIMO 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).

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
andDL throughput forMU-MIMOwith 2 and 4 users per cell,
when antenna array configurations is optimized from 8×8 to
16×4 and from 12×12 to 24×6, 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.

VII. 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

TABLE 5. Summary of system level simulation results of the performance
in mmWave 5G FWA network in suburban environment for N = 64.

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

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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