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ABSTRACT The throughput performance of intelligently shaped and fixed analog elevation beam patterns
in millimeter-wave (mm-wave) base stations with hybrid beamforming (HBF) is assessed for the first
time. Distinct spatially heterogeneous user distributions (i.e., uniform, near-site, cell-edge, and weighted
uniform and near-site) and propagation environments (i.e., line-of-sight (LoS) with multipath and non-line-
of-sight (NLoS) with multipath) are considered. The cosecant-squared and flat-top shaped beam patterns
are compared to the benchmark pencil beam pattern with a straightforward electrical downtilt. The LoS
simulation results show that in case of unknown weight of user distribution scenarios, the cosecant-squared
pattern is the most robust, with a gain of up to 16% in the average system throughput and up to 34% in the
90th percentile user throughout compared to the benchmark. If the near-site case has a greater probability
of occurrence than the uniform user distribution (e.g., due to daily events and festivals), the flat-top pattern
becomes preferable. In the NLoS scenario, the considered HBF architectures with elevation beam pattern
shaping do not bring any performance disadvantages compared to the benchmark HBF.

INDEX TERMS 5G, base station antennas, hybrid beamforming, millimeter-waves, phased arrays,
throughput performance.

I. INTRODUCTION
The 5th generation (5G) mobile network technology (and
beyond) promises to revolutionize and connect the global
world through seamless connectivity [1]. Driven by inevitably
increasing demand for mobile data transmission and very
limited available spectrum resources, the 5Gwireless systems
consider the utilization of millimeter wave (mm-wave)
frequency bands. It is known that at high-frequency bands
(e.g., frequency range 2 (FR2) at frequencies of 24 GHz
and higher), the electromagnetic wave suffers from severe
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propagation losses and potential signal blockage, which
substantially degrades the signal-to-interference-plus-noise
ratio (SINR) and thus leads to lower bit rates [2].
To compensate for that and to enhance the throughput and
coverage, massive multiple-input multiple-output (mMIMO)
transmission serves as the key enabling technology. The
mMIMO technology allows antenna arrays to transmit
multiple layers to the user equipment (UE) by utilizing a large
number of antenna elements that operate fully coherently
and adaptively. Beamforming is performed in downlink and
uplink communications, which involves the signal processing
procedure before transmitting (i.e., precoding) and after
receiving (i.e., combining or detecting) data streams. This
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FIGURE 1. A sample base station HBF array structure with dual-polarized
vertical subrarrays. Possible implementations are demonstrated in [7],
[8], [9].

focuses the signal in multiple smaller angular regions for
greater spectral efficiency (SE) [3].

The beamforming architectures of multibeam antennas
(MBAs) are generally divided into three categories: analog
beamforming (ABF), digital beamforming (DBF), and hybrid
beamforming (HBF) [4]. Fully digital MBAs (DMBAs) pro-
cess beamforming in the baseband (BB) with high-precision
digital signals. Each antenna element has a dedicated
radio frequency (RF) chain as well as individual digital-
to-analog converter (DAC) and analog-to-digital converter
(ADC), thus the most flexible beamforming can be achieved.
However, at mm-waves, with low power amplifier efficiency
and high energy consumption of high-speed digital signal
processing (DSP) chips, active arrays with a full DBF
approach producing 3D adaptive multiple directional beams
are not yet economically competitive [5]. Fully analog
MBAs, on the other hand, suffer from large insertion and
combining losses. They are also less flexible in highly
dynamic and user-specific adaptation compared to DBF
beamforming. A promising and feasible alternative is to
use planar arrays composed of multiple vertical subarrays
(a group of co-polarized antenna elements) configured with
shaped and fixed analog elevation beam patterns and apply
digital beamforming across multiple subarrays to generate
multiple beams in the azimuth direction [5], [6]. Such an
HBF structure is visualized in Fig. 1 for a dual-polarized
(horizontal and vertical) active antenna system. Compared
to a large array with DBF in both azimuth and elevation, its
hardware complexity, power consumption, and system cost
are much reduced. These apparent benefits of the proposed
HBF approach bring performance trade-offs in terms of the
system and user throughput, which need to be assessed under
realistic 5G network deployments, user traffic scenarios, and
propagation environments.

A major challenge faced when developing base stations
with such HBF arrays is determining the shape of the
fixed elevation beam. For example, under pure line-of-
sight (LoS) propagation, a cosecant-squared beam pattern
will help equalize the received power for users at dif-
ferent ranges [6]. However, realistic environments include
multipath propagation either with or without a LoS path.
Besides, the traffic distributions are typically heterogeneous

and spatially varying over time due to day-to-day busi-
ness/commercial/residential dynamics and the occurrence of
incidents/events. Therefore, determining a (quasi-)optimal
beam shape requires in-depth system-level studies, including
careful modeling of antenna subarrays with shaped elevation
beam patterns, resource management schemes covering
single-user/multi-user MIMO (SU/MU-MIMO) scheduling
and beamforming, and assessing key performance metrics in
an extensive sensitivity analysis considering e.g., different
propagation environments and spatial user distributions.

The main contributions of this paper are:

• The system-level simulation (SLS) performance of HBF
with a fixed and shaped elevation beam is studied for the
first time.

• Inspired by daily events and festivals, a novel representa-
tion of heterogeneous traffic is presented by mixing two
spatial user distributions: uniform and near-site, with
weighted probability ratios.

• Several beam shapes (i.e., pencil, cosecant-squared,
and flat-top beam) are compared under heterogeneous
spatial traffics for the first time.

• The strategy of identifying a suitable elevation beam
pattern for HBF base stations at mm-wave, depending on
the spatial traffic distributions, is proposed for the first
time.

The rest of the paper is organized as follows. Some of the
most representative research on the performance simulation
of mm-wave 5G hybrid beamforming networks is reviewed
in Section II. Section III presents the communication system
model, which includes distinct block diagrams and the
simulation scenarios to configure radio channels. Utilizing a
simulator implementation of the described model, Section IV
presents and discusses the results of a range of scenario-
based analyses, targeted to assess the merit of the distinct
beamforming structures under different conditions. Finally,
the conclusion and several promising directions for future
work are provided in Section V.

II. RELATED WORK
It is a common and widely accepted approach in the
wireless communications community to demonstrate proof-
of-concepts at the system level via simulations by following
general documents from global bodies prescribing the
models, e.g., [10], [11], and [12], for use in these simulations.
This is mainly because: (i) the addressed technology is not
yet available in implementations; (ii) simulations allow a
huge degree of flexibility in defining/considering a range
of scenarios and configurations; and (iii) simulations allow
us to conduct assessments much faster and therefore allow
a much more thorough overall assessment with many
more scenarios/configurations addressed. Many examples of
specific widely requested system-level papers can be found
in the literature [13], [14], [15], [16], [17], [18], [19].

To the authors’ knowledge, the presented research idea
on traffic-dependent optimal beam shaping in elevation for
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HBF base stations is unique. However, several previous
studies addressed the system performance simulation of
hybrid beamforming in mm-wave 5G networks. Due to
the relevance, some of the significant representatives are
examined here.

The performance of conventional fully/sub-connected
HBF systems is assessed in different forms e.g., in [20],
[21], and [22]. In the fully connected architecture, each
RF chain is connected to all antenna elements through the
phase shifter network. Whereas the sub-connected structure
consists of multiple subarrays and each connects to a single
RF chain. These papers consider antenna designs with single-
polarization (e.g., horizontal), while two mutually orthogonal
polarizations are often used to enable multilayer transmission
for enhanced throughput or robustness against channel
fading. Moreover, although the users are selected with
sufficient angular separation for spatial multiplexing [20],
[21], no scheduling algorithm (e.g., the proportional fairness
(PF) scheduling [23], [24]) is applied to effectively assign
radio resources to users. In addition, these papers consider
only spatially uniform user distributions.

Apart from fully/sub-connected HBF techniques, a pre-
liminary study toward assessing the system performance
of HBF with a cosecant-squared elevation beam pattern is
presented in [25]. However, in that research: (i) the receivers
are equipped with a single isotropic antenna element, which
is too idealistic, and (ii) the modeling of radio channels is
much simplified by assuming that the transmission between
the base station (BS) andUEs consists of a single line-of-sight
(LoS) path or a single dominant non-line-of-sight (NLoS)
path, without considering multipath propagation, (iii) the
antenna dual-polarization, multicarrier system, multilayer
transmission, and time evolution of communication channels
are ignored, (iv) the co-scheduled users are randomly
picked from a uniform distribution in the cell, without
considering channel conditions in the co-scheduling decision.
The analyses are furthermore restricted to spatially uniform
traffic.

To sum up, the state-of-the-art research on system
assessment of hybrid beamforming in mm-wave 5G networks
uses simplistic system models. Particularly, the multilayer
transmission is ignored, and the radio resource allocation
mechanisms are either absent or too straightforward. More-
over, an analysis of the impact of spatially heterogeneous user
distributions on the throughput performance, which is the key
to our contribution, is not addressed.

We perform our system-level assessment in the most
realistic way possible to us by following a well-established
approach to system-level simulations and by ensuring that
each component of our simulation model at the individual
level is well-founded. This comprises the propagation model,
antenna model, and signal model, based on [26]. In the
propagation model, we utilize 3GPP-prescribed channel
models implemented into QuaDRiGa by Fraunhofer [27].
The antenna model is based on the knowledge from
prototyped products [6], [9]. We assume widely used and

FIGURE 2. Schematic of the 5G NR SLS model, based on [26].

well-referenced models for the analog and digital precoding
[28], SINR calculations [28], SINR-to-effective-SINR and
SINR-to-BLER mappings [29], [30], and the scheduler
[23], [24].

III. COMMUNICATION SYSTEM MODEL
The communication system model is presented in the flow
chart of Fig. 2. First, the communication cell and traffic
are modeled in Section III-A. Based on this, the BS
antenna deployment and its vertical subarrays’ analog beam
configuration strategies for beam shaping are discussed
in Section III-B. Next, the channel information is gener-
ated and used for digital beamforming and link-to-system
mapping, in combination with advanced user scheduling
and selection techniques. The signal model and resource
allocation schemes describing this procedure are provided in
Section III-C. Last, the simulation settings are summarized in
Section III-D.

A. CELL DEFINITION, USER DISTRIBUTIONS, AND BASE
STATION DEPLOYMENT
In this research, a single base station with a single array
panel is deployed to serve users in a given sector of a three-
sectorized site. It is assumed that the base station height
is 10 meters and users are at a height of 1.5 meters [10].
The uniform user distribution is generated by placing users
uniformly in the red circular service area, which models the
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FIGURE 3. Uniform user distribution: (a) spatial layout, (b) CDF of
uniformly distributed users as a function of the elevation angle.

FIGURE 4. Non-uniform user distributions: (a) near-site distribution,
(b) cell-edge distribution.

service area of the considered sector, shown in Fig. 3. The
base station is shown with a green triangle and cross on
the same figure. To configure spatially heterogeneous user
distributions, the cumulative distribution function (CDF)with
respect to the elevation angle θ for an assumed uniform spatial
distribution of users is calculated and plotted in Fig. 3(b).
Herein, the range of θ ∈ [0◦, 90◦] covers the region below the
horizon (θ = 0◦) down to the location at the foot of BS (θ =

90◦). In addition, the boundary indicating the region where
the 10% nearest uses are located under a uniform distribution
is visualized by the green arc in Fig. 3(a). Heterogeneous
user distributions characterized by an increased user density
near the base station or, alternatively, near the cell egde,
are proposed with the aid of Fig. 4. The assumed locations
of a near-site and a cell-edge traffic hot spot are indicated
in Fig. 4(a) and Fig. 4(b) respectively. Furthermore, the
heterogeneous traffic distributions are also characterized by a
mixing of uniform and near-site traffic, and a range of mixing
ratios are considered.

FIGURE 5. Topology of HBF beamforming structures.

FIGURE 6. Analog elevation beam patterns under test for HBF:
(a) benchmark, (b) cosecant-squared, (c) flat-top.

B. ANTENNA TOPOLOGY AND CONFIGURATION
Designed to cater to spatially heterogeneous user distribu-
tions, HBF with a pencil beam in elevation (‘‘benchmark
HBF’’) and two HBF with cosecant-squared and flat-top
elevation beam patterns, are considered. The antenna arrays
are composed of 12 × 16 × 2 elements with horizontal
and vertical polarizations and a half-wavelength element
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spacing, which aligns well with the existing and projected
size of the mm-wave massive MIMO antennas presented in
the literature [31]. By grouping DBF antennas into vertical
subarrays, the topology of HBF beamforming structures is
shown in Fig. 5. Their analog elevation beam patterns are
plotted in Fig. 6.

The ‘‘benchmark HBF’’ pattern is generated by feeding the
antenna elements with the same amplitude and adjusting their
progressive phases such that the main beam is steered to the
cell edge. Its beam pattern in the elevation cut is plotted in
Fig. 6(a).

To obtain the shaped beam patterns as in Fig. 6(b)
and 6(c), two steps are followed. In the first step, synthesis
is done by deciding on the number of antenna elements and
beamforming weights. Many optimization techniques can be
used for the pattern shaping purpose [32], [33]. Our technique
is based on iterative rephasing and projection of the wanted
pattern, which was presented in [5]. The number of elements
is chosen by evaluating the trade-off between the antenna size
and the deformations in the beam shape, as described in [6].
Then, in the second step, design is done by considering a
series-fed antenna array, which could be based on microstrip
line technology [7], [8], or waveguides with slots [9] or
slots and patches [6] as radiators. The dimensions of the
feeding structure and radiators are tuned at each antenna
element to minimize reflections while matching the desired
amplitude-phase coefficients determined in the synthesis [9].
This procedure is simulation-based and results in the fixed
analog shaped beam subarray, as presented in our earlier
work [6], with experimental verification of the beam patterns.
We did not discuss the aspects of communication systems in
that paper.

In this paper, we reuse our synthesis method in [5] with
twelve elements to obtain the element excitation weights,
which are then used as an input in the array factor formulation
for both polarizations. The element pattern is taken as the
isolated pattern of a slot antenna presented in [9], resonating
at 26 GHz. The dashed lines in Fig. 6(b) and 6(c) show the
idealized pattern masks, which are distorted in the realized
patterns due to the limited number of antenna elements (as
a compromise between the array length and gain [6]). The
cosecant-squared beam pattern is designed to achieve a high
gain (approx. 13 dBi) at the cell edge (θ = 4◦). From
the cell edge to BS (θ ∈ [4◦, 44◦]), the antenna gain is
decreased following a cosecant-squared shape to compensate
for the increase of distance-based and environment-specific
path gain. In the flat-top beam pattern, the gain is averaged
(approx. 11 dBi) for all users within 4◦-44◦ elevation range.
Therefore, the cosecant-squared HBF focuses on cell-edge
users while the flat-top HBF provides higher gain toward
near-site users.

The modeling of antennas is idealized since the actual
feeding, mutual coupling effects, changes in the pattern
with frequency, and non-linearities caused by active circuit
components are ignored. Such effects may be addressed
by applying calibration techniques, as studied in [34].

Here, we propose a novel concept of beam shaping in
elevation for heterogeneous traffic, and we prove our
concept with quantified statistical results under a generic yet
realistic array and channel model. The hardware, software,
environment-specific constraints, and practical aspects can
cause performance variations and changes in throughput
results presented in the paper. This can be taken into account
with extra design and computation complexity in the system
model development if desired.

C. SIGNAL MODEL AND RESOURCE MANAGEMENT
SCHEMES
It is assumed that the base station is configured with NT
transmit antennas. Each UE k is equipped with NRk antennas
andNR =

∑K
k=1 NRk refers to the number of receive antennas

of all UEs. Under the assumption of fixed-layer transmission
and for now supposing that all UEs are scheduled, each UE
receives Lk layers and there are in total L =

∑K
k=1 Lk

transmission layers. To extract Lk mutually orthogonal
channels of eachUE for beamforming [28], [35], [36], instead
of the full channel matrix H ∈ CNR×NT , a reduced singular
value decomposition (SVD) is applied in the following form:

H ≈ UHSV (1)

Herein, UH
∈ CNR×L is the Hermitian conjugate of the

channel left singular matrix, S ∈ CL×L is a diagonal matrix
that sorts channel singular values in descending order, and
V ∈ CL×NT is the channel right singular matrix. For each
UE, it is proposed to naturally choose the first Lk (Lk ≤ NRk )
vectors from V k ∈ CNRk×NT that corresponds to Lk strongest
layers [28].

Following the flow chart of communication system model
(Fig. 2), initially assuming SU-MIMO as a preparatory
step feeding into the scheduler outlined below, in the
‘‘Beamforming’’ block, the maximum ratio transmission
(MRT) precoding algorithm [28] is realized through the
following rule:

WMRT = VH (2)

wherein WMRT ∈ CNT×L . To enforce the transmitted power
Ptx to be uniformly distributed over the transmission layers,
each column of the precoder is normalized to have unit

norm and then scaled by
√

Ptx
L . For each UE, the detection

matrix Gk ∈ CLk×NRk is derived using the minimum mean
square error-interference rejection combining (MMSE-IRC)
detection algorithm [37]:

Gk = (HkW k )H(HkW (HkW )H + λI)−1 (3)

In this equation, Hk ∈ CNRk×NT and W k ∈ CNT×Lk are
the channel matrix and precoder of UE k . Each row of the
detector is normalized to have unit norm. λ =

LPnoise
Ptx

is
the system noise-to-signal ratio and I is an identity matrix
of dimension NRk × NRk . The MRT precoding algorithm
maximizes the main lobe beamforming gain regardless of the
interference, which is suitable under SU-MIMO transmission
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since there is no inter-user interference. In the ‘‘Link-to-
System Mapping’’ block, first, the SINR values per layer l
and per physical resource block (PRB) n are calculated [28]:

SINRl,n =
|glHk,nwl |2∑L

i̸=l |glHk,nwi|2 + Pnoise
(4)

Herein, wl represents the lth column of W k and gl is the
lth row of Gk . Then, the per-PRB SINRs are mapped to
an effective value using the mutual information effective
SINR mapping (MIESM) method [29], assuming that
256 quadrature amplitude modulation (QAM) is used. Given
the block error rate (BLER) curves provided in [30], the
highest modulation and coding scheme (MCS) is selected
such that the BLER probability does not exceed 10%. Based
on the selected MCS, the spectral efficiency is determined to
calculate the bit rate of each transmission layer.

To provide a balance between the fairness and efficiency of
packet scheduling, the proportional fairness (PF) scheduling
algorithm [23], [24] is selected. The assumption is to schedule
a candidate UE only if all its Lk layers can be scheduled. The
bit rate of each scheduled UE is the sum of the per-layer bit
rates. The PF scheduler is used to fairly schedule UEs while
ensuring efficient resource utilization based on the PF ratio.
The PF ratio is updated at each transmission time interval
(TTI) and is the quotient between the instantaneous bit rate
at which the UE can be potentially served in the upcoming
TTI and the average throughput experienced by the UE up
to and including the previous TTI. A reasonable approach
to derive the upcoming instantaneous bit rate is based on
SU-MIMO transmission since at this stage it is undecided
which UEs will be served. After ranking UEs according to
their PF ratios, the UEwith the highest ratio will be scheduled
first. Then, the scheduler goes through other UEs one by
one and decides whether they will be co-scheduled. The
decision is made based on the heuristic semi-orthogonal user
selection (SUS) algorithm (adapted from [38]), which selects
UEs that have sufficiently uncorrelated channels according to
the orthogonality check with already scheduled layers. The
sufficiency is characterized by the orthogonality threshold δ

that ranges from 0 to 1. Two extreme cases are when δ = 0,
only the UE with the highest PF ratio is served; when δ = 1,
all UEs end up being scheduled. In between these extremes, δ
can be tuned to optimize the cell capacity or user throughput
performance.

After determining scheduled UEs, the adaptive regularized
zero-forcing (ARZF) precoding algorithm [28] is chosen in
the case of MU-MIMO transmission:

WARZF = VH(VVH
+ λS−2)−1 (5)

Herein, λ is the system noise-to-signal ratio and λS−2

is the diagonal regularization matrix. The normalization
is done in the same way as the MRT precoder. The
ARZF precoder keeps a balance between the main lobe
beamforming gain levels and inter-user interference levels.
By implementing the ‘‘Beamforming’’ and ‘‘Link-to-System

TABLE 1. Simulation parameters (based on [6], [9], [10], [39], [40]).

Mapping’’ blocks again, the average system throughput,
average user throughput, and user throughput percentile are
obtained. The average system throughput is defined as the
throughput that is aggregated over co-scheduled UEs and
averaged over time and simulation snapshots. The average
user throughput is computed by dividing the average system
throughput by the number of users. The user throughput
percentile represents a certain percentage in the distribution
of user throughput that users experience or fall below.

D. SIMULATION SETTINGS
The simulation parameters are summarized in Table 1, which
are separated into base station parameters, UE parameters,
carrier parameters, cell parameters, and other parameters.

Under the 3rd generation partnership project (3GPP)
standardization [10], the 3GPP NR channel model for urban
micro (UMi) cell is selected with LoS and NLoS scenarios
(both with multipath propagation). The BS is assumed to be
equipped with an antenna array as modeled in Section III-B,
with 10 meters in height [10] and a transmitted power
of 188 Watts (calculated based on a per-antenna power of
27 dBm [41], [42], resulting in approximately 38 dBm power
per subarray [43]). Two transmission layers (i.e., fixed-rank
2) are sent to each scheduled UE and the transmitted power is
uniformly distributed among layers. The UE uses the 3GPP-
3D antenna model as defined in [39]. It is equipped with a
dual-polarized 2 × 2 planar array at a height of 1.5 meters
[10]. In addition, to model time-evolving channels, the UE
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TABLE 2. The optimal threshold δopt in distinct beamforming architectures, propagation scenarios, and user distributions.

is assumed to linearly move at a speed of 3 km/h [10]
in a random direction. The 5G network is configured at
the 26 GHz frequency band with a subcarrier spacing (SCS)
of 60 kHz [40]. The UE channel bandwidth is set to 50 MHz
with 66 PRBs based on [40]. We simulate 100 TTIs and
1000 independent snapshots considering the simulation time
and accuracy. In each simulation snapshot, the UEs have a
random position and movement direction, and the scatterers
are randomly spaced as well.

IV. RESULTS AND DISCUSSION
The statistical results are presented and discussed in this
section. To start with, in Section IV-A, a parametric study is
performed to configure the user selection scheme such that
it yields the best system performance. Then, the comparison
among different beamforming alternatives is presented in
Section IV-B, addressing various spatial user distributions in
the presence of LoS multipath propagation. The performance
effects under NLoS multipath propagation are discussed in
Section IV-C.

A. USER SELECTION SCHEME CONFIGURATION
The configuration parameter δ (see Section III-C) of
the semi-orthogonal user selection algorithm checks the
channel orthogonality between candidate users and already
scheduled users. We consider several options of δ, which
is selected from {0, 0.25, 0.5, 0.75, 1}. The performance of
the three different beamforming structures is assessed in
three heterogeneous traffic and two propagation scenarios,
as defined in Section III. Note that under NLoS propagation,
the channel condition is much worse than the LoS case. There
are no noticeable performance variations with distinct HBF
structures in different user distributions. Therefore, only the
results of the near-site distribution are presented.

The optimal threshold δopt in each case is the value that
yields the highest average system throughput, as presented in
Table 2. From the table, it is observed that the orthogonality
threshold takes on different optimal values under different
propagation and user distribution scenarios, indicating that
the SUS user selection scheme tries to smartly schedule
the users according to their channel status and optimize the
degree of MU-MIMO.

In the case of [LoS, Uniform], the users are well separated
with low interuser interference. In the case of [LoS, Near-
site], the users have low distance-based path loss since they
are close to the BS, and the interuser interference is nulled
by the grace of the ARZF precoding algorithm. Hence, the
channel condition in both scenarios is acceptable to configure

FIGURE 7. Average system throughput in the LoS scenario.

the optimal δ value to 1, indicating that all UEs are served all
the time. The proposed HBF structures with fixed elevation
patterns have limited beamforming flexibility and can only
steer the beam in azimuth. Therefore, in the case of [LoS,
Cell-edge] and [NLoS, Near-site] when the users suffer from
poor channel quality due to either they are far away from
the site (i.e., under cell-edge distribution) or tolerate severe
signal blockage (i.e., under NLoS propagation), only the
users with favorable channel condition are scheduled. The
δopt is decreased to 0.5 and 0 respectively.
After configuring the user selection scheme with the

optimal threshold, the performance of HBF beamforming
architectures is compared in the following sections.

B. LINE-OF-SIGHT SCENARIO
The performance of deploying different HBF structures in
the heterogeneous traffic and LoS scenario is assessed in
this section. Firstly, the average system throughput of the
three considered HBF architectures under LoS propagation
in the uniform, near-site, and cell-edge user distribution,
is presented in Fig. 7. In the uniform and cell-edge
distributions, the cosecant-squared HBF performs similarly
compared to the benchmark HBF. However, there is a
performance degradation of about 8% and 6%, respectively,
by using the flat-top HBF. In the near-site distribution,
the performance of shaped HBF antennas is considerably
higher than the benchmark. Specifically, a gain of about
16.4% (199 Mbps) and 27% (328 Mbps) is realized with the
cosecant-squared and flat-top HBF respectively. The above
results can be explained by looking at the elevation beam
patterns of HBF as shown in Fig. 6, where shaped HBF
antennas have substantially higher gain than the benchmark in
the near-site distribution (θ ∈ [14◦, 44◦]). When the users are
distributed uniformly over the cell, 90% of them are served
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FIGURE 8. CDF curves of the user throughput in the LoS scenario:
(a) uniform distribution, (b) near-site distribution, (c) cell-edge
distribution.

with similar antenna gain by employing the cosecant-squared
and benchmark HBF, which is higher than the gain of the
flat-top HBF. The same reasoning holds for the cell-edge
distribution.

Another observation in Fig. 7 is that when the users
are located closer to the BS (i.e., comparing the uniform
distribution to the near-site distribution), the average system
throughput is dropped for all HBF antennas. This is intriguing
since the propagation loss of mm-waves is less severe if
the users are closer to the site, which may be intuitively
expected to bring some performance improvements. The
reason behind this is that in the near-site distribution, the users
are distributed in a smaller area compared to the uniform
distribution. Since in both distributions, all the users are
co-scheduled (as explained in Section IV-A), the smaller
inter-user angular spacing results in a greater sacrifice in
the main lobe beamforming gain when applying the ARZF

FIGURE 9. System assessment in mixed uniform and near-site
distributions and the LoS scenario: (a) average user throughput, (b) 10th
percentile user throughput, (c) 90th percentile user throughput.

precoding algorithm. The reduction in the beamforming gain
dominates over the improvement in distance-based path loss.
Therefore, the average system throughput is dropped.

Then, CDF curves of the user throughput are plot-
ted in Fig 8. In the case of uniform distribution, the
cosecant-squared HBF has a similar performance compared
to the benchmark HBF, and both of them perform better
than the flat-top HBF. This is due to 90% of uniformly
distributed users being served with higher antenna gain
using the cosecant-squared and benchmark HBF than the
flat-top HBF. For the near-site distribution, the 10th per-
centile user throughput of shaped HBF antennas is similar
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FIGURE 10. System assessment in the near-site distribution and NLoS
scenario: (a) average system throughput, (b) CDF curves of the user
throughput.

compared to the benchmark. However, if considering the
90th percentile user throughput, a significant performance
gain of 34% (104 Mbps) and 53% (164 Mbps) exists with
the cosecant-squared HBF and flat-top HBF, respectively.
This shows that at the user level, shaped HBFs bring
remarkable benefits for those users who have favorable
channel conditions. For other users, their performance is quite
similar with or without the elevation beam pattern shaping.
In the case of cell-edge distribution, roughly 10.6% of the
users are not served at all with the flat-top HBF, which is
undesired and not fair. On the one hand, it has a lower antenna
gain than the other twoHBF structures. On the other hand, the
users suffer from high distance-based path loss. As a result,
some of the users with poor channel quality are not served.

So far, HBF with shaped elevation beam patterns show a
promising performance potential in the near-site distribution.
To fairly compare their performance variations, the spatially
heterogeneous traffic is subsequently modeled by mixing the
uniform and near-site distribution with different probabilities
of occurrence. Specifically, the mixing ratio is varied
between 0 (pure uniform distribution) and 1 (pure near-
site distribution). The average user throughput and 10th/90th
percentile user throughput in such mixed scenarios are
presented in Fig. 9. Fig. 9(a) and 9(c) show a similar trend
where the cosecant-squared HBF outperforms the benchmark
in all mixed scenarios, except in the pure uniform distribution
where they have similar performance. Their throughput

difference increases with a largermixing ratio. For the flat-top
HBF, even though it performs better than the benchmark for
mixing ratios greater than 0.25, its performance degradation
for lower mixing ratios is not negligible. Comparing between
shaped HBF structures, the cosecant-squared HBF is better if
the mixing ratio is below 0.5 when the uniform distribution
has a higher probability of occurrence. On the other hand,
the flat-top HBF performs better for mixing ratios greater
than 0.5 when the near-site distribution occurs more often.
The 10th percentile user throughput for different HBF
architectures does not vary much in mixed user distributions
as seen in Fig. 9(b). This is because in Fig. 8(a) and 8(b), the
10th percentile user throughput is almost the same for pure
uniform and near-site distribution.

In the LoS propagation scenario, the cosecant-squared
HBF shows an overall better performance than the flat-top
HBF and benchmark HBF since it is more robust against
differences in spatially heterogeneous traffic.

C. NON-LINE-OF-SIGHT SCENARIO
The simulation results in the NLoS scenario are discussed
in this section. The average system throughput and CDF
curves of the user throughput in the near-site distribution are
plotted in Fig. 10. Due to severe signal blockage ofmm-waves
under NLoS propagation, the average system throughput
drops considerably compared to the LoS case. In addition,
since the direct propagation path is blocked, the shaped HBF
methods do not provide significant gain anymore in terms
of the average system throughput and 90th percentile user
throughput. Instead, they perform similarly compared to the
benchmark without any noticeable performance drop.

V. CONCLUSION
In this paper, the system performance of hybrid beamforming
under spatially heterogeneous traffic and different propaga-
tion scenarios is studied for distinct analog beam shapes
in elevation. The innovative research idea is to identify a
suitable (in terms of the average system/user throughput and
10th/90th percentile user throughput) elevation beam pattern
of HBF depending on the user distribution and propagation
scenario. The performance of the considered HBF structures
is simulated in spatially heterogeneous user distributions.

It is demonstrated, for the first time, that HBF with
a cosecant-squared beam pattern is more robust than the
flat-top HBF and the benchmark concerning differences in
heterogeneous traffic. Under LoS propagation, in the near-
site distribution, the cosecant-squared HBF can provide
16.4% gain in the average system throughput and 34%
gain in the 90th percentile user throughput compared to the
benchmark. In the uniform and cell-edge distributions, the
cosecant-squared HBF performs similarly in comparison to
the benchmark, while the flat-top HBF has a considerable
performance degradation. In mixed uniform and near-site
distributions, the flat-top HBF has a better performance than
the cosecant-squared HBF for mixing ratios higher than
0.5 when the near-site distribution has more probability of
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occurrence. In the NLoS scenario, the shaped HBF structures
do not bring any performance disadvantages as compared to
the benchmark HBF.

The suggested improvements and several promising
directions for future research include: (i) modeling of the
antenna mutual coupling and the beam squint [44] effect;
(ii) investigating the performance potential of deploying HBF
with shaped elevation beam patterns in distributed MIMO
(D-MIMO); (iii) embedding reconfigurable intelligent sur-
faces (RISs) [45] in the NLoS scenario, which implies more
deterministic modeling of the communication environment
(e.g., by using ray tracing).
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