This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3112514, IEEE Access

IEEE Access

Multidisciplinary | Rapid Review | Open Access Journal

Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000.

Digital Object Identifier 10.1109/ACCESS.2017.Doi Number

An Adaptive Hybrid Beamforming Approach for
5G-MIMO mmWave Wireless Cellular Networks

Spyros Lavdas', Panagiotis Gkonis?, Zinon Zinonos', Panagiotis Trakadas? and Lambros
Sarakis?

'Department of Computer Science, Neapolis University, Paphos, 8042, Cyprus. E-mails: {s.lavdas, zinon.zinonos} @nup.ac.cy
2General Department, National and Kapodistrian University of Athens, Sterea Ellada, 34400 Dirfies Messapies, Greece.
E-mails: {pgkonis, ptrakadas,lsarakis} @uoa.gr

Corresponding author: Spyros Lavdas (s.lavdas@nup.ac.cy).

“This work has been partially supported by the Affordable5G project, funded by the European Commission under Grant Agreement H2020-ICT-2020-1,

number 957317 through the Horizon 2020 and 5G-PPP programs (www.affordable5g.eu/).”

ABSTRACT Hardware complexity reduction is a key concept towards the design and implementation of
next generation broadband wireless networks. To this end, the goal of the study presented in this paper is to
evaluate the performance of an adaptive hybrid analog-digital beamforming approach in fifth-generation (5G)
massive multiple input multiple output (MIMO) millimeter wave (mmWave) wireless cellular orientations.
In this context, generated beams are formed dynamically according to traffic demands, via an on-off analog
activation of radiating elements per vertical antenna array, in order to serve active users requesting high data
rate services without requiring any expensive and mechanical complex steering antenna system. Each vertical
array, which constitutes a radiating element of a circular array configuration, has a dedicated radio frequency
chain (digital part). The performance of our proposed approach is evaluated statistically, by executing a
sufficient number of independent Monte Carlo simulations per MIMO configuration, via a developed system-
level simulator incorporating the latest SG-3GPP channel model. According to the presented results, the
adaptive beamforming approach can improve various key performance indicators (KPIs) of the wireless
orientation, such as total downlink transmission power and blocking probability. In particular, when
studying/analyzing a MIMO configuration with 15 vertical antenna arrays and 10 radiating elements per array,
then, depending on the tolerable amount of transmission overhead, the proposed adaptive algorithm can
significantly reduce the number of active radiating antenna elements compared to the static grid of beams
case. In the same context, when keeping the number of radiating elements constant, then the total downlink
transmission power as well as the blocking probability can be significantly reduced. It is important to note
that all the KPIs have been extracted when deploying the developed array configuration in complex cellular
orientations (two tiers of cells around the central cell).

INDEX TERMS 5G, hybrid beamforming, massive MIMO, millimeter wave communications, system-level
simulations

I. INTRODUCTION

As the deployment of fifth-generation (5G) broadband
wireless cellular networks is becoming a reality, the
provision of zero latency high data rate services to mobile
users is inextricably connected with a holistic network
redesign [1]. In this context, various novel technologies have
been introduced in order to support the 5G vision: millimeter
wave (mmWave) transmission [2]-[3], non-orthogonal
multiple access (NOMA) [4]-[5] as well as massive multiple
input multiple output (MIMO) architectures [6]-[7]. In the
latter case, a large number of antenna arrays is deployed at
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the base stations (BSs) of a cellular orientation in order to
support mobile stations (MSs) requesting high data rate
services. This is achieved by the generation of highly
directional beams that minimize multiple access interference
(MAI).

In addition to 5G networks, the new forthcoming era of
sixth-generation (6G) technology promises to connect
everyone and everything, everywhere [8]. To this end, the
necessary 5G equipment should be adapted to high
frequency devices for multi-gigabit-per-second data speed
applications (i.e., 20 Gbps for downlink and 10 Gbps for

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3112514, IEEE Access

IEEE Access

Multidisciplinary | Rapid Review | Open Access Journal

uplink with latencies in the order of 1ms [9]) to be supported.
Such type of bandwidth-hungry applications will need to be
served by ultra-small communication devices [10]. Hence,
the experience of the novel design and efficient operation of
mmWave antenna configurations in 5G communication
technology will shed light on the next day of 6G
communications. It should be noted at this point that the
deployment of mmWave antennas in a cellular system can
lead to the design of powerful BSs in terms of flexible
geometry and construction cost. Besides, the small size of
mmWave antenna configurations provides the unique
opportunity to have a multitude of flexible BS deployments
for the support of mutable traffic and overall throughput
improvement.

In traditional multi-user (MU) MIMO systems, fully
digital (FD) precoding is the typical approach to adjust the
amplitudes and phases of the transmitted signals in order to
achieve optimum beamforming. However, in a massive
MIMO configuration, FD approach would result in a
significant computational and hardware burden, since the
number of radio frequency (RF) chains is equal to the
number of antennas. In this context, the majority of related
works in literature focus on suboptimum beamforming
algorithms, that are based on the hybrid beamforming (HBF)
approach: the hybrid precoding architecture concatenates the
digital precoder at baseband and the analog precoder in the
RF domain. Therefore, benefiting from the low-dimensional
digital precoder, fewer RF chains are required for
implementation. In this paper, the performance of a low-
complexity HBF structure is evaluated, when deployed in
massive MIMO mmWave multicellular orientations.

A. RELATED WORK

In [11], a comprehensive survey is provided on hybrid
multiple-antenna transceivers: hardware structures are
distinguished based on their complexity, while Channel State
Information (CSI) requirements are analyzed as well. In the
same framework, in [12] several proposals of HBF structures
in mmWave systems have been presented, focusing on three
key aspects: hardware, spectral and computational
efficiency. According to the presented analysis, with a
suitable structure HBF can approach the performance of the
FD one with low hardware complexity. In the same context,
the authors demonstrate that it is sufficient to have a number
of RF chains that is comparable to the number of the
transmitted data streams and a small number of fixed phased
shifters per transmitting antenna. In [13], a framework for
hybrid precoder and combiner design has been presented,
applicable to various channel models and hardware settings.
This framework can be directly applied in massive MIMO
systems deployed in 5G cellular orientations.

In an effort to further reduce hardware and algorithmic
complexity, in [14] a new analog beamforming architecture
is proposed, which only uses simple analog switches to
achieve beamforming gains. According to the proposed
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approach, both the full diversity gain and the full array gain
can be achieved. However, results are limited to the case of
one data stream for a point-to-point transmission. In [15], the
authors have proposed a discrete Fourier transform (DFT)-
assisted user clustering hybrid precoding algorithm for a
hybrid analog-digital precoding-combining transceiver in
mmWave MIMO systems. To this end, two possible
structures for a hybrid architecture are defined, namely fully
connected (FC) and partially connected (PC). In the first
case, all the RF chains are connected to each antenna
element, while in the second case only specific subsets of
transmit antennas are connected to each one of the RF chains.
According to the presented results, the FC structure has
improved energy efficiency when only a few RF chains are
employed; otherwise, the PC structure is preferable. In [16],
a low-complexity power efficient transmitter is presented,
that is based on a double layer structure combining
information and azimuthal spatial directivity. According to
the presented results, the proposed transmitter can achieve
similar performance as conventional beamforming
transmitters. In [17], it is shown that hybrid analog-digital
beamforming can approach the performance of FD
beamforming while requiring lower complexity. In [18], a
HBF approach is presented that utilizes machine learning
techniques to improve the achievable spectral efficiency
(SE). To this end, the proposed two-step algorithm can attain
almost the same efficiency as the one that can be achieved
by FD architectures.

Other studies consider a specific HBF approach and focus
on the optimization of the MU beamforming. In this context,
in [19] an HBF design for orthogonal frequency-division
multiplexing (OFDM)-based systems with large-scale
antenna arrays is considered. According to the presented
results, as also shown in [12], the FC architecture can
approach the performance of the FD beamforming with a
reasonable number of RF chains. In [20], considering a PC
scheme, a deep neural network-based hybrid beamforming
for the MU mmWave massive MIMO system is presented.
This system is formulated as an autoencoder neural network,
which is trained in a style of end-to-end self-supervised
learning. According to the simulation results, considering a
single-cell scenario, the proposed approach outperforms
about 2 dB in terms of bit error rate (BER) performance
compared with existing methods. In [21], the authors
propose a low-feedback overhead hybrid analog-digital
precoder and equalizer schemes for the uplink of massive
MIMO mmWave heterogeneous networks systems. The
results showed that the performance of the proposed schemes
is quite close to the FD counterpart. In [22], a single cell
downlink MU massive MIMO system working in a generic
channel model with a hybrid structure that supports multiple
streams per MS is considered. To this end, the proposed
approach jointly designs the analog and digital stage by
trying to avoid the loss of information at each stage. The
derived solution has the fewest RF chains and is shown to
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outperform the state of the art for HBF systems, even when
the number of BS antennas is not very large. In [23], an HBF
approach is introduced with dynamic subarrays and low-
resolution phase shifters for a mmWave downlink MU
system. In an effort to further reduce beamforming
complexity, a simple heuristic hybrid beamformer design
algorithm is presented as well. An extension of the
aforementioned work for MU MIMO-OFDM systems is
presented in [24]. In this context, the proposed hybrid
beamformer algorithm aims at SE maximization and mean
square error minimization. In [25], a MU MIMO downlink
system is considered, where a two-stage HBF design
approach tackling both SE and energy efficiency (EE)
maximization is examined. To this end, in the first stage the
analog beamforming parts are updated, which are then taken
into account in the second stage to design the digital
beamforming parts to maximize the system’s EE or SE.
Moreover, hardware constraints and realistic circuitry power
consumption are taken into consideration as well. According
to the presented results, the PC scheme achieves lower SE
and EE compared to the FD approach for certain multiuser
scenarios.

Interference mitigation is also taken into consideration
towards the design of efficient low complexity HBF
approaches. In [26], a hybrid MU framework is presented,
for dynamic subarray formulation in massive MIMO
systems. Simulation results show that the sum rate and the
EE achieved by the dynamic subarray architecture
significantly outperform those of the fixed subarray
architectures. In [27], a hybrid MU equalizer for the uplink
of broadband mmWave massive MIMO single carrier
frequency-division multiple access (SC-FDMA) systems
with dynamic subarray antennas was proposed and
evaluated. Results indicate that the proposed approach can
mitigate MU interference, achieving a BER performance
quite similar to the one of the FC approach. In [28], an
interference-aware pre-beamformer (analog beamformer)
design for joint spatial division and multiplexing is
presented, which is a user-grouping based two-stage
beamforming method. To this end, single-carrier frequency
domain equalization (SC-FDE) is employed in uplink
frequency-selective channels. According to the presented
results, most of the interference is suppressed with the help
of the proposed constrained beamformers. In the same
context, an iterative block decision feedback equalization
(IB-DFE) method based on minimum mean square error
criterion is proposed for the digital beamforming stage.

B. CONTRIBUTIONS

As it was shown in various recent research activities, the
deployment of an FC-HBF approach can improve SE
compared to the PC case, at the cost however of an increased
hardware and computational complexity. To this end, the
concept of dynamic subarray formulation can improve
performance metrics with reduced computational burden.
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However, in all the aforementioned studies, either limited
network topologies have been considered (i.e., single cell
scenarios), or limited number of active users. Therefore,
computational complexity should be evaluated in large-scale
deployments. To this end, the novelty of our work can be
summarized as follows:

e Development of a system-level simulator for massive
MIMO mmWave 5G wireless cellular orientations.
As it will be discussed in Section V, results have been
extracted when considering orientations with up to
two tiers of cells around the central cell.

e Incorporation of the latest 3GPP channel model for
5G orientations in the developed simulator, in an
effort to increase the accuracy of the results.

e An adaptive hybrid analog-digital beamforming
approach, evaluated in multicellular/multiuser
orientations. The key concept of our approach is its
low computational complexity. As it will be further
explained in Section IV, the complexity is
proportional to the number of active users within a
cell, which in turn is upper limited by the number of
available subcarriers for downlink transmission. This
is achieved with the use of a discrete set of
beamforming scenarios, able to cover a wide range of
MSs’ positions. In the same context, each RF chain is
connected to a specific subset of transmitting
antennas that provide coverage to a specific angular
space.

e Utilization of a circular array configuration in order
to avoid the deployment of complicated steering
mechanisms  which  would imply additional
construction costs and increased complexity among
the precoders of the RF chains, thus leading to a non-
efficient MIMO architecture.

The rest of this paper is organized as follows: In Section
I, the radiating element geometry and the array
configuration design is described. The developed simulator
setup is analyzed in Section III, along with the channel
modelling approach according to 3GPP specifications. In
Section IV, the proposed adaptive beamforming approach is
described. Simulation results are presented in Section V,
where the performance of our proposed adaptive approach
for various key performance indicators (KPIs) is highlighted.
Finally, concluding remarks and proposals for future work
are given in Section VI.

The following notation is used in the paper. An italic
variable a or 4 denotes a scalar, whereas boldface lowercase
and uppercase variables a and A denote vectors and matrices,
respectively. Moreover, ||a||r stands for the Frobenius norm
of vector a. A calligraphic variable A denotes a set. AT and
A" denote the transpose and conjugate transpose of matrix
A, respectively. Finally, (A);; denotes element (7, ) of matrix
A and [x] the integer part of x.
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Il. ANTENNA DESIGN

The proposed adaptive beamformer structure is shown in
Fig. 1. At the transmitter side, a baseband digital precoder Fgg
processes Ns data streams to produce Nzr BS outputs.
Throughout the rest of this paper, diversity combining
transmission mode is assumed; hence Ns = K, where the latter
term indicates the number of MSs in the b BS (1<b<B).
However, our approach can be easily extended to the case of
spatial multiplexing transmission. Fgg matrix has dimensions
Kpxv, while each of the v RF chains is connected to a subset
of length w of the total transmitting antennas of a certain
vertical array, as shown in Fig. 1. Each one of the multiple
transmitting antennas per RF subset is switched to be on or off
to form a beam according to the CSI at BSs. This on—off
analog beamforming provides reduced hardware and
algorithmic complexity. Although this structure corresponds
to a PC-HBF architectural case [11], each one of the v RF
chains is intended to provide coverage to a specific angular
space. Therefore, the interconnection of all RF chains to all
transmitting antennas can be omitted.

Essentially, each RF chain is a vertical array of w crossed
dipole (CD) antennas which have been designed to resonate at
the mmWave frequency of 28 GHz, as shown in Fig. 2.
Besides, the v RF chains are equally spaced on a ring,
(a=360/v) building a circular array. In particular, each CD
antenna consists of two identical but orthogonal (+45°)
radiating half-wave dipoles, as presented in Fig. 3. It should
be noted at this point that the input voltage at the antenna input
port is 1V and the phase difference between the half-wave
dipoles is 0°, thus formulating a dual polarization (DP) antenna
scheme. This is achieved due to the utilization of separate
feeding ports. Such type of feeding topologies facilitates the
development of the current beamforming-oriented
configuration for 5G applications [29]-[32].

In order to enhance the gain in the horizontal plane, as
mentioned earlier, each of the vertical crossed dipoles is
placed A/2 far apart, where 1 is the carrier wavelength. To
generate unidirectional DP radiation, all the radiating elements
are also placed above a perfect electric conductor (PEC,
reflector) in a distance of ~4/4, thus leading to a further gain
increase. Finally, the width and the spacing between the two
radiating elements are of the order of 4/100, as shown on the
right part of Fig. 3 (profile of the CD), [33]-[35].

=)

Ns input
streams

FIGURE 1. Proposed adaptive beamformer structure.

VOLUME XX, 2017

o
12_‘.-m _%r!
¢

v=15

w=5

FIGURE 2. An example of circular array. This geometry consists of 15
RF chains and 75 (vxw) crossed half-wave dipoles (150 radiating
elements) uniformly distributed, a=360/15=24°, with a ring radius q.

A 0.014
A‘ > <“>h
0.5 5 <o ¢ 0471
0.274
v 4

FIGURE 3. Geometry of the reflector using a crossed dipole as an

exciter.

The study of the circular array of Fig. 2 in terms of
electromagnetic analysis was carried out using the Method of
Moments (MoM) [36]. In this context, each study is uniquely
characterized by w, ¢, v and a parameters. Note that the strong
effects of mutual coupling among all the radiating elements
(vxwx2) have been taken into account throughout the current
simulations. To this end, the alterations in the radiation pattern
and in the input impedance of the array have been considered
in our 3D computational model [37].

To begin with, two different sets of simulations will be
presented. The first one is characterized by a fixed grid of
beams (FGoB) which are excited by a fixed array
configuration, characterized by certain g, w, v and a
parameters. On the contrary, in the second set of simulations
q and v values remain constant while @ and w values may vary,
thus leading to different azimuth radiation patterns, dictating
the beamforming technique [38]-[40].

In the FGoB simulations, there are four distinctive array
geometries, as shown in Fig. 4, under the parameters of
g=0.1494, a = 120° in Fig. 4(a,b), while a = 45° in Fig. 4(c,d).
Besides, Fig. 4 provides the gain on the azimuth plane in order
to acquire an overview of the radiating beam orientations. As
it is expected, an increased number of vertical arrays leads to
an increased number of generated beams. In addition, as the
number of CDs increases in each vertical array, the maximum
gain of the whole array configuration (Guex) increases as well.
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The G values are depicted on the column of Fig. 4. It is
worth mentioning that the Half Power Beam Width (HPBW)
for the array configurations of Fig. 4(a-d) is 70°, 69°, 21° and
219, respectively.

In the abovementioned case, all the radiating elements are
equally excited. An alternate approach for increasing the
energy efficiency of the array configuration in terms of
improved Quality of Service (QoS) to MSs, is the adaptive
beamforming. In this context, the number and the position of
the activated CDs are not constant. More specifically, the
number of the beams as well as their orientations are dictated
by the number and the position of the active MSs, respectively.
Hence, certain circular array configurations with constant v, g,
a and different w can form beams with different gain and
orientation, as shown in Fig. 5. A major feature in the array
configuration of Fig. 5 is the number of the initial radiating
elements, w,, which strongly impacts the gain of the whole
array in predefined angular locations. In particular, Fig. 5(a)
represents an array configuration with w, =4, v =15, g =2.944
and a = 120° Depending on the number and the position of
the MSs, the circular array configuration of Fig. 5 can rotate
either its whole radiation pattern or its beam separately by +24°
(360/v).

: i
a) w=4
¥ a
" v=3
b) w=8

d)

FIGURE 4. Circular array configuration and gain (dB) on the horizontal

plane (azimuth) for certain parameters.

VOLUME XX, 2017

¥
I X
"X *
a)
x
x
%
b)
I
| X
il X
x »
x *x
c)
{
| b ('i
| *
I %
I %
X *
X %
d)
|
, 2
i X
X o3
d ~
_ x
| ot
| >
|1 >
I b
' bt
X *
f) "
.‘
X
i *
"X *x
. x
g)
|
% .
1 >
X X
'k x
: %
h)

FIGURE 5. Different circular array configurations along with their
corresponding horizontal plane beamwidths (azimuth) (the activated CDs
are illustrated with red color and angle counting starts from the first

activated array on the left, Fig. 5(a), for illustrating purposes).

In case of having an increased number of MSs in a specific
angular location, such as Fig. 5(c), the developed array
geometry increases w, =4 to w = 5 in the corresponding angle
of 24° and preserves w, to the remaining angles of 120° and
240° (the blue arrows indicate the various activations of
vertical arrays with respect to the initial state, as depicted in
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Fig. 5(a)). Note here that in the case of w, = 4 then Gy = 9
dB with HPBW = 58° while for w =5 then G, = 10.4 dB with
HPBW ="0°. Finally, a special case of adaptive beamforming
is shown in Fig. 5(h), where w, increases to w =5 for the whole
array configuration, assuming that there is an increase of
traffic needs in all predefined angular positions.

It should be mentioned that w can obtain higher values such
10 or 15. However, this would significantly increase the
required computational resources along with the duration of
the MoM simulations. Hence, the optimum maximum value
of w for the purpose of the current work is chosen to be w = 5.
Finally, the array configuration with its corresponding
horizontal plane beamwidths (Fig. 5), which are defined each
time by the activated vertical arrays, suggests a
multifunctional array scheme with extremely low-cost and
low-complexity hardware. In this context, the activation of
certain number of vertical arrays in a specific angular position
without any steering mechanism, can significantly simplify
the design and implementation of the current broadband
wireless network.

lll. SIMULATION SETUP

A 5G system-level simulator has been developed (OFDMA
transmission), executing independent Monte Carlo (MC)
simulations in parallel. To this end, MSs are uniformly
distributed in a two-tier wireless cellular orientation. Each MS
requests Ry Mbps (1<k<K) from its serving BS that can be
potentially fulfilled by a proper assignment of Physical
Resource Blocks (PRBs) and modulation order per PRB [41].

The goal of subcarrier allocation and adaptive beamforming
that will be described in the following section is to maximize
overall throughput with minimum downlink transmission
power and blocking probability (BP). Thus, the optimization
problem (P) may be formulated as follows:

maxR,, 1<k<K

mian,‘,,S, 1<k<K
SES;

min BP

K
Z Zpk,sSPm,ISbsB (1

k=1,ke MS, seS,

s.t.: (C1)

(C2) D p,<p,. 1sk<K
SES;,
K
(C3) D |S|<Npps. 1<sb<B
k=1,keMS,

where py; is the downlink transmission power per allocated
PRB for the £" MS and S, the corresponding set of allocated
PRBs. Moreover, |S | is the length of set S,, MS, denotes
the set of active MSs in the ™ BS and NpRB denotes the
available PRBs per BS. Finally, BP is defined as the number
of MSs that were not granted access to the network to the total
number of MSs.
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According to the first two constraints, downlink
transmission power per BS/MS should not exceed a
predefined threshold. The final constraint indicates that hard
blocking may occur in case of lack of available PRBs in one
of the active BSs. The new MS is admitted in the network
provided that acceptable QoS can be guaranteed without
power excess in one of the BSs. Note that during an MC run,
the positions of the MSs as well as corresponding system-level
parameters (i.e., pathloss, channel coefficients, etc.), remain
unchanged. Each MC run comes to an end either when excess
of power or lack of available PRBs is triggered in at least one
of the active BSs.

For every potential (new) MS, pathloss calculation takes
place according to the urban macro-cellular (UMa) model,
while channel coefficients generation is performed according
to the latest 3GPP channel model [42]. In this context, for an
arbitrary pair of Tx-Rx each channel is modelled as a sum of
equivalent channels from N clusters, where each one if further
decomposed to M subpaths. Considering a non-line of sight
(NLOS) environment, the channel impulse response for an
arbitrary pair of transmitting-receiving antennas (denoted as g
and u, respectively) is given by [42]:

H;];“OS r t) ZZ Z H;\If]“(zsm (t—‘rn,i)+

n=1 i=l meR,; (2)

N
2 G (08 (i=x,)
n=3
where 1,,;, 7, represent the delay of the i subcluster of the n™
cluster and the delay of the n™ cluster, respectively, and J
stands for the Kronecker delta. It is important to note at this
point that for the first two dominant clusters three additional
sub-clusters are defined. The subpaths per sub-cluster are

: NLOS NLOS : .
stored in set R, . Moreover, H, " and H, " are given by:
P J22(7 jaF,, de
2, ( e ) W S )
o M A A
NLOS < NLOS
HM,q,Vl = zHu,q,n,m (4)

m=1

where:

Lu,0 (gn,m,ZOA > ¥n,m,AOA
E‘x,n,n1 - |: (

o

} )

)
)

F, = |:F;x 14,0 (‘9n m,ZOD > n m,AOD ):| (6)
( )

tx q.¢ 9/1 m,ZOD’ n,m,AOD

A /Kn‘m_l exp(jdbffm )

exp(jd)ﬁf’m )

r)n u,p n,m,ZOA > n m,AOA

exp(jtbgg )

| o (i)

(M
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In the above set of equations, 6y,m zp and 6, z4 represent
the angles of departure (AoD) and arrival (AoA), respectively,
in the vertical plane for the m™ subpath (1<m<M) of the n®
cluster (1<n<N). The corresponding parameters for the
horizontal plane are @umaop and @uma0s, respectively.
Moreover, P, is the power of the n™ cluster, set
{q)f’gm,@f?m,q)fﬁn,@?m} corresponds to initial phases uniformly
distributed in (-xt,m) while x;,,» parameter is the generated cross
polarization power ratio (XPR) for each ray m of cluster n. In
addition, I:w’m is the spherical unit vector with azimuth arrival
angle ¢, m 404 and elevation arrival angle 8, », z04, while fm’m is
the spherical unit vector with azimuth departure angle @y, m 40p
and elevation departure angle 6,.,2z00. Moreover, F,/F
represent the field pattern of transmitting/receiving antenna
element q/u, respectively (1<g<N, 1<u<N,), d..is the
location vector of receive antenna element u and di, is the
location vector of transmit antenna element g. Note here that
the values of the former variables of F,, F,, are calculated
through MoM, as mentioned in the previous section. Finally, j
is the imaginary unit.

As it will be shown in the results section, for each deployed
massive MIMO configuration three KPIs are derived: Total
network throughput (Mbps), total downlink transmission
power (W), as well as BP.

IV. ADAPTIVE BEAMFORMING IN MASSIVE MIMO
SYSTEMS

A. PROPOSED APPROACH
The studied adaptive beamforming approach is described in

Table 1. In this context, the set RE, denotes the active
radiating elements of the array geometry deployed in the o
BS and AB, the corresponding angles of the generated

adaptive beams (notation a:b indicates all elements from a to
b with step 1). Moreover, each entry of H, ., (indicating
the channel matrix of the k™ MS relevant to its serving sector
for the s™ PRB) is calculated according to (2). In addition, x
represents the eigenvector corresponding to the maximum
eigenvalue of matrix HkH’m( 0. Bk seoh.s » SNRy is the signal to

noise ratio of the k" MS with respect to all available PRBs of
the 5™ BS (i.e., S,) and TLisec.s, CGis represent the total

losses and the channel gain, respectively, of the k" MS
relevant to the s PRB. Finally, the minimum required SNR
for acceptable QoS and the thermal noise level at the receiver
are denoted by SNRy, and I, respectively. Note that during
subcarrier allocation (line 3), function sort(SNRy,Ry) sorts the
values in vector matrix SNRy in descending order and returns
the first Ry sorted values as well as the corresponding indexes
(assigned to set S, ).
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TABLEI

The Proposed Adaptive Beamforming Approach

I Reg, e{(v(,,l : w“),(v" +|:§},l : wnj,(vo +2[§:|,1 : WUJ}

AB, <« {F,,F,F,}, L, < |AB,|,S, < {1: Ny}, 1<b< B,k «1
2: k«k+1. The K" MS tries to access the network in the 5™ BS requesting
R, PRBs (¢ is the angle with respect to the horizontal plane)

3 [SNR,, 8, |« sort(SNR,, R,)

4: for every se S,
5 t,, < x(//{’m (H:I.scc(k),sHk,scc(k),s ))
6: CG,, « HHII:l.sec(k).A ; I TL ety » Prs F(SNRrh 'Io)/CGk,s

7: end for

8: {l,;k} «— argmin‘(pk —F,‘
FreAB,

9: if Zpk..\- >p, then

seS;

10: RE, « RE, ~{(,1:w,)}

11 if g > F) then vi <—vi +1,RE, < RE, +{(i,1: W)
12: else

13: Vi <= vi =1, RE, < RE, +{(we.1:w)}

14: end if

15: Recalculate H, )t CG,., p,., forevery k'e MS,,se S,
16: if Z Dy 2 Do for an arbitrary £'e MS, , then

se8;

17: Restore H, ot ss CGpys Py, fOT EVETY k'€ MS,,5€ 8,

18: RE, <—R5F{(Gk,1:w)}

RE, e{(vo,lzw),(v" +|:X},1:w),[vo +2[X:*,1 : WJ}
3 3

20: Recalculate Hy. )t CG.(, p,, Torevery k'e MS,,se S,

hd

21: if Z Prs 2 Do for an arbitrary k'e MS, , then

€8

22: rf—1

23: RE, <—{(v{,,1 : wﬂ),(vﬂ +[ﬂ,1 : wa),(vo +2B}1 : w]}

24: Restore H,., . 4),>tes-CGpoy» Dy, Torevery k'e MS, se S,

25: end if

26: else

27: rf—0

28: end if (line 16)
29: else

30: rf—0

31: endif (line 9)

32: if r/==0, then

33: S, S8, —S,, MS, < MS, Uk

34 Set P, <« PB,+ Z P (transmit power of the b BS)

=

S,

h

< R, then MC simulation terminates, else go

35: if p,>pP, or
36: to Step 2

37: end if
38: else go to Step 2
39: endif
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In the initial state, it is assumed that an arbitrary BS employs
a FGoB, where three active sectors have a spatial separation
of 120° (e.g., Fig. 5(a)). To this end, the deployed geometry is
defined according to the angle of the first MS which is served
by this BS. Assuming that in this case the vertical array v, is
activated, then two additional arrays, and in particular v, +
[v/3] and v+2[v/3] are activated as well, in order to provide
the necessary 120° separation in the deployed beams. Once a
potential (new) MS requesting R; PRBs tries to enter the
network, it is examined if the minimum required transmission
power for acceptable QoS can be provided from the already
deployed geometry without power outage. If this is true, then
this MS is accepted in the network and all equivalent
parameters are updated (MS is served by the "™ beam which is
generated by the vy vertical array, line 8). However, in the
opposite case (line 9), the beam can be steered to an adjacent
angular location (e.g., Fig. 5(b - g)). This is achieved by the
activation of a different vertical array, according to the angular
position of the potential new MS (lines 11-14 in Table I and
blue arrows in Fig. 5 that indicate the adjacent vertical arrays).
Note that in this case all radiating elements of this array are
activated. If however power outage occurs in at least one of
the already served MSs of this BS, then all radiating elements
in the initial vertical arrays (as defined in line 1) can be
activated, thus providing a grid of beams with increased gain
(Fig. 5(h), line 19 in Table I).

In all the aforementioned cases where antenna radiation
pattern modification takes place, it is examined if the
considered alterations in the radiation diagram will result in
link outage for another of the already served MSs by the o™
BS (e.g., lines 16 and 21), as it was previously explained. If
this is true even in the case where all radiating elements per
vertical array are activated (Fig. 5(h)), or the considered MS
cannot be provided with acceptable QoS, then reject flag (7/)
is set to 1 and the process is repeated for the next candidate
MS. Otherwise, corresponding sets (i.e., S, and MS,) are
updated. Finally, as also mentioned in Section II, each MC run
comes to an end either when the transmission power of the 5
BS (denoted as P;p) exceeds a predefined threshold (P,) or
lack of available PRBs takes place.

B. COMPLEXITY-CONVERGENCE

According to [26], for an MU downlink system with Nzr RF
chains and N; transmitting antennas, the computational
complexity of optimum antenna partitioning will be given by

1 &4 Nrr =k NRF N,
D ACR ®

(NRF)! k=0

This complexity can be significant, even for a small number
of RF chains and antennas. In [26], the complexity of the
proposed subarray partitioning algorithm is reduced to
NrrxN;. In [28], the complexity of various analogic
beamforming algorithms is evaluated, which is proved to be
of the order of O(N?).

VOLUME XX, 2017

In the same context, in the HBF approach of [23], complexity
is of the order of O(Nrr*2%), where B is the number of bits
of the low-resolution phase shifters. Moreover, in [19], where
the OFDM-based HBF is studied, corresponding complexity
is of the order of O(K xN?), where K is the number of active
MSs. Therefore, even for a moderate number of transmitting
antennas, computational complexity can be significantly
increased.

As it is apparent from the description of the previous
subsection where the proposed adaptive beamforming
algorithm of Table I is described, in the worst-case scenario
two beamforming modifications in the BS’s radiation pattern
will take place: In lines 11-14, where a beam is steered towards
the direction of the new potential MS, as well as in line 19,
where now all radiating elements of all vertical arrays are
activated. Since transmission precoding vectors as well as
assigned PRBs are calculated on MS entry (lines 4-7), the
complexity of the proposed beamforming approach is
proportional to the number of active MSs within the specific
BS (the decision on beampattern modification is based on the
sum of the calculated downlink transmission powers), which,
in turn, is upper limited by the number of available PRBs per
BS.

Moreover, as it was previously explained, if during
beampattern modification downlink power outage occurs in at
least one of the active MSs, then either a new beamforming
modification will take place or, eventually, rejection of the
new MS. Therefore, at the end of each repetition of the steps
in Table I, three possible events may occur: MS entry
with/without beampattern modification as well as MS
rejection. Hence, the convergence of our proposed approach is
always guaranteed, since its deployment is based on a
predefined set of radiation diagrams which in turn is achieved
with a simple on-off activation of radiating elements per
vertical array.

V. RESULTS

A. FIXED GRID OF BEAMS PER BS

The first set of simulation results is presented in Figs. 6-8
for the considered antenna geometries of Fig.4 (FGoB). In all
figures, cumulative distribution function (CDF) curves have
been plotted versus each of the considered KPIs of Section II.
Since adaptive modulation and coding per subcarrier is outside
the scope of our study, we consider two distinct values for the
requested transmission rate, common for all MSs (i.e., R = R),
which is can be satisfied with a proper assignment of PRBs
and modulation order per PRB. In this context, in all
simulation scenarios either 5 or 15 PRBs can be allocated to a
potential MS, thus equivalent bit rates of 7.2/21.6 Mbps can
be supported (i.e., the product of the assigned PRBs per MS,
the subcarriers per PRB, the subcarrier spacing, as well the
transmitted bits per subcarrier as defined by the modulation
type - Table II).
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TABLE II
SIMULATION PARAMETERS
Parameter Value/Assumption
Tiers of cells 2
Pathloss model UMa
Carrier frequency (GHz) 28
Channel Bandwidth (MHz) 100
Subcarrier spacing (kHz) 60
Subcarriers per PRB 12
Cell radium (m) 500
Assigned PRBs per MS 5/15
Monte Carlo snapshots per 10*
scenario
Required Ey/N, (dB) 9.6 [43]
Maximum transmission power 20/1
per BS/MS (W)
Considered antenna geometries 3x4,3x8, 8x4, 8x8, 15x5
at BSs (vxw)
Antenna elements per MS 2
Diversity Combining

Transmission mode
Moreover, wireless orientations with two tiers of cells around
the central cell have been considered. All simulation
parameters are summarized in Table II, which are aligned with
the majority of related works in [44]. Finally, in each figure
legend, notation (v,w,R) has been considered. Since all vertical
arrays are activated, the term active beams will be used as well
throughout the rest of this subsection to indicate the number of
generated beams per BS.

As it can be observed from Fig. 6, throughput is maximized
for 5 PRBs per MS, four radiating elements per vertical array
and three/eight active beams per BS (the group of two curves
in the right part of Fig. 1). It is interesting to note that there is
a throughput reduction when eight radiating elements are

deployed per vertical array, compared to the previous cases. In
this case, on one hand the increased number of radiating
elements increases spatial directivity, but on the other, leads to
reduced spatial coverage. In all cases throughput is reduced for

15 PRBs per MS, as expected, since high data rate services can

be supported for a limited number of active MSs. As in the

previous case of 5 PRBs per MS, throughput is maximized
when considering a limited number of CDs per vertical array.
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FIGURE 6. Total network throughput (Mbps).
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In Fig. 7, CDF curves of total downlink transmission power
are depicted. Transmission power is maximized for five PRBs
per MS, eight CDs per vertical array and eight beams per BS.
In this case, taking into consideration that for this specific
scenario median BP is almost 30% (Fig. 8), a greater amount
of transmission power is required to compensate for the
reduced spatial coverage of this configuration. In the cases of
four CDs per vertical array (5/15 PRBs per MS and three/eight
active beams), then both BP and total downlink transmission
power are minimized.

Therefore, it becomes apparent from the above that the
generation of highly directional beams in predefined angular
locations can lead to downlink transmission power increase
and BP degradation, due to the reduced spatial coverage. For
this reason, in the following subsection the antenna geometry
of Fig. 5 has been considered, where in each MC snapshot and

depending on MSs’ distribution three active beams are
generated. Thus, the necessary spatial coverage is provided
around 360°, which in turn depends on the orientation of the
activated vertical arrays as well as on the number of the
activated CDs per vertical array. Both the aforementioned
parameters are primarily defined according to traffic needs.
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B. ADAPTIVE GRID OF BEAMS

In the second set of simulation results (Figs. 9-12), the [—Fe(15.55)
proposed adaptive beamforming approach has been 09| T ety
considered. To this end, the geometry of Fig. 5 is deployed in osl™ -2:}1222;;&
each one of the active BSs. All output metrics are compared o AB(15.5.4,15)
against the FGoB scenario, where three beams per BS at I i
{0°,120°,240°} are generated. In Fig. 12, an additional KPI is _oer
taken into consideration: the total number of radiating g 05+
elements per MC simulation in the adaptive grid of beams . o4l
(AGoB) and FGoB scenarios. In all figures, notation (v,w,R)
is used when considering the FGoB (also depicted as FB) 03r
while notation (v,w,wo,R) is used for the AGoB (also depicted 02
as AB). Throughout the rest of this analysis, unless otherwise 01Ff S
specified, all KPIs are compared with respect to their mean o L -’ | ,
ValueS. 500 1000 1500 2000 2500 3000

As it can be observed from Fig. 9, there are no significant Throughput (Mbps)

throughput variations in the AGoB and FGoB cases for all the FIGURE 9. Total network throughput (Mbps).
considered MIMO configurations. However, as it is evident
from Fig. 12, a significant reduction in the total number of
radiating elements can be achieved. Considering 5 PRBs per
MS and w, = 3 in the AGoB scenario, a mean total throughput
of 2245 Mbps can be supported, as in the FGoB case.
However, 190 radiating elements are now activated versus 285
elements in the FGoB case. This value is further increased to
230, when w, = 4. Nevertheless, this increment is combined
with reduced transmission power compared to the w, = 3 case.

P(Y<y)

In particular, corresponding mean values are (17/10) W, ——FB(1555)
respectively, for the aforementioned scenarios (w, = 3,4). In :ii‘gi?,;‘“’;)
the case of 15 PRBs per MS, a total network throughput of - ‘:zgggj;?
1700 Mbps can be supported. Active radiating elements are AB(15,5,4,15)
now 182/223/277 for the considered three cases (AGoB with AN
wo = 3,4, respectively, and FGoB) while corresponding 15 2 25 30
transmission power is 9/6/4.8 W. In addition, when w, =4 then Total Tranmission Power (W)

BP can be reduced compared to the FGoB approach: for 5 FIGURE 10. Total transmission power (W).

PRBs per MS corresponding values are 0.75%/0.5% for the

FGoB/AGoB cases, respectively, and 3.8%/2.5% when

considering 15 PRBs per MS.

It is important to note at this point that there is a trade-off 1 — S —————
between hardware complexity reduction (expressed via the ool .7 P |
reduced number of radiating elements) and total downlink ) P
transmission power, since in the FGoB case mean 081 ’ l,," i
transmission power is reduced compared to the AGoB case. 07 t .
For this reason, an additional MIMO configuration has been 06l ,"' i
considered, where now w, = w = 5. Apparently, for this = ’
scenario the number of active RF chains will be similar for the T oo :' |
two considered cases (fixed and adaptive beams). However, as 041 ” " ——FB(555) |
it is evident from Fig. 10, overall transmission power for 5 o3t 1 % :;:‘(1221355))
PRBs per MS is reduced in the AGoB scenario (6.3 W) when 0zl l' ”" — = AB(1553,15)
compared with the FGoB case (7 W). Corresponding values ol ! ﬁzgggjf;)
are 4.2/4.8 W, respectively, when considering 15 PRBs per ) 1y :::ggggf;)
MS. Similar conclusions can be drawn for BP as well, since it o & s . . . 0 a1
is further reduced to 0.4%/2.1% for 5/15 PBRs per MS, Blocking Probability (%)
respectively. . .

FIGURE 11. Blocking probability (%).
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VI. CONCLUSIONS

The performance of an adaptive hybrid beamforming
approach in the context of 5G mmWave cellular networks has
been evaluated. In this context, a separate RF chain is
connected per vertical antenna array and radiation pattern
formulation is performed via the activation of a different set of
antenna elements. Each vertical array constitutes a radiating
element of a circular array configuration facilitating a broad
spatial coverage around 360°.

According to the presented results, although hardware
complexity reduction (expressed via the number of active
radiating antenna elements) comes at the cost of increased
transmission power, our adaptive beamforming approach can
improve various KPIs of the cellular orientation, such as total
downlink transmission power when all radiating elements per
vertical antenna array are activated, as well as blocking
probability. It should be noted at this point that the proposed
adaptive beamforming scheme is based on perfect CSI at BSs.
However, our approach can be easily extended to the case
where the analog stage employs codebook searching to avoid
channel estimation of the analog channel with large
dimensions.

Future work includes among others the extension of the
presented approach in more demanding user traffic scenarios
(e.g., formulation of user-specific directive beams) as well as
in distributed MIMO architectures. To this end, the derived
conclusions of the current work can be applied in more
efficient array configurations, in terms of obtained directivity
and physical size, employing chip scale radiating elements. In
this context, the study of smart antennas as well as the research
of plasmonic nanoantennas aiming at optical frequencies can
lead the way to the forthcoming era of 6G applications.
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