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ABSTRACT This paper presents a novel approach to full-duplex (FD) massive multiple-input multiple-
output (mMIMO) systems using hybrid beamforming (HBF) architecture, enabling simultaneous uplink
(UL) and downlink (DL) transmission within the same frequency band. The proposed solution aims to
mitigate strong self-interference (SI) and maximize the total achievable rate based on over-the-air (OTA)
measurements of the SI channel. Our objective is to leverage the spatial degrees of freedom (DoF) in
mMIMO systems to enhance FD capacity without the need for expensive analog SI-cancellation circuitry.
To address this challenging issue, we employ a sub-array configuration for transmit and receive antennas
at the base station (BS) and design the RF stages using non-orthogonal beamforming (NOBF) in both UL
and DL user directions. Additionally, sub-array selection (SAS) is utilized to identify the optimal Tx-Rx
antenna pair. To solve the non-convex multi-objective optimization problem (MOOP), we propose a swarm
intelligence-based algorithmic solution to determine the optimal perturbations in user directions jointly
with Tx-Rx sub-array indices while satisfying directivity degradation constraints. The illustrative results
show that the proposed NOBF scheme with SAS can achieve an SI suppression of —78 dB. Furthermore,
in FD mMIMO systems, this approach can effectively double the capacity compared to half-duplex (HD)
transmissions.

INDEX TERMS Full-duplex (FD), hybrid beamforming (HBF), massive MIMO, multi-objective
optimization problem (MOOP), self-interference suppression.

. INTRODUCTION

ASSIVE multiple-input multiple-output (mMIMO),

which is a pivotal enabler of fifth-generation (5G)
networks, utilizes large array structures at the base station
(BS) to serve multiple users via spatial multiplexing. Full-
duplex (FD) communications offer significant performance
gains compared to half-duplex (HD) communications by
offering simultaneous uplink (UL) and downlink (DL)
transmission of signals at the same frequency and time
resources. Thus, FD communications have the potential to
meet the ever-increasing demand of data traffic for future
wireless communications systems [2]. However, to fully
exploit the advantages of FD communications, the key
challenging issue is to suppress the strong self-interference

(SI) due to the coupling of the transmit signal with the
receiver chains [3]. The use of large array structures both at
the transmitter (TX) and receiver (Rx) in FD communications
can provide additional spatial degrees of freedom (DoF),
which can help to suppress strong SI and can double the
capacity. Thus, FD and mMIMO can fulfill the throughput
and latency demands of future wireless communications
systems with limited spectrum resources [4].

Many research studies have focused on SI suppression
to fully utilize the FD technology [5], [6], [7]. The Tx and
Rx antenna sub-systems can be designed in such a way
to isolate the transmit and receive RF chains as much as
possible [8], [9], [10]. The practical demonstrations show
SI suppression between -60 and —70 dB based on antenna
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isolation [11]. On the other hand, active SI cancellation
refers to mitigating SI by subtracting a processed copy of
the transmitted signal from the received signal. Then, based
on the signal domain, where the SI signal is subtracted,
active cancellation is divided into digital and analog SI
cancellations. Analog SI cancellation requires the use of
specially designed circuitry to reconstruct the SI counterpart
and subtract it from the received signal at the analog front-
end of the local Rx [12], [13], [14]. Digital SI cancellation
techniques are considered to be the simplest forms of active
cancellation techniques. However, the amount of SI cancel-
lation achieved through digital techniques is quite limited
due to hardware imperfections, particularly transceiver phase
noise and non-linearities that restrict the performance of
traditional digital cancellation techniques [15]. Therefore,
antenna isolation, analog SI suppression/cancellation, digital
SI cancellation, and their combinations have been used to
suppress the strong SI signal below the Rx noise floor in
FD communications [16], [17], [18].

In 5G and beyond 5G (B5G) systems, there is a growing
trend towards utilizing an increased number of antennas at
BS. For instance, the third-generation partnership project
(3GPP) has been considering configurations with 64-256
antennas [19]. However, the increased number of antennas
introduces additional challenges for analog SI cancellation
in FD mMIMO systems. This results in high analog
complexity, which is not affordable. An alternative approach
relies exclusively on transmit beamforming to suppress SI,
thereby completely obviating the need for analog cancel-
ers [20]. In mMIMO HD systems, fully-digital beamforming
(FDBF) and hybrid beamforming (HBF) are two common
approaches for reducing interference. Recent studies, for
instance, SoftNull [20], have exploited the availability of
multiple antennas in FD mMIMO systems to achieve SIC
via FDBF, known as spatial suppression. However, FDBF
becomes infeasible for mMIMO systems with very large
array structures due to prohibitively high cost, complexity
and energy consumption. On the other hand, HBF, which
combines both radio frequency (RF) and baseband (BB)
stages, can approach the performance of FDBF by reducing
the number of energy-intensive RF chains, thus minimizing
power consumption.

A. STATE-OF-THE-ART AND MOTIVATION

Several HBF approaches have been investigated for both
HD and FD transmissions in related research [21], [22],
(23], [24], [25], [26], [27], (28], [29], [30], [31], [32],
[33], [34], [35], [36], [37], [38]. In HD transmission
studies [21], [22], [23], [24], [25], [26], [27], [28], [29],
hybrid precoding in DL and hybrid combining in UL have
been examined. In particular, the authors in [21] propose
a joint design of RF and BB stages using full channel
state information (CSI) to maximize the system’s total sum-
rate. Reference [22] employs singular value decomposition
(SVD)-based HBF for millimeter-wave (mmWave) mMIMO
systems, whereas an alternating optimization approach is
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proposed in [23] for fully-connected (FC) and sub-array-
connected (SC) HBF structures. An angular-based HBF
technique is proposed in [24], where the RF-stage is
constructed utilizing users’ angular information only. In [25],
the authors propose a sub-connected HBF structure where
each Tx and Rx consists of several sub-arrays, and the
total achievable rate is maximized using the successive
interference cancellation technique. An eigen beamforming-
based HBF techniques are developed in [26], [27], [28],
utilizing the channel covariance matrix. These techniques
investigate different two-dimensional (2D) array structures
with full and low-resolution hardware components. The
authors then extend their work in [29] for different
three-dimensional (3D) array configurations in mMIMO
systems, where HBF is designed using SVD of the channel
matrix.

Regarding the FD communications in mMIMO systems,
an 8x8 Tx/8x8 Rx antenna array prototype is designed
in [30] for sub-6GHz frequency band, which can
achieve an average SI suppression of -65.6 dB. A hybrid
precoding/combining (HPC) technique for mmWave FD
mMIMO systems is proposed in [31], which uses the angle-
of-departure (AoD) and angle-of-arrival (AoA) information
to suppress SI while also reducing the number of RF
chains. The authors show that the power of far-field SI
channel is suppressed by -81.5 dB, whereas the near-field SI
power is reduced by -44.5 dB in point-to-point FD mMIMO
systems. In [32], separate and joint FD beamforming
algorithms based on sequential convex programming are
presented to maximize the sum-rate for both single-user
(SU)- or multi-user (MU)-MIMO FD systems. In [33], a
FD mmWave relaying system is considered to suppress SI
while maximizing spectral efficiency using an orthogonal
matching pursuit-based SI-cancellation algorithm. Similarly,
a HPC design for FD amplify-and-forward (AF) mmWave
relay system is considered in [34], introducing a zero-
space SI cancellation method based on correlated mmWave
channel estimation errors. A FD mmWave HBF scheme is
introduced in [35] for a MU-mMIMO systems, where the
non-orthogonal beams are generated to serve multiple users
while suppressing the near-field component of the SI channel
and maximizing the sum-rate capacity. The authors show that
the proposed HBF scheme can reduce SI by 78.1 dB in FD
mMIMO systems. In [36], the authors proposed an iterative
FD HBF scheme to mitigate SI by jointly designing the
transmit and receive RF beamformer weights, the precoder,
and combiner matrices and achieving SI suppression by up
to 30 dB. The authors in [37] designed the analog and
digital beamformers of a FD mMIMO systems based on
the practical constraints of RF chains, channel knowledge,
beam alignment, and a limited receive dynamic range. A
two-timescale HBF scheme for FD mmWave multiple-relay
transmission is investigated in [38], where the analog and
digital beams are updated based on channel samples and
real-time low-dimensional effective channel state information
(CSI) matrices, respectively.
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The existing research studies, for instance [31], [32],
[33], [34], [35], [36], [37], [38], consider HBF in FD
mMIMO systems to mitigate the strong SI from Tx to Rx.
However, the SI suppression evaluation in these studies relies
exclusively on the theoretical SI channel models. In other
words, the studies in [31], [32], [33], [34], [35], [36], [37],
[38] do not consider the experimental evaluations to validate
the theoretical doubling of capacity/throughput. Instead, the
studies assume both residual near-field SI channel via line-of-
sight (LoS) paths and the far-field SI channel via the reflected
non-line-of-sight (NLoS) paths in a simulated manner. In
practical implementations, real-world platforms inevitably
experience a signal-to-interference-plus-noise ratio (SINR)
loss due to the impact of strong SI. Therefore, it is important
to develop a robust understanding of beamforming-based
SI suppression capabilities by utilizing the experimentally
measured SI channels. Therefore, investigating the effective-
ness of beamforming-based SI suppression in the real-time
implementation of FD mMIMO systems becomes essential
to bridge this gap between theory and practical performance.

Additionally, most existing FD studies primarily consider
FC-HBF architectures. In the FC-HBF scheme, each RF
chain is connected to all antenna elements, which allows
the RF chain to exploit the full beamforming capability of
the antenna array. However, this leads to increased cost and
complexity. On the other hand, SC-HBF architectures require
the connection of each RF chain to a subset of antennas,
significantly reducing the connectivity and implementation
cost/complexity. Thus, SC-HBF utilizes fewer RF phase
shifters (PSs) circuits compared to FC-HBF, and its use
can reduce power consumption at the expense of some
performance degradation. However, SC-HBF can provide a
better spectral-energy efficiency tradeoff [39], [40]. Thus,
it is more suitable to deploy SC-HBF structure for future
key enabling technologies, for instance, mmWave and sub-
Terahertz (THz) communications [41], [42], [43]. It is worth
noting that the SC-HBF architecture is mainly considered
in HD transmission studies, while most research in FD
communications has focused on the use of FC-HBF [31],
[32], [33], [34], [35], [36], [37], [38]. Therefore, it is
important to explore SC-HBF architecture’s potential in FD
mMIMO systems in order to reveal its advantages and enable
its deployment in emerging technologies.

B. CONTRIBUTIONS

This research aims to perform a data-driven analysis of the
FD architecture proposed in [35]. Based on the extensive
experimental data, our main contribution lies in enhancing
the capacity of a practical FD system by mitigating SI
through the beamforming capability of the SC-HBF archi-
tecture. In [1], a novel sub-array selection (SAS) scheme
is proposed, which minimizes the SI for a single-objective
optimization problem (SOOP) in FD mMIMO systems.
This research work addresses a multi-objective optimization
problem (MOOP) of reducing SI while maximizing the
total achievable rate in real-time FD mMIMO systems.

2270

Compared to the existing studies based on theoretical SI
channel models, we leverage over-the-air (OTA) measured
SI channel data. To the best of our knowledge, this is the
first work to consider SI suppression and achievable rate
maximization exclusively through the design of Tx and Rx
RF beamforming stages jointly with SAS, and employs a
measured SI channel in an anechoic chamber. Our objective
here is to show that only using the spatial DoF provided due
to the use of large array structures is capable of bringing
the SI level down to the noise floor, thus avoiding the use
of costly/complex analog cancellation circuits. Also, unlike
prior literature for FD studies, which consider FC-HBF, this
study considers a SC-HBF architecture, which can reduce
power consumption and can contribute towards understand-
ing beamforming-based SI suppression capability for future
mmWave and sub-THz systems using SC architectures. The
main contributions of this work are summarized as follows:

1) We formulate a multi-objective optimization
framework that focuses on maximizing the total
achievable-rate and SI minimization in FD mMIMO
systems. To solve this challenging non-convex MOOP,
we propose swarm intelligence-based SI suppression
scheme that optimizes the beam perturbations in the
UL and DL UE directions and find the best Tx and Rx
sub-arrays while satisfying the directivity degradation
constraints.

2) We propose two different SI suppression schemes
for the design of UL/DL RF beamformers, namely
orthogonal beamforming (OBF) and non-orthogonal
beamforming (NOBF) incorporating SAS for MOOP.!
The OBF scheme optimizes the RF beamformers by
maximizing the intended signal power and suppressing
SI leakage power using orthogonal beams. In the joint
NOBF with SAS scheme, we introduce perturbations
to the orthogonal beams to enhance SI suppression.
Compared to the NOBF scheme in [35], which uses
phase-range constraints, the proposed NOBF scheme
uses directivity-loss constraints, which offer greater
flexibility in perturbing the orthogonal beams while
maintaining low directivity loss. Additionally, we
jointly select the best Tx and Rx sub-arrays, optimizing
the UL and DL beam directions to further enhance SI
suppression by leveraging the spatial DoF.

3) For the practical application purpose, we implement
a testbed in an anechoic chamber to measure the SI
channel in the sub-6GHz band. The experimental setup
considers 64 Tx and 64 Rx antenna elements as per
3GPP [19] and the measurements are done without
external surrounding reflections (i.e., SI channel is
mainly due to “internal” coupling between Tx and
Rx antenna arrays) for a frequency band between
3 GHz and 4 GHz. We formulate RF beamforming

1t must be noted that the OBF and NOBF RF beamformers design
in [1] reduces SI only, whereas, in this work, the OBF and NOBF RF
beamformers formulation is based on a multi-objective design criteria, i.e.,
reducing SI and maximizing the total rate.
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stages using the proposed perturbation-based NOBF
schemes using the measured SI channel for 20 MHz
bandwidth (BW). Moreover, we employ a SC-HBF
architecture for both Tx and Rx arrays, and investigate
SI suppression for the measured SI channel. The
illustrative results show the significant SI suppression
achieved using the proposed joint NOBF with SAS
scheme compared to the OBF scheme. We also
demonstrate that using only 4 (1x4) or 8 (1x8)
antenna elements, SI value can be brought down to
—78 dB, which shows the spatial suppression abilities
of FD mMIMO systems.

4) We provide a realistic capacity gain in FD commu-
nications compared to HD transmissions in mMIMO
systems. Specifically, we consider the extreme case
when both UL and DL users are at same angular
locations. Our results show that FD performance
degrades significantly when using OBF scheme due
to inter-user interference (IUI). However, using the
proposed joint NOBF with SAS scheme can achieve
approximately 1.85 times more capacity than HD
communications in real-time implementations.

C. ORGANIZATION
The rest of this paper is organized as follows. Section II
presents the system and channel models for the FD mMIMO
systems. Section III discusses the Tx and Rx sub-array
mapping and the problem formulation. Section IV presents
the proposed HBF schemes using OBF and NOBF RF
beamformers jointly with SAS, followed by the illustrative
results in Section V. Finally, Section VI concludes the paper.
Notation: The following notations are used throughout
this paper. Boldface lower-case and upper-case letters denote
column vectors and matrices, respectively. (-)7, () and |.||
represent the transpose, complex-transpose, and the 2-norm
of a vector or matrix, respectively. I, E[.] and tr(.) denote
k x k identity matrix, the expectation operator and the trace
operator, respectively. We use x; ~ CAN(0, o) when x; is
a complex Gaussian random variable with zero-mean and
variance o.

Il. SYSTEM AND CHANNEL MODEL
In this section, we present the system and channel models
for the FD mMIMO systems using SC-HBF architecture.

A. SYSTEM MODEL

We consider a single-cell FD mMIMO systems for joint
DL and UL transmission as shown in Fig. 2. Here, the
BS is equipped with transmit/receive uniform rectangular
arrays (URAs), and operates in FD mode to simultaneously
serve Kp DL and Ky UL single-antenna users over the
same frequency band, while the users operate in HD mode
due to the hardware/software constraints (e.g., low power
consumption, limited signal processing and active/passive SI
suppression capability). Specifically, the transmit (receive)
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FIGURE 1. FD mMIMO system using SC-HBF architecture.

URA has Mp = Mg) X Mg)(MU = Mg) X Mg)) anten-
nas, where Mg) (Mg)) and M(Dy) (Mg) ) denote the number
of transmit (receive) antennas along x-axis and y-axis,
respectively.

For the proposed FD mMIMO systems, we consider
the DL signal is processed through DL BB stage Bp =
[bp.1,bp2, ..., bpk,] € CNo*K> and DL RF beamformer
Fp € CMpXNo where Np is the number of RF chains such
that Kp < Np < Mp and bp ; € Np is the BB stage vector
for k" DL UE. Similarly, the received UL signal at BS is
processed through UL RF beamformer Fy € CNv>*Mu and
UL BB combiner By = [by.1, by, ..., bU,KU]T e CKvxNu
by utilizing Ky < Ny < My RF chains. To further reduce
the complexity and cost, we consider a SC-HBF architecture
as shown in Fig. 2, where the Tx (Rx) URA is divided
into Lp(Ly) different sub-arrays in the form of uniform
linear array (ULA). Hence, compared to Mp x Np PSs for
Tx (My x Ny PSs for Rx), only Mys x Np(Mys x Ny)
PSs are required as RF chain s is connected to a specific
sub-array, comprising a distinct set of antenna elements.
Here, M43(M,,) represents the number of Tx (Rx) antenna
elements for RF chain s, where ng \Mags = Mp and
ZSL;] | Mys = My. The l;é’ Tx sub-array, for instance, consists
of M, antenna elements numbered from 1 to Mg, ensuring
a sequential distribution of elements within each sub-array.
Similarly, the l’g Rx sub-array comprises antenna elements
numbered from 1 to M,. This approach ensures an orderly
arrangement of antenna elements within each sub-array. We
assume that Mg,(M,;) is an integer value such that each Tx
(Rx) sub-array has the same number of antennas. It must
be noted that each sub-array is independent of each other.
Thus, we can write the DL and UL RF beamformers as
follows:

£ 0 ... 0
o ¥ ... 0
Fp = P e CMpXNo (1)
(Lp)
0 0 £lo

2271



MAHMOOQD et al.: ACHIEVING CAPACITY GAINS IN PRACTICAL FD mMIMO SYSTEMS

H
£ 0o ... 0
0o 2 ... 0
Fp=| . Y e CNoxMu — (9)
Lo E
0 0 fiv

where ng) € CMas is the DL RF beamformer associated
with [/ Tx sub-array. Similarly, £ € CMw is the UL RF
beamformer associated with l’g Rx sub-array. Here, the UL
and DL RF beamforming stages (i.e., Fyy and Fp) are built
using low-cost PSs, which brings the constant-modulus (CM)
constraint due to the use of PSs. Then, the DL channel matrix
is denoted as Hp = [hp 1, hpo, ..., hp g, € CKoxMp
withhp 4 € CMp a5 the d™ DL UE channel vector. Similarly,
Hy = [hy1, hyo, ..., hy k] € CMU*KU js the UL channel
matrix with hy,, € CMU as the u” UL UE channel vector.
Due to the FD transmission, the SI channel matrix Hgy €
CMuxMp s present between Tx and Rx antennas at the
BS. For the DL transmission, the transmitted signal vector
at the BS is defined as sp = FpBpdp € CMP, where
dp = [dp1,...,dpk,]" € CKP is the DL data signal
vector such that E{dpdg} = Ig,. The transmitted signal
vector satisfies the maximum DL transmit power constraint,
which is Ef|lspl|?} = u(FpBpBAFY) < Pp, where Pp
is the total DL transmit power. The IUI channel Hyyr =
[hiurg, - - ., hur g, 17 € CKP>Ku exists between DL and UL
UEs, where hyur,4 denotes the channel vector from all UL
UEs to the @ DL UE. For the practical FD implementation,
we consider the scenario of a single UL UE and a single DL
UE (i.e., Kp = Ky = 1) to understand how close the FD
systems can achieve in terms of theoretical doubling of the
sum-rate capacity by suppressing strong measured SI based
on beamforming capability of mMIMO systems.? Then, the
received signal at the DL UE is given as follows:

T T
rp = thDdeD + hIUIdU + wp, (3)
—— S—— ~——
Desired Signal  [UIby UL UE  Noise

where dy is the UL data signal, fp € CMa*Np js the DL RF
beamformer, and wp ~ CN (0, av%) is the additive circular
symmetric Gaussian noise. The received signal includes the
desired DL signal, IUI generated by UL UE as well as
the noise. Thus, the DL UE is exposed to IUI from UL
UE due to the FD transmission. After some mathematical
manipulations, we derive the instantaneous SINR at the DL
UE as follows:

Ihlfpbp|?

SINRp = ——————.
Pylhuill? + o

“4)

2In this real-time FD implementation, we consider the scenario of single
UL and a single DL UE to understand how effective SI suppression can
be achieved solely based on beamforming capability with SAS based on a
measured SI channel. The proposed perturbation-based NOBF scheme can
be applied to the case of multiple UL and DL UEs in real-time systems,
which is left as our future work.
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Here, Py is defined as the transmit power of UL UE. Similar
to the DL data signal, the UL received signal at BS can be
written as follows:

v = bLfyhydy + b fyHsifpbpdp+ Wy, (5)
Desired Signal SI Modified Noise
where Wy = byfywy, wy ~ CN(0,02Ly,,) is the

complex circularly symmetric Gaussian noise vector and fy
€ CNv*Mus i the UL RF beamformer. If Hsp = fyHgifp €
CNuvxNp is the effective SI channel seen from the BB-
stage after applying DL and UL RF beamformers, then the
instantaneous SINR for the UL UE can be given as:
Pylblfyhy|?

by full?

1], Hsibpl

SINRy = .
2
bTe e o

(6)

B. CHANNEL MODEL
In this subsection, we present the intended channel, measured
SI channel in an anechoic chamber, and IUI channel.

1) INTENDED CHANNEL
Based on the geometry-based 3D channel model [44], the
channel vector between the BS and UE is given by:

L
b = "1 "2,6:(0). vi) =2 & € CY, (M
I=1
where r;" and z;, ~ CN(0, %) are the distance and complex
path gain of the /" path, n is the path loss exponent and
¢;(..) is the array steering vector with i = {D, U} is the DL
phase response vector for i = D or the UL phase response
vector for i = U. Here, the angles 6; € [6; — 8?,& +8f.9]
and v, € [ — 87, i + 8] are the azimuth AoD (AAoD)
and elevation AoD (EAoD) for [ path in i channel,
respectively. 8;(y;) is the mean AAoD(EAoD) with angular
spread 8? (8;” ). Then, the i instantaneous channel vector
for the user is represented via the fast time-varying path
gain vector z; = [til_"zil, R r,.:"z,'L]T € CL and the slow
time-varying phase response matrix as:

¢! (6, ¥iy)
;= |: e CLxMi, (8)
¢iT(9iLv '(piL)

where M; € {My,, M5} is the Tx/Rx antenna elements.

2) Ul CHANNEL

Based on the array phase response vectors ¢p and ¢ (as
given in (8)), the IUI channel for single antenna u UL UE
and d™ DL UE can be written as [35]:

Hiui(u, d) = 115'17“‘ UL g 9

where tur,, and zpur,, ~ CN(0, 1) are the distance and
path gain for the UL and DL UEs, respectively.
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FIGURE 2. Antenna mapping. (a) 64 Tx and 64 Rx antennas index. (b) 1x4 Tx and Rx
sub-array mapping. (c) 1x8 Tx and Rx sub-array mapping.

lll. SUB-ARRAY MAPPING AND PROBLEM
FORMULATION

In this section, we discuss the Tx and Rx sub-array mapping
for the measured SI channel as well as the problem
formulation using multiple optimization objectives.

A. SUB-ARRAY MAPPING

In Fig. 2(a), the antenna mapping is shown for both Tx
and Rx of BS, which consists of 8x8 = 64 elements at
BS and separated by an antenna isolation block. We present
the sub-array mapping for our FD mMIMO setup in an
anechoic chamber by using the following two different sub-
array configurations for Tx and Rx: 1) 1x4 sub-array; and
2) 1x8 sub-array. Given 64 Tx and 64 Rx antenna elements,
we can have 16 distinct Tx sub-arrays and similarly 16 Rx
sub-arrays, each of 1x4 elements, which are arranged in the
form of ULA. The mapping of the 1x4 sub-arrays for Tx and
Rx ends can be represented mathematically as: Let Tx(i, j)
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represent the (i, j)th element of the 8x8 Tx antenna array,
where i denotes the row index and j denotes the column
index. The mapping of the p” 1x4 Tx sub-array, denoted
as Txqp.4(p), can be expressed as follows:

szub,4(P) = [Tx(17])9 (laj) S Sp4]7

where Sp, represents the set of indices corresponding to
the elements in the p™ 1x4 Tx sub-array. Similarly, let
Rx(i, j) represent the (i, j)th element of the 8 x8 Rx antenna
array. The mapping of the ¢” 1x4 Rx sub-array, denoted as
Rxsub.4(q), can be expressed as follows:

Rxqun,4(q) = [Rx(i, j); (i, )) € S, ] (an

where §,, represents the set of indices corresponding to
the elements in the ¢” 1x4 Rx sub-array. Fig. 2(b) depicts
the mapping of 16 distinct 1x4 sub-arrays for both Tx and
Rx. For instance, sub-array 1 for Tx and Rx constitutes
antenna elements with index values 1,9,17,25. It can be seen
that using 1x4 sub-arrays at Tx and Rx can give rise to
16 x 16 = 256 possible combinations for the Tx and
Rx sub-array pair selection. Thus, the use of a particular
or a fixed Tx and Rx sub-array in FD mMIMO can not
suppress the strong SI effectively and limits the potential of
utilizing the spatial DoF provided due to the use of large
array structures in mMIMO. Hence, finding the optimal Tx
and Rx sub-array combination can result in enhanced SI
suppression, which can lead to significant performance gains
in FD communications.

To further explore the realm of sub-array configurations,
we consider the use of 1x8 Tx and Rx sub-arrays. The
mapping of the p” 1x8 Tx sub-array, denoted as Txsup,3(p),
can be expressed as follows:

Txub,s(p) = [Tx(i, j); (irJ) € Spg],

where S, represents the set of indices corresponding to the
elements in the p” 1x8 Tx sub-array. Similarly, for the ¢
1x8 Rx sub-array, we can write as follows:

Rxqun,3(q) = [Rx(i, j); (i,)) € Sgg]. (13)

where S, represents the set of indices corresponding to
the elements in the g™ 1x8 sub-array. Fig. 2(c) depicts the
mapping for different 1x8 sub-arrays for both Tx and Rx.
For instance, sub-array 1 for Tx and Rx now constitutes
antennas with indices 1,9,17,25,33,41,49,57. The selection
of 1x8 Tx and 1x8 Rx sub-array gives rise to 8 x 8§ = 64
possible combinations for SAS.

(10)

12)

B. PROBLEM FORMULATION
We aim to address a multi-objective optimization framework
that involves two primary design objectives: 1) minimizing
self-interference; and 2) maximizing achievable rate in FD
mMIMO systems. To achieve this, we present a formulation
that balances these objectives within a MOOP framework.
Objective 1 - Minimizing Self-Interference: We consider
minimizing the strong SI caused by simultaneous transmis-
sion and reception in the FD system. We quantify SI by
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considering the average power of the interference signal
between UL and DL channels. Based on the DL and UL
RF beamforming stages, we can express the total achieved
SI for FD mMIMO system as follows:

)

Ast = —101ogg (11\7 Zn |flT/<éU>Hsl(i, 5 n)fD(éD)
(14)

Lemma 1: If Fp and Fy are the DL and UL beamforming
stages, respectively. Then, for a given (i, /)™ DL-UL pair
{0p;, Oy;} in large array structures, the following holds:

FyHgiFp ~ 0. (15)

Proof: See the Appendix. |
By steering the UL and DL beams to the desirable
directions (i.e., éU = 0y, éD = 60p), we can get maximum
directivity in DL and UL directions, which can be given as:

(50090 ) = Mas, 1t (B) Pu @) = M. (16)

For a FD mMIMO system consisting of DL and UL RF
beamformers fp and fy, and using sub-array structures at
Tx and Rx of BS, the total achieved SI can be minimized
by the optimization of UL and DL perturbation angles 0y,
6p jointly with finding best combination of Tx and Rx sub-
arrays. Let p and g represents the sub-array index for Tx and
Rx, respectively, then, we can formulate the optimization
problem for achieved SI as follows:

lz |fT<é )H G, (é )|2
[J n U U SI,p,q [EIRE] D D
st. Cp: Mp — |¢}§(9D)fD(éD)|2 <e,

Co: My = I (du ) Pu ) < e,

Cs: prq =1 Vp,
q

min
{00,911,11,61}

Ca: Y xpg=1Vg, (17)

p

where C; and C, refers to the directivity degradation
constraints in DL and UL directions, respectively. In other
words, the constraints mean that we limit the degradation
of directivities from the main beam directions 6p and 6y
to a small value €. The constraints C3 and C4 ensure that
exactly one Tx sub-array is selected for each Rx sub-array
and vice versa, resulting in a one-to-one mapping between
the Tx and Rx sub-arrays. The optimization problem defined
in (17) is non-convex and intractable due to the non-linearity
constraints.

Objective 2 - Maximizing Total Achievable Rate: The
second objective is to maximize the total achievable data rate
in FD system. Using the SINR expressions for both DL and
UL (as given in (4) and (6)), we can write the achievable
rate for the DL and UL UE as follows:

Rp = log,(1 + SINRp)
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Ry =log, (1 + SINRy)

Rt = Rp + Ry, (18)

where Rp and Ry are the achievable rates for DL and UL
UE, respectively. Then, the optimization problem can be
expressed as follows:

max
{ér),éU»PJI}
s.t. Cp — Cy.

RT<éD7 bu, p, Q)

19)

Multi-Objective Optimization Problem: To balance the
conflicting objectives of minimizing self-interference and
maximizing achievable rate, we formulate a multi-objective
optimization problem. We introduce a weighting factor, «,
to adjust the trade-off between the objectives. Then, the
problem can be expressed as follows:

min

1 n . )
.0 N Z" }fU(QU) sLp.q (- :’”)fD<9D)| — aRr
{QDans[?,q}

st. Cy — Cq. (20)

In this formulation, the objective combines the minimized
SI term with the weighted negative logarithm of the total
achievable rate to balance the objectives. By varying the
weighting factor «, we can explore different trade-offs
between self-interference and achievable rate.?

Remark: This problem formulation is tailored to address
the objectives of minimizing SI and maximizing total
achievable rate in an FD communications system. It accounts
for the UL/DL RF beamforming vectors, interference thresh-
olds, and SINR values to guide the optimization process.
The multi-objective optimization approach allows for using
mMIMO spatial DoF to achieve different trade-offs between
the objectives.

Our objective in this research work is to consider the
practical FD mMIMO implementation using OTA measured
SI channel and to study the capacity gains of FD mMIMO
system over HD transmissions using the data-driven analysis.
Therefore, the proposed solution can help to understand how
close the FD systems can achieve in terms of theoretical
doubling of the achievable rate by suppressing strong SI
based on beamforming capability of mMIMO systems. Then,
the phase response vectors can be written as follows:

¢D(9D) — |:17 e*j27'rdcos(€p)7 o e*jZﬂd(Mdg—])cos(é)D)]T c CMdsxl? (21)

duOy) = [1’ owdeos@y) ejznd(MM—ncos(ey)]T € CMusx1 (22)

IV. PROPOSED HBF WITH SAS

In this section, our objectives are to suppress strong SI and
maximize the total achievable rate solely by utilizing the
spatial DoF of the large array structures, which can avoid the
use of costly analog Sl-cancellation circuits. In particular,
we use a swarm intelligence-based algorithmic solution

3Here, our objective is to enhance FD capacity while suppressing SI.
Therefore, the optimization of « is beyond the scope of this paper.
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and present the HBF design based on beam perturbations
jointly with SAS approach, where the Tx and Rx sub-
arrays are selected jointly with perturbed UL and DL
RF beam angles to minimize MOOP (as given in (20))
while satisfying the directivity degradation constraints in the
respective directions.

A. RF STAGES DESIGN

In the rest of this section, we discuss the proposed HBF
with following two schemes: 1) OBF RF beamformer; and
2) NOBF RF beamformer with SAS.

1) OBF RF BEAMFORMER DESIGN

In this scheme, our aim is to suppress the strong SI and
maximize Rt via designing the DL RF stage fp, which
steers the beam at DL user jointly with the design of
UL RF stage fy for UL user. The objective here is to
generate the orthogonal beams, which are steered at the
desired DL and UL user, which are located at 6p and Oy,
respectively. In particular, we use the measured SI channel
Hg;, which consists of LoS path components. Then, the
effective reduced-size SI channel matrix as seen from the
BB-stages can be written as follows:

Hsi(, 5, n) = £ Hsi(:, 1, n)fp. (23)

Based on the orthogonality principle, we can generate
Mgs(M,5) orthogonal DL (UL) beams. Here, the design of
DL and UL OBF REF stages, which satisfies the orthogonality
property, can be given as follows [35]:

1 . ) T
£95F (gp) = i [17 6127111005(0[;),.._’e/Zﬂd(Md:—l)cos(OD)] (24)
\' AY
1 . ) T
fOBF (9,)) = [1’ gmi2mdeos@y) e—ﬂﬂd(MM—l)cos(HU)] )
v My
(25)

The use of SC architecture for beamforming simplifies the
design of thF and f?}BF as it requires only log,(Mys) and
log,(M,s) PSs at Tx and Rx, respectively when compared to
log,(Mp) and log,(My) PSs when using FC antenna array.
The OBF RF stages are formulated using the DL/UL angle
pair while satisfying CM constraints.

2) NOBF RF BEAMFORMER WITH SAS DESIGN

The simulation results in [35] show that HBF based on
NOBF RF beamformer stages can achieve better SI suppres-
sion than OBF RF stages, where the latter is formulated using
the orthogonal angle pairs. In this proposed HBF scheme
using NOBF RF stages, our motivation is to suppress the
strong SI while maximizing the total achievable rate for
a FD mMIMO system using a measured SI channel (i.e.,
real-time implementation). Particularly, we introduce beam
perturbations jointly with Tx-Rx SAS to design the RF
beamforming stages.

Remark 1: The orthogonality constraint limits the number
of orthogonal UL and DL beam pairs that can be supported
in a given system, which can become a bottleneck in
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scenarios of high user density. As the number of UL
and DL users increases, the available orthogonal resources
may be exhausted, leading to reduced system capacity and
throughput.

Remark 2: Compared to the NOBF scheme in [35], which
introduces phase-range constraint scheme, the proposed
directivity-loss constraint NOBF scheme allows a more
freedom to perturb the orthogonal beams while keeping the
directivity loss to a small value. Moreover, the proposed
NOBF scheme in [35] is limited by the quantized angle
pairs, where the users’ AoD and AoA have to be quantized,
and then the DL and UL beams are steered within the
boundary of the quantized angles. Thus, for a small number
of antennas, the quantization process can introduce large
errors, which can result in reduced directivity gain. On the
other hand, the quantization error can be low for large
number of antennas, however, the non-orthogonal beams can
only be steered within tight boundaries, so the beamforming-
based SI suppression might be limited.

Remark 2: The use of SC Tx and Rx structures enable

the creation of a reduced-size SI channel matrix based
on the chosen Tx and Rx sub-array configuration. This
reduced-size matrix captures the SI channel characteristics
specific to the selected antennas. By leveraging the spatial
properties of the sub-arrays, the SI channel exhibits improved
isolation and reduced coupling, leading to a lower level
of SI. By choosing the best subset of antennas, we can
increase the spatial separation between the desired signal
and the interfering signals, thereby augmenting the system’s
capability to support multiple independent spatial channels
simultaneously. This increased spatial DoF translates into
higher capacity, improved system performance, and efficient
management of interference in FD mMIMO systems.
As a continuation to the SI suppression scheme in [35], we
propose to explore the HBF with NOBF RF beamformers
jointly with SAS to minimize SI and maximize capacity.
Instead of using the quantized angle pairs, we allow the
DL and UL beams to be slightly steered away from
the AoD and AoA angles to minimize the SI power
while maintaining possible degradation in directivity within
affordable constraints. In particular, the proposed NOBF with
SAS approach optimize the UL and DL RF beamformers via
new non-orthogonal angles as well as selects the best Tx-Rx
sub-array pair for enhanced SI suppression in FD mMIMO
systems. For a given orthogonal angle pair {6p, Oy}, we
introduce a perturbation to make them non-orthogonal angle
pair to suppress SI (i.e., the UL and DL RF beamformers
steer the non-orthogonal beams at {éD, éU}).

We propose a swarm intelligence inspired particle swarm
optimization (PSO)-based perturbation scheme to solve the
challenging non-convex optimization problem (as given
in (20)), which can find the optimal DL and UL beam
directions éD, éu jointly with Tx and Rx best sub-array pair
{p, g} to minimize SI and maximize total achievable rate
while satisfying the corresponding directivity degradation
and SAS constraints C; — C4. The algorithm starts with a
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swarm of Z particles, each with its own position, velocity,
and fitness value, which are randomly placed in optimization
search space of perturbation coefficients. During a total of T
iterations, the particle z communicates with each other, and
move for the exploration of the optimization space to find the
optimal solution. Let Xg) be the perturbation vector of z”
particle during " iteration, which consists of optimization
variables, and can be given as follows:

X = [éf), 0, 1 qz],

wherez=1,...,Zandt=0,1,..., T. Foreach 7 particle,
by substituting (26) in (24) and (25), the DL and UL NOBF
RF beamformers fD(X ) and fU(X ) can be obtained as
function of perturbation angles QZ and Glzj, respectively. By
using (14), MOOP can be ertten as:

zlv > I (X0 Hsi (X0 ) (X) - aRe (X0 27)
Based on the sub-array mapping as discussed in
Section III-A, each 7" particle finds the best Tx-Rx sub-
array indices p?, g%, and uses the corresponding measured SI
channel HSI(Xg)) instead of using the complete measured
SI channel Hgyarr, which greatly reduces SI. Then, the
personal best for the z” particle and the current global best
among all particles at the ¢ iteration, are respectively found
as follows

(26)

1
X{f;l = g min N Zn |f[T, (Xy))HSI (Xg'))fp (Xi’)) |2 — aRt (X;’))
X v =0,1,.
(23)
R 1
Xl(;e)sl = ® arg min N Zn ‘fT (XI(JQ\( )HSI (Xl(yte)sl )fD (Xl(nte)sn 4)|2 (29)
Xh’cle'v’rio l Z

—oRt (Xl(y)zsl )

The convergence of the proposed joint NOBF scheme with

SAS for enhanced SI suppression depends on the velocity

vector v, for both personal best Xpeg,; and global best Xpest
solutions, which is defined as follows:

VD = 0 (X0, - XO) + 22 (X(,.

U]
best best,z Xét)) + Q3 vét)’
(30)

® fth

where vi” is the velocity of the z”* particle at the
iteration, €21, 2, are the random diagonal matrices with
the uniformly distributed entries over [0, 2] and represent
the social relations among the particles, and the tendency
of a given particle for moving towards its personal best,
respectively. Here, Q3 = (TT_I)I@NDHNU) is the diagonal
inertia weight matrix, which finds the balance between
exploration and exploitation for optimal solution in search
space. By using (30), the position of each particle during 1
iteration is updated as:

XD = clip(Xg’) + v X o, XUpp)» G

where X ow € RCVYT2V0) and Xy, € RV2H2V0) are the

lower-bound and upper-bound vectors for the perturbation
coefficients, respectively, and are constructed according to
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Algorithm 1: Proposed Swarm Intelligence-Based
NOBF RF Stages With SAS
Input: Z, T, Mas, Mys, Hgy, (0p, ¥p), (Bu, Yu).
Output: QD, GU
fort=0:T do

1 forz=1:Zdo

2 if + = O then

3 Initialize the velocity as VEO) = 0.

4 Initialize Xg) uniformly distributed in
[XLow, XUpp]~

5 else

6 Update the velocity v§” via (30).

7 Update the perturbation th) via (31).

8 end

9 Find the personal best Xbegt . via (28).

10 end

i | Find the global best X\ as in (30).

12 Design RF stages fp, fyy via (32),(33).

13 end

the earlier defined boundaries of each perturbation coef-
ficient given in C; — C4. Here, we define clip(x, a,b) =
min(max(x, a), b) as the clipping function to avoid exceeding
the bounds. Furthermore, different from the sub-optimal
approach, we here consider each perturbation coefficient as a
continuous variable inside its boundary. Then, we can design
the NOBF RF stages with SAS as follows:

ngBF(ép,p> _ l(p) |:1’ej27zdcos(ép) ejznd(M[‘,f’—l)cos(éD)]T(?)z)
Md.\'

R 1
£ <9U, t1> =
My

.....

.....

|:l e—jancos(éU) eijﬂd(M;z’ 71)005(6‘1/) :| T

B

(33)

The design of proposed swarm intelligence-based NOBF
RF stages utilizing beam perturbations jointly with SAS is
summarized in Algorithm 1.

B. BB STAGES DESIGN

After designing the RF beamformers fp and fy, the BB
precoder stages Bp and By only employ the reduced-
size effective downlink channel matrix Hp = Hpfp €
CKp*Np and uplink channel matrix Hy = fyHy € CNvxKu,
respectively. Therefore, it remarkably reduces the channel
estimation overhead size in the FD mMIMO systems with
large antenna arrays. Considering that the number of RF
chains in the proposed FD SC-HBF scheme is significantly
smaller than the number of antennas (i.e., Np < My, and
Ny < My), the utilization of effective DL/UL channel
matrices reduces the total CSI overhead size from My x
Kp + M,; x Ky to Np x Kp + Ny x Ky. It is important
to highlight that the instantaneous SI channel matrix Hgy
is not required in the proposed BB precoder/combiner
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FIGURE 3. OTA FD mMIMO lab setup for S| measurement. (a) Anechoic chamber. (b) Tx and Rx setup.

design. We here develop BB precoder/combiner via applying
regularized zero-forcing (RZF). Here, the primary objective
is maximizing the intended DL and UL signal power while
suppressing the IUI power. According to the well-known
RZF technique, we first define the BB DL stage as follows:

Bp = kpX, ' HY e CNoxkp (34)

where kp = \/PD/ tr(HpXp, tHEpX, HI) is the normal-
ization scalar satisfying the maximum DL transmit power
constraint of Pp as indicated in Section II-A. According
to the RZF technique, we here define Xp = Hg’HD +

2
PDG/—”I'(DIND € CNo*Np which aims to eliminate TUI by taking
noise power O’v% into account for the regularization. Similarly,
the UL BB stage By is also designed as:
By = HIX' e CKvNu, (35)

H_ 9% NyxN, -
where Xy = HyH |, + ﬁINU € CYv*NU according to the
RZF technique.

V. ILLUSTRATIVE RESULTS

In this section, we present the Monte Carlo simulation results
to illustrate the performance of the proposed HBF with
NOBF RF beamformers and SAS scheme in FD mMIMO
systems. In particular, we consider the measured SI channel
in an anechoic chamber to provide realistic SI suppression
capability and capacity gain of a practical FD mMIMO
system over HD mMIMO system. We consider Np = Ny
= 1 RF chain to serve a single UL and DL UE with 1x4
and 1x8 sub-array configurations for the results presented
hereafter. It is important to mention that the proposed HBF
scheme requires only 1 RF chain as compared to FDBF,
which need 4 or 8 RF chains to support single UL and
single DL UE. Thus, the proposed HBF scheme significantly
reduces the number of RF chains, especially when the
number of served users increases. For PSO, we use the
following values: Z = 20, Q) = Q7 =2, and Q3 = 1.1.
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A. MEASURED SI CHANNEL
We consider a measured SI channel based on the mea-
surement setup designed in an anechoic chamber (i.e.,
without external surrounding reflections) as shown in Fig. 3.
The OTA FD lab setup has following internal dimensions:
1) length = 20 ft (6.096 m); 2) width = 8 ft (2.438 m); and
3) height = 8 ft (2.438 m). This non-reflective space was
large enough to place our antenna array under test (measuring
84 cm x 32 cm, WxH) on a positioner, approximately 4
ft away from each of C-RAM SFC-48 absorber covered
five walls (reflection < —45 dB at 3.5 GHz). We did not
observe significant changes to the measured SI channel when
slightly rotating the antenna under test. The antenna arrays
consisted of 64 right-hand circular polarization Tx elements
and 64 left-hand circular polarization Rx elements. These
elements were designed to minimize cross-polarization, and
all antenna elements shared a common ground plane. Both
the Tx and Rx antenna arrays were arranged in an 8x8§
URA configuration, with a spacing of 20 cm between these
two arrays, enhancing passive isolation. Fig. 3 illustrates
the mapping of the 64 Tx and 64 Rx antenna arrays.
The S-parameters were measured with vector network
analyzer (VNA) Keysight PNA N5247A, configured with
an output power of 10 dBm. To reduce the effect of noise
on the expected high isolation measurements, intermediate
frequency (IF) BW should be set 300 Hz (resulting in an
integrated thermal noise power of -149 dBm), and trace
smoothing function was set to 1%, the averaging was
turned off. The measurement bandwidth was 1 GHz, from
3 GHz to 4 GHz, with a step size of 625 kHz (resulting in
1601 measurement points). The sweep time for each antenna
elements pair was ~10 sec, thus total measurement time for
64 x 64 = 4096 combinations, was expected to be 11.5 hrs.
The Tx and Rx antennas were connected to the VNA via
5m long coaxial cables, and MCL USB-1SP16T-83H RF
absorptive switches, with approximate total insertion loss of
12.5 dB, on both the Tx and Rx sides. To construct the full
64 x64 s-parameters matrix, the measurements were done
using two SP16T RF switches (one for Tx and one for Rx)
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FIGURE 4. Achieved Sl suppression using 1x4 sub-array with 20 MHz BW. (a) Proposed NOBF with SAS. (b) OBF. (c) Sl suppression gain.

connected to each 4x4 sub-section at a time. The obtained
s-parameters were transmitted to a PC via Ethernet and post-
processed in MATLAB, to de-embed all insertion losses of
the test setup, and to construct 64 Tx by 64 Rx SI channel
matrix for further use in analysis and simulations of the FD
mMIMO testbed system. The detailed results of the measured
64 Tx by 64 Rx SI channel, such as magnitude, phase, and
delay are discussed in detail in [45]. The individual isolation
between each Tx and Rx element ranged from approximately
37 dB to 80 dB, thus the resulting minimum SNR, in front
of the VNA receiver, was expected to be approximately
54 dB (10dBm - 12.5dB — 80dB — 12.5 dB + 149dBm).
The observed trace variations over frequency, for fixed RF
attenuator of 100dB at VNA ports, were approximately
40.75 dB, £3°, and £100ps for group delay. This setup is
used for SI channel measurement.

The resulting parameters in the form of .S2P file are used
to get a 64x64 SI channel matrix, which is mainly due
to internal coupling between Tx and Rx antenna elements
(i.e., consisting of only LoS path components). Then, the
complete SI channel matrix Hgy arr has dimensions of
64 x 64 x 1601 for a total of 1601 different frequency
points. As mentioned earlier, we consider a ULA sub-array
configurations of 4 and 8 antenna elements for both Tx
and Rx. Hence, the corresponding SI channels for 1x4 and
1x8 sub-array configurations can be represented as Hgy €
CH*4x1601 and Hgy € C8*8x1601 " respectively. As per 3GPP
specification, the UL and DL channel BW can vary from
5 MHz to 100 MHz [46], then the corresponding SI channel
for the given BW can be written as: Hs;p = Hsi(:, 1, n)
e C**n where i = {4, 8}, B is the given BW, and n =
1,2,...,N is the sample frequency point for a total of N
frequency points in a given BW. For instance, for a BW
of 20 MHz, n = 1, 2, ..., 33 for the frequency range from
3.49 GHz to 3.51 GHz. Similarly, for a BW of 100 MHz,
n=1,2,...,161 for the frequency range from 3.45 GHz
to 3.55 GHz.

B. SELF-INTERFERENCE SUPPRESSION
In this subsection, we first present the results of achieved SI
using the proposed HBF scheme for NOBF RF beamformers
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with SAS, and compare it to HBF scheme with OBF RF
beamformer. In Fig. 4, we consider six different angular
UE locations (i.e., {fp, Oy} € {15°:30°:180°}) and generate
the results using 1x4 sub-arrays for Tx and Rx antenna
elements with a maximum directivity degradation € =1 dB
and a bandwidth of 20 MHz. In OBF scheme, the beams
generated by the UL and DL RF beamformers are steered
at exact UE locations (i.e., both fp(6p) and fy(Oy) steer
the beams at 6p and Oy, respectively). It can be seen that
the design of RF beamformers fp(fp) and fy(fy) using
OBF can achieve SI suppression ranging from -38.74 dB to
-75.05 dB for different UL/DL UE angle pairs. On the other
hand, the proposed NOBF scheme with SAS can achieve
SI suppression ranging from -61.59 dB to -77.57 dB. This
shows that the design of RF beamformers fD(éD), fU(éU)
using the proposed NOBF RF beamformers with SAS can
provide an additional SI suppression gain of 19 dB on
average when compared to OBF, and can further reduce SI
by a maximum of 33.04 dB (e.g., for 6p = 135°, 6y = 45°,
SI suppression improves from -39.91 dB to -72.96 dB). In
other words, by introducing beam perturbation in both UL
and DL directions and the selection of the best Tx-Rx sub-
array pair can improve SI suppression capability by more
than 82% using the proposed NOBF with SAS HBF scheme.

The use of a larger sub-array at Tx and Rx can generate
narrower beams and can serve large number of users. In
Fig. 5, we compare the achieved SI suppression results
using 1x8 sub-array for six different UL and DL UE
angular locations and compare the performance of HBF
scheme with NOBF and SAS versus HBF scheme with
OBF RF beamformers. It is noteworthy to mention that,
even though using a larger array structure can narrow the
mainbeam width, however, due to the orthogonality, there
is still a limitation on the number of orthogonal UL/DL
beams that can be generated with such large array structures.
As a result, using OBF restricts the maximum number of
UL and DL users that can be served simultaneously in
FD mMIMO systems. The proposed HBF with NOBF RF
beamformers and SAS can achieve SI suppression ranging
between —51.93 dB and —77.45 dB, where the achieved
SI suppression for OBF RF beamformers varies between
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FIGURE 6. FD-to-HD rate ratio versus BS/UE transmit power using OBF with 1 x 4 sub-array at 20 MHz. (a) Total. (b) DL. (c) UL.

—37.35 dB to —69.05 dB. Thus, the proposed HBF scheme
with NOBF RF stages and SAS can provide an additional
SI suppression gain of around 15.43 dB (on average) with a
maximum SI suppression improvement of around -31.11 dB,
which represents an enhanced SI suppression capability of
78.69%.

C. FD-TO-HD ACHIEVABLE RATE RATIO

In this subsection, we compare the achievable rate of FD
mMIMO system versus the HD mMIMO system for UL and
DL transmission. In particular, the UL and DL transmissions
are operated separately in the case of HD communications,
where the received DL signal given in (3) does not include
IUI by UL UE. Similarly, the received UL signal given in (5)
does not experience the strong SI. As a benchmark scheme,
we consider the angular-based HBF technique in [24], which
considers the DL transmission via applying OBF at the
RF-stage and RZF at the BB-stage. Similarly, for the UL
transmission, we develop the angular-based HC technique
using [24] to compare both HD UL and DL rate with FD
rate of the proposed HBF scheme. Since the HD DL and UL
transmissions are carried out over either different time-slots
or different frequency bands, therefore, the DL, UL and total
achievable rate in the HD transmission are normalized as:
Rp,uD %RD, Ry HD %RU, and Rtota, HD = Rp,HD +
Ry up respectively. To better compare the achievable rate of
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FD and HD transmission, we use the FD-to-HD rate ratio,

Lo . R . R
which is defined as Ratiop = 72f2, Ratioy = 22, and
R Rp HD Ry uD
Ratior = R;'}FI ]; , where Rp rp, Ry rp and Rr pp are the DL,

UL and total achievable rates in FD communications and
can be calculated using (18). In Fig. 6, we compare the DL,
UL and total FD-to-HD rate ratio versus BS transmit power
Pp and UL UE transmit power Py using the measured SI
channel. Given the maximum BS transmit power as 44 dBm
at sub—6 GHz band [47], the BS transmit power range is
considered as Pp € [0, 40] dBm. For simplicity, we consider
the same range for the UL UE transmit power (i.e., Py €
[0,40] dBm) though BS and UE have different hardware
constraints. Here, we depict the results for the proposed HBF
scheme using OBF RF beamformers to compare the FD-to-
HD performance at different BS and UE power levels and
to provide understanding of how different power levels can
impact the FD achievable rate at a fixed angular location
(i.e., Op = 135°, 0y = 15°).

In Fig. 6(a), the total rate ratio is analyzed, which shows
that FD transmission can double the capacity with respect to
the conventional HD transmission at low power levels of BS
and UL UE. Though the FD-to-HD total rate ratio (Ratior)
decays for very high UL UE transmit power, the proposed
HBF scheme can still provide higher capacity (> Rr HD)
even for the extreme case of very high UL UE power (i.e.,
at Py = 40 dBm, Ratior > 1.0). As shown in Fig. 6(b),
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FIGURE 7. FD-to-HD total rate ratio at different UL/DL UE angular locations with 1 x 8 sub-array at 20 MHz. (a) NOBF with SAS. (b) NOBF. (c) OBF.

the DL rate ratio improves when Pp increases and only
drops below the unity ratio for Py > 35 dBm and low
Pp values (i.e., for Pp € [0, 10] dBm, Ratioy € [0.8, 1].
This means HD transmissions can provide higher capacity
than FD communications in such cases), where the large UL
power boosts the IUI power in comparison to the low DL
intended signal power (please see (3)). Similarly, the UL
rate ratio as depicted in Fig. 6(c) shows that the increased SI
power due to the high BS transmit power negatively affect
the UL transmission. For instance, at Py = 30 dBm, the
FD-to-HD uplink rate ratio (Ratioy) is exactly 2.00 and 1.12
for Pp = 0 dBm and Pp = 40 dBm, respectively.

Fig. 7 depicts the FD-to-HD total rate ratio (Ratior) for
a fixed BS and UL UE transmit power (i.e., Pp = 30 dBm
and Py =20 dBm).4 Here, we consider six different angular
locations for the DL and UL UE (.e., {GSLL,G{J\LL} €
{15°:30°:180°}) and compares Ratior using 1x8 sub-arrays
with 20 MHz BW and maximum directivity degradation
€ =1dB for the following three cases: 1) Proposed
HBF with NOBF RF beamformers with SAS (MOOP);
2) Proposed HBF with NOBF RF beamformers (SOOP)’;
and 3) Proposed HBF with OBF RF beamformers. Fig. 7
shows that HBF with OBF scheme results in poor FD-
to-HD rate ratio when both UL and DL UE have same
angular locations (on average the total rate ratio is around
0.74). By using the HBF with NOBF RF stages (SOOP) can
significantly increase the rate ratio at most angular locations,
however, due to SI channel characteristics and the use of a
fixed Tx-Rx sub-array pair, we can see that SOOP can still
result in low FD total rate at few angular locations (e.g.,
{6p, Oy} = {75°,105°}, and HD transmissions can provide
better total rate than FD communications at these angular
locations). Moreover, the use of a larger sub-array can still
suffer from low FD-to-HD total ratio at certain angular

4From Fig. 6, we can see that high values of BS and UL UE transmit
power can significantly reduce Ratioy for OBF scheme. Our motivation is
to show that using the proposed HBF with NOBF and SAS scheme, we
can enhance the total rate in FD communications even for the extreme case
of very high power UL UE values, thus achieving Ratior close to 2.

SIn this approach, we design NOBF RF beamformers for single objective
optimization problem (i.e., to minimizing SI). We consider fixed Tx-Rx
sub-arrays (without SAS) and find the optimal beam perturbations only.
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FIGURE 8. FD-to-HD total rate ratio improvement with 1 x 8 sub-array at 20 MHz.
(a) NOBF with SAS. (b) NOBF.

locations, and the number of such angle pairs with low FD-
to-HD rate ratio can increase for even larger array structures.
This issue can be resolved by using HBF with NOBF RF
beamformer jointly with SAS, which can provide spatial
DoF to improve FD rate at all UL/DL UE angular locations.
In Fig. 7(a), we can see the mean total FD-to-HD rate
ratio is around 1.88 {# 1, 9/M} and 1.79 {95AME, 9SAMEY
which represents an increase of around 11.6% and 142.3%,
respectively when compared to OBF total rate ratio.

Fig. 8 plots the FD-to-HD total rate ratio improvement
using 1x8 sub-array. Fig. 8(b) shows the percentage gain in
FD-to-HD total rate ratio for the proposed HBF with NOBF
RF stages (SOOP) over OBF. We define the percentage
improvement in FD-to-HD total rate ratio as follows:

Ratior ; — Ratioppr

Ratio Gain(%) = ( ) x 100, (36)

Ratioppp

where s = {NOBF (SOOP), NOBF with SAS (MOOP)}.
We can see from Fig. 8 that compared to the mean gains
of 6.57% for {6511, 0} and 87.8% for {H5AME, 95AMEY
with SOOP, MOOP can provide the mean gains of 11.6%
for {05L, 0411} and 142.3% for {93AME, 9SAME)

In Fig. 9, we present the FD-to-HD total rate ratio versus
the angular spacing between both UL and DL UE for a
fixed power levels using 1x4 sub-array. Here, we consider
the DL UE is located at fixed 6p = 75° and the UL
UE varies its angular location (i.e., Oy € {75°:1°:135°}).
Thus, the angle separation between UL/DL UE can vary
from 0° to 60°. It can be seen that by using the proposed
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FIGURE 9. FD-to-HD total rate ratio versus angular separation with 1 x 4 sub-array
at 20 MHz. (a) NOBF with SAS. (b) OBF.

HBF with NOBF RF stages jointly with SAS (MOOP) can
achieve FD-to-HD total rate ratio > 1.5 with minimum
angle separation of 0°. In other words, the proposed NOBF
with SAS (MOOP) can give at least 1.5 times the total
achievable rate of HD transmissions irrespective of UL and
DL UE locations in FD mMIMO systems, whereas, with
OBF scheme, a minimum angle separation of 7° is required
to achieve the rate ratio of at least 1.5. For Ratioy > 1.8,
we need angle separation of at least 14° with OBF scheme.
However, with the proposed NOBF scheme, we require a
minimum angle separation of 3°. Similarly, Fig. 10 compares
the minimum angle separation for the case when both Tx
and Rx are equipped with 1x8 sub-array for DL UE located
at fixed 6p = 15° and the UL UE varies its angular location
(i.e., Oy € {15°:1°:75°}). Compared to the minimum angle
separation of 3° and 6° for OBF scheme to achieve ratio
> 1.5 and 1.8, respectively, the proposed HBF scheme with
NOBF RF beamformers and SAS (MOOP) scheme only
requires 0° and 5° of UL/DL UE angular separation. It
must be noted that the use of larger sub-array can generate
narrow beams for UL and DL UE, which can reduce IUI,
and thus reducing minimum angle separation. In Fig. 11,
we compare the total achievable rate versus transmit power
of our proposed schemes (i.e., NOBF with SAS (MOOP)
and NOBF (SOOP)) with OBF as well as the HBF solutions
presented in [22], [23], [33]. We consider Kp = Ky = 1,
which are located at azimuth angle 6p = 75°, 0y = 135°.
By using 1 x 4 Tx and Rx sub-arrays, it can be seen that
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FIGURE 10. FD-to-HD total rate ratio versus angular separation with 1 x 8 sub-array
at 20 MHz. (a) NOBF with SAS. (b) OBF.
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FIGURE 11. Total achievable rate versus transmit power with 1 x 4 sub-array.

compared to OBF and HBF solutions in [22], [23], [33], the
proposed NOBF schemes can significantly increase the total
achievable rate by suppressing the strong SI. For example,
NOBEF can provide an increase of 1-2 bps/Hz when compared
to OBF, however, by using the proposed NOBF with SAS, we
can achieve a gain of around 3-4 bps/Hz. It is noteworthy to
mention that our proposed NOBF with SAS can significantly
increase the total achievable rate, especially when operating
under the following conditions: 1) harnessing a larger sub-
array (i.e., 1 x 8); and 2) accommodating a greater number
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FIGURE 12. Sl suppression bound comparison using 1x8 sub-array. (a) Achieved S|
versus 6y. (b) Achieved Sl versus 6p.

of users. This highlights the scalability and adaptability of
our approach, offering promising performance enhancements
in FD mMIMO systems.

D. CONSTRAINED VERSUS UNCONSTRAINED SI
SUPPRESSION COMPARISON

In this section, we compare the achieved SI using 1x8 sub-
array for the following schemes: 1) HBF with OBF
RF beamformers; 2) HBF with NOBF RF beamformers
(NOBF-SOOP); 3) HBF with NOBF RF beamformers
(NOBF-MOOP); and 4) HBF with NOBF RF beam-
formers jointly with SAS (NOBF-MOOP-SAS). For the
NOBF schemes, we compare the results for directivity
degradation of ¢ = 1 dB. In Fig. 12(a), we plot the
achieved SI versus different UL UE angular locations
(i.e., Oy € {15°:30°:180°}) for a fixed DL UE location
(Op = 165°). The results show that OBF scheme can
provide very low SI suppression with a minimum value
of around —55 dB. In comparison, both NOBF schemes
(NOBF-SOOP and NOBF-MOOP) can achieve better SI
suppression levels at all UL-DL UE angle pairs with a
minimum SI suppression of around —63 dB. However,
the use of SAS jointly with NOBF for MOOP (NOBF-
MOOP-SAS) can reduce SI as low as —76 dB, which
is very close to lower bound values of SI suppression.
Here, the lower bound for SI suppression level can be
achieved by considering the loose directivity degradation
limits (i.e., € = o0). In other words, this loose bound can
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FIGURE 13. Achieved Sl and FD-to-HD total rate ratio tradeoff using OBF and NOBF
with SAS schemes. (a) 1x4 sub-array. (b) 1x8 sub-array.

be considered as an unconstrained optimization, which can
allow beam perturbations in both UL and DL directions
with high directivity degradation. Our objective here is to
show that by using the proposed NOBF-MOOP-SAS with
a tight bound of ¢ = 1 dB, we can closely approach
the unbounded SI suppression (¢ = o00). Compared to
the mean difference of 28.3 dB, 24.1 dB of OBF and
NOBF-SOOP (NOBF-MOOP) schemes from the lower
bound, NOBF-MOOP-SAS has a mean difference of only
around 3.81 dB. Similarly, Fig. 12(b) depicts the bounded
versus unbounded SI suppression comparisons for different
DL UE angular locations (i.e., 6p € {15°:30°:180°})
for a fixed UL UE location (§y = 15°). Here, we
can see that NOBF-MOOP-SAS scheme can achieve SI
suppression level close to the bound with an average
difference of around 5.2 dB. Thus, we can see that
ASINOBE-MOOP-SAS (€ = 00) = AgS|NOBE-MOOP-SAs(€ = 1)
< As1,NOBF-500P (ASLNOBF-MOOP) < ASL,OBE-

E. ACHIEVED SI AND ACHIEVABLE RATE RATIO
TRADEOFF

In this section, we compare the achieved SI as well as FD-to-
HD total rate ratio for six different UL and DL locations (i.e.,
{6p, Oy} € {15°:30°:180°}), which generates 36 possible UL-
DL angle pairs. Fig. 13(a) evaluates the frequency (number
of occurrences) of UL-DL angle pairs while satisfying certain
performance metric. For instance, using OBF scheme, we
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TABLE 1. Performance comparison: NOBF with SAS vs. OBF (1x4 and 20 MHz BW).

HBF Scheme .
. Improvement using NOBF HBF
Performance Metrics OBF NOBF
SOOP | MOOP with SAS SOOP vs. OBF | MOOP + SAS vs. OBF
Best0 -75.05 -75.9 -77.57 16.25 33.04
Achieved SI(dB) Worst -38.74 | -40.01 -61.59 0.569 1.25
Avg -52.6 -59.69 -71.96 7.07 19.33
. Best 1.930 1.929 1.948 225.8 261.1
FD-to-HD Total Rate Ratio
(All UL/DL UE locations) [150 - 30° : 1650] Worst 0.514 0.597 1.598 -6.18 -5.887
Avg 1.650 1.780 1.886 7.87 14.3
. Best 0.879 1.674 1.885 225.8 261.1
FD-to-HD Total Rate Ratio
(Same UL/DL UE locations) [150 - 300 : 1650] Worst 0.514 0.597 1.598 1.56 83.51
Avg 0.730 1.371 1.774 87.6 143
TABLE 2. Performance comparison: NOBF with SAS vs. OBF (1x8 and 20 MHz BW).
HBF Scheme .
X Improvement using NOBF HBF
Performance Metrics OBF NOBF
SOOP | MOOP with SAS SOOP vs. OBF | MOOP + SAS vs. OBF
Best -69.0 -77.46 -77.45 17.3 31.11
Achieved SI(dB) Worst -37.35 -38.9 -51.93 1.16 4.24
Avg -55.0 -62.59 -70.43 7.58 15.43
X Best 1.939 1.936 1.952 217.1 239
FD-to-HD Total Rate Ratio
(All UL/DL UE locations) [15° : 30° : 165°] ‘Worst 0.5481 0.864 1.694 -2.19 -2.13
Avg 1.689 1.80 1.886 6.57 11.6
. Best 0.873 1.738 1.872 217.1 239
FD-to-HD Total Rate Ratio
(Same UL/DL UE locations) [15° : 30° : 165°] | Worst || 0548 | 0.864 1.69 -1.03 104.5
Avg 0.741 1.392 1.796 87.8 142.3
can achieve SI suppression < —50 dB together with FD-to- VI. CONCLUSION

HD total rate ratio > 1.5 for a total of % UL-DL angle
pairs, which represents 58.3% of the total available angle
pairs. However, there is 3% UL-DL angle pair to achieve
SI < —70 dB jointly with rate ratio > 1.5. On the other
hand, the proposed NOBF-MOOP-SAS scheme can provide
% and % UL-DL angle pairs for (achieved SI < —50 dB &
Ratio > 1.5) and (achieved SI < —70 dB & Ratio > 1.5),
respectively. Similarly, Fig. 13(b) depicts the performance
tradeoff using 1x8 sub-array. The OBF scheme results in
% UL-DL angle pairs to achieve SI < —70 dB & Ratio >
1.5, whereas, the proposed NOBF-MOOP-SAS scheme can
provide % UL-DL angle pairs to achieve SI < —70 dB &
Ratio > 1.5. Thus, the proposed NOBF-MOOP-SAS scheme
can achieve high SI suppression jointly with increased FD-to-
HD rate ratio for 55% of the UL-DL angle pairs as compared
to 0% in the case of OBF scheme. The detailed performance
comparison of the proposed NOBF schemes versus OBF for
1 x4 and 1 x 8 sub-array is summarized in Table 1 and
Table 2, respectively.®

6Best or worst improvement is calculated by comparing the angular
location of the same uplink and downlink UE pair in both OBF and NOBF
schemes.
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This paper considers a FD mMIMO system using a sub-
array-based HBF architecture and investigates the capacity
gains of FD communications over HD transmissions in a
real-time implementation. In particular, the strong SI is
suppressed by designing the RF beamformers jointly with
SAS to utilize the spatial DoF in large array structures, thus
avoiding the use of costly analog SI-cancellation circuits.
To achieve capacity gains in FD communications, a multi-
objective design framework is considered to minimize SI and
maximize the total achievable rate. Based on OTA measured
SI channel, we have proposed a novel HBF scheme that
applies perturbations to the orthogonal beams in UL and
DL beam directions and jointly finds the best Tx-Rx sub-
array pair. To solve this challenging non-convex problem,
we have proposed a swarm intelligence-based algorithmic
solution to find the optimal perturbations and Tx-Rx indices
while satisfying the directivity degradation constraints for
the UL and DL beams. Illustrative results show that the
proposed HBF scheme with NOBF RF stages jointly with
SAS can achieve high SI suppression compared to OBF for
both 1x4 and 1x8 sub-array configurations and can mitigate
SI to —78 dB in real life implementations for FD mMIMO
systems. Moreover, the proposed HBF scheme can achieve an
average capacity gain of around 1.8 for any angular location
of UL-DL UE.
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APPENDIX

PROOF OF LEMMA 1

Let fy and fp be the UL and DL RF beamformers for i
DL UE and j” UL UE, respectively. Then, we can express
the RF beamformers as:

1 ; s ; o5 T
fD(eDi) — — [1’ e/2nAws(0[)’.)’ e dZnA(Mpfl)Lus(QDi)] , (37)
vMp
1 —j2m Acos( 6y —j2wr A(My—1)cos( 6y T
fU(GUj):\/ATU[Le (U-’),...,e v (U’):| .
(33)
Then, we can rewrite the expression for fLT/HSIfD as:
7 Hg/fp
1

. . T
_ s HSII:L e]2ndcos(9D[.)7 L e/2nd(MD—1)cos(9Di)]
VMp Y
1 I:l, e—j2ndcos(9yj)
v My

1 [1 ej27rdcos(0[)l.) ejan(MD—l)cos((?Di):IT

VMp

Hg;

g ooy

,2md(y—1) cos(@yj)i|

My Mp

1 —j2nd<mu cos(Qy.)—my cos(&D»))
- — E E h e J !
] rD" 'U nmy,mgq ’

my=1mg=1

(39)

where hy,, m, is the (my, mg)-th element of Hg;. Since
| cos(By;)l, [cos(Bp,)| < 1, the term inside the exponent
of (39) is bounded as follows:

Imy, cos(0y;) — mg cos(Op;)| < my| cos(6y;)| + mal cos(6p,)|
<my+mg <My +Mys — 2, (40)

where the last inequality follows because m, and my
both range from 1 to My and Mp, respectively. Now, let
us consider the term hy,, ,,. Considering the large array
structures, the path loss between the transmit and receive
antennas within the same device is generally low due to the
short distance between them. Thus, the SI channel, which
is the channel from the transmit antenna to the receive
antenna in the same device, is expected to be very strong
in magnitude. Hence, we can assume that A, ,, has non-
negligible values. Next, we analyze the magnitude of the
expression fEHS,fD. Applying the triangle inequality, we can
write as follows:

T
[ty Hsifp|
My Mp

1 —j2nd(mu cos(8y.)—my cos(Gp.))
= —— h e J !
MpMy 2 2 Fmuma

my=1my=1

IA

1 M Mp
—m Z Z |hmu,md|

my=1mg=1

IA

—— My +Mp — 2) max |h ,
MDMU( U D )mmmdl mu,md|

where the last inequality holds due to the bounds on the
indices m, and my. Based on the assumption that the path

(41)
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loss is significant and the SI channel is strong, we can
infer that the maximum absolute value of the SI channel
coefficients max,, m, |Am,,m,| is very small. Consequently,
we can approximate the expression as follows:

I Hgfp| ~ 0. (42)

This approximation is valid when SI channel is strong, the
path loss is significant, and the array dimensions My and
Mp are sufficiently large. It suggests that the design of DL
and UL RF beamforming stages, represented by Fp and
Fy respectively, can effectively eliminate the interference
caused by the SI channel. Hence, we conclude that for a
given UL-DL angle-pair 0p,, 0y, in large array structures,
the approximation FyHgFp =~ 0 holds, indicating the
suppression of SI interference.
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