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ABSTRACT In-band full-duplex (FD) operation can double the spectral efficiency of massive multiple-
input multiple-output (mMIMO) systems by allowing simultaneous transmission and reception over the
same time/frequency slot. However, the main challenge encountered in implementing an FD radio wireless
transceiver is to greatly suppress the residual self-interference (SI) generated from its own transmitter below
the receiver noise floor to avoid performance degradation in the detection of the signal of interest received
from remote transmitters. It is pointed out that the single-stage digital beamforming (DBF) scheme would
introduce an impractically high complexity unsuitable for implementing FD-mMIMO. This paper considers
an FD hybrid beamforming (FD-HBF) scheme for multi-user (MU)-mMIMO systems, in which large SI-
suppression is achieved by exploring dynamic transmitter/receiver (Tx/Rx) isolation using RF-beamforming
designs, and exploiting the degrees of freedom of a large number of antenna elements in separate Tx and
Rx antenna arrays, in conjunction with high-performance baseband (BB) digital fractionally-spaced (FS) SI-
cancellation (SIC) techniques. This paper starts with a discussion of the main parameters and impairments (in
an mMIMO transceiver) that can impact the SI-suppression performance and the proposed RF-beamforming
Tx/Rx isolation and BB SI-cancellation design strategies along with their achieved performance and com-
plexities. Joint-beamforming optimization to maximize both Tx/Rx performance and isolation is discussed
with an example of a nature-inspired optimization scheme to achieve an average Tx/Rx RF isolation of
64.4 dB and the best isolation of 76 dB. The paper continues with a description of an FD-mMIMO transceiver
prototype using Tx/Rx 8x8-element antenna arrays along with analytical, simulation and measured results.
Illustrative results indicate that the proposed combination of RF-beamforming Tx/Rx isolation and BB digital
fractionally spaced SI-cancellation can offer an overall SI suppression of more than 131 dB and bring the
residual SI below the receiver noise floor.

INDEX TERMS Full-duplex, mMIMO, hybrid beamforming, antenna isolation, joint-beamforming opti-
mization, beamforming isolation, antenna array, baseband SIC.

I. INTRODUCTION
Massive multiple-input and multiple-output (mMIMO) tech-
nology has been developed as a viable technique in response
to the growing demand for high data rates and enhanced spec-
tral efficiency in wireless communication systems [1]. This

technological innovation is integral to the Fifth Generation
(5G) and Beyond 5G (B5G) networks, as they exemplify a
growing inclination towards employing an augmented num-
ber of antennas at the base station (BS). For instance,
the third-generation partnership project (3GPP) has been
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contemplating the deployment of 64-256 antenna configu-
rations [2]. mMIMO increases the overall multi-user (MU)
system capacity by leveraging a considerable number of an-
tenna elements to form directional beams characterized by
high directivity and narrow beamwidth [3], [4]. Nevertheless,
the traditional half-duplex (HD) systems, i.e., time division
duplexing (TDD), in which the systems alternate between
transmitting and receiving, or frequency division duplexing
(FDD), where systems transmit and receive in separate fre-
quency bands, place inherent restrictions on the maximum
data rate and spectrum efficiency. In contrast, when the trans-
mitter (Tx) and receiver (Rx) operate in a full-duplex (FD)
mode, the system can transmit and receive data simultane-
ously on the same frequency band, theoretically doubling
spectral efficiency [5], [6], [7]. Integrating mMIMO with FD
is anticipated to substantially augment the spectral efficiency
and capacity of communication systems [8].

The impact on the receiver performance created by the pos-
sible strong self-interference (SI) from the transmitted signal
of the same node can be the crucial impediment that prevents
FD from being widely adopted. This is particularly critical
because the received signal strength from the intended users
often falls significantly below the SI power. This discrepancy
is attributed to the rapid growth of path loss with distance,
with receive (Rx) antennas being situated much closer to
the local transmit (Tx) antennas compared to those of re-
mote users. The excessive SI power can significantly degrade
the received Signal-to-Interference-and-Noise Ratio (SINR),
further constraining channel throughput [9]. To uphold FD
performance under such conditions, advanced Tx/Rx isolation
and self-interference cancellation (SIC) techniques are piv-
otal for mitigating the SI strength to near or below the noise
floor [6].

A. LITERATURE REVIEW
1) ANTENNA ISOLATION
Tx/Rx isolation refers to the ability of a system to separate
the transmit (Tx) and receive (Rx) signals effectively. It is
achieved by preventing and minimizing the RF leakage signal
between the local Tx and Rx to reduce the SI so as to operate
the receiver front-end and analog-to-digital converter (ADC)
in their linear range. To achieve a high RF isolation, the most
direct way is antenna spacing, which increases path loss [10],
[11]. In addition, the power of the captured coupling waves
can be diminished by applying cross-polarization, which in-
creases the polarization mismatch between the local Rx and
Tx antennas [12], [13]. Experimental results show that RF
isolation plays an essential role in FD communication, and
more than 70 dB SI suppression can be achieved [10], [15].

The mMIMO technology adds more degrees of freedom
that can facilitate improved spatial isolation by using nar-
row, steerable beams. By focusing the signal energy in a
narrow scattering propagation area, it is possible to reduce
the strength of the leakage wave moving in an undesirable
direction. By steering and changing the interactions between

the Tx and Rx beams, the beamformer design can play an
essential role in the FD design. Beamforming isolation can
reduce the SI intensity significantly by electronically steering
the beam toward the radiation nulls of the interference source
antennas [16]. Antenna and beamforming isolation design can
maintain residual SI at the Rx RF chain at a sufficiently low
level to avoid overloading or saturating the front-end ADC or
low-noise amplifier (LNA).

2) RF BEAMFORMING ISOLATION
In recent research, the two-stage hybrid beamforming (HBF)
design has gained popularity as a solution to decrease hard-
ware complexity [17]. HBF splits the beamforming archi-
tecture into two segments: RF Tx/Rx beamforming and the
digital baseband (BB) precoder/combiner. A low number of
RF chains is used to connect these two segments for re-
duced hardware complexity and power consumption. Various
HBF approaches, both for beamforming/combining in down-
link/uplink directions, are examined for HD transmission
in [18], [19], [20], [21], [22], [23], [24] and FD transmission
in [16], [25], [26], [27], [28], [29], [30], [31]. In particular, the
authors in [18] propose a joint design of RF and BB stages
using full channel state information (CSI) to maximize the
total sum-rate of the system. An angular-based HBF tech-
nique is proposed in [19], where the RF-stage is constructed
utilizing users’ angular information only. In [20], 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 technique is
developed using the channel covariance matrix in [21], [22],
[23] for different two-dimensional array structures using both
full and low-resolution hardware components. The authors
then extend their work in [24] for different three-dimensional
array configurations in mMIMO systems and design HBF us-
ing the channel matrix’s singular value decomposition (SVD).

Regarding the FD communications in mMIMO systems, a
hybrid precoding/combining (HPC) technique for millimeter-
wave (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
the far-field (near-field) SI channel is cancelled by 81.5 dB
(44.5 dB) in point-to-point FD mMIMO systems. In [25],
separate and joint FD beamforming algorithms based on
sequential convex programming are presented to maxi-
mize the sum-rate for both single-user (SU-) or multi-user
(MU)-MIMO FD systems. In [26], a FD mmWave relay-
ing 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 systems
is considered in [27], introducing a zero-space SIC method
based on correlated mmWave channel estimation errors.
A FD mmWave HBF scheme is introduced in [16] for a
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MU-mMIMO system, 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 achieve 78.1 dB of SIC in FD mMIMO systems.
In [28], 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 [29] designed the analog and digital beamformers of a
FD mMIMO system based on the practical constraints of
RF chains, channel knowledge, beam alignment, and a lim-
ited receive dynamic range. A two-timescale HBF scheme
for FD mmWave multiple-relay transmission is investigated
in [30], where the analog and digital beams are updated based
on channel samples and real-time low-dimensional effective
channel state information (CSI) matrices, respectively.

By employing the instantaneous SI channel knowledge
during the HBF design, the FD MU-mMIMO systems are
designed to simultaneously support a single downlink UE and
a single uplink UE over the same frequency band [32], and
multiple downlink/uplink UEs [33], [34], where both employ
the instantaneous SI channel knowledge during the HBF de-
sign are proposed. Later, a technique is developed that utilizes
slow time-varying Angle of Departure (AoD) and Angle of
Arrival (AoA) information at the RF stage, along with a
reduced-size effective Channel State Information (CSI) at the
BB stage, to improve the SIC quality in FD mMIMO [31].
Illustrative results show that hybrid techniques can approach
the performance of the fully digital method with lower system
complexity [17], [35], [36].

3) BASEBAND SI-CANCELLATION
The residual SI occurs when the transmitted signal leaks
into the receive path of the same device or system. SIC
techniques aim to suppress or cancel out this interference, al-
lowing the device or system to effectively transmit and receive
signals simultaneously. These techniques involve sophisti-
cated algorithms and signal processing methods to estimate
and subtract the SI from the received signal. The remaining
SI can be further mitigated by the use of digital baseband
SI-cancellation (BB-SIC) techniques, which aim to estimate
the residual SI for reconstructing its counterpart and can-
celling it from the received signal [6], [37]. To reconstruct
the residual SI signal, the baseband (BB) sampled Tx signals
before the Tx RF chains are processed by the set of adaptive
FIR filters and the summed/superimposed outputs are sub-
tracted from the corresponding Rx signals. Most commonly
used structures for digital BB-SIC are based on the transver-
sal symbol-spaced (SS) finite impulse response (FIR) filter,
whose tap-delay is set to the signal’s symbol interval, e.g., [38]
and [39] for FD single-input single-output (SISO) and [40],
[41] for FD multiple-input multiple-output (MIMO). By im-
plementing different design algorithms, such as least-square

(LS), minimum-mean-square-error (MMSE), and maximum-
likelihood (ML), a set of FIR filters with tap coefficients and
digitally controlled delay elements can be used to estimate
the SI channel [6], [37], [40], [42]. A 16-tap BB canceller
in [38] further suppressed a 400 MHz bandwidth SI by around
50 dB after an RF-SIC stage. The work in [39] implemented
a BB-SIC stage directly after the antenna-level SIC to reduce
the SI by around 30 dB for a low-power or short-range, single-
antenna full-duplex communication system. In [41], a BB
delay-based FIR filtering SI-canceller for 2×2 Full-Duplex
MIMO has been implemented and up to 35/45 dB average
self-interference-cancellation (SIC) across 40/20 MHz band-
width has been achieved.

B. CONTRIBUTIONS
This paper examines an FD hybrid beamforming (FD-HBF)
scheme for mMIMO (FD-HBF-mMIMO) systems, which
explores large-scale Tx/Rx antenna array design and joint
Tx/Rx beamforming optimization to achieve dual goals: max-
imizing both Tx/Rx performance and isolation by exploiting
the degrees of freedom in mMIMO, in conjunction with
high-performance baseband (BB) digital fractionally-spaced
SIC techniques. We show that by using antenna isola-
tion, RF beamforming, and BB-SIC in FD-HBF-mMIMO
systems, we can achieve a total SI suppression of more
than 131 dB, and bring the residual SI below the re-
ceiver noise floor. The main contributions are summarized as
follows:

1) We consider a pair of cross-polarized 8 × 8 rectangular
antenna arrays, which is designed to reduce the Tx/Rx
coupling in FD-mMIMO systems. Particularly, a total of
64×64 = 4096 SI channels between Tx and Rx antenna
are measured in an anechoic chamber with a total of
1601 sampling points between frequency range from
3 GHz to 4 GHz for each SI channel. The experimental
results illustrate that an average SI isolation of 56 dB
can be achieved over a bandwidth of 20 MHz (centered
at 3.5 GHz) by the prototype of FD-mMIMO antenna
arrays.

2) We propose the design of RF beamforming stages for
both Tx and Rx to suppress the strong SI while uti-
lizing the spatial degrees of freedom offered due to
the use of large array structures. In particular, the RF
beamforming stages are designed to steer the beams at
uplink and downlink users with some beam perturbation
within the directivity degradation constraints in Tx/Rx
directions. The sample 1x4 sub-arrays demonstrate an
average Tx/Rx RF isolation of 64.4 dB and the best
isolation of 76 dB with the proposed RF beamforming
scheme, which can avoid the need of costly RF-SIC
stages.

3) We consider digital BB-SIC to jointly optimize both
Tx/Rx performance as well as further suppress/cancel
the residual SI (after antenna isolation and RF
beamforming) by using fractionally-spaced (FS) SIC
techniques. Illustrative results reveal that the FS-FIR
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FIGURE 1. FD-HBF-mMIMO system with several SI isolation and cancellation stages.

structure can significantly improve the SIC performance
with an oversampling rate larger than 1 by avoiding
possible aliasing due to sampling at the symbol rate.
An additional SI suppression of more than 75 dB can
be achieved in the simulation via the proposed BB-SIC,
which brings the residual SI to the noise floor.

C. ORGANIZATION
The rest of this paper is organized as follows. Section II in-
troduces the proposed FD-HBF-mMIMO architecture and the
system model, outlining the design methodologies employed
to achieve the necessary SI isolation and cancellation. Sec-
tion III delves into the design aspects of the antenna array,
focusing on achieving considerable Tx/Rx isolation appro-
priate for FD-mMIMO and presents prototype developments
and corresponding measured SI channels. Section IV exam-
ines RF Tx/Rx beamforming for FD operation, proposing
an optimized joint Tx/Rx beamforming solution to minimize
SI between local Tx and Rx, while maintaining directiv-
ity in both directions. The effectiveness of this proposed
scheme is validated through simulation using experimentally
measured SI channel data. Section V details the BB-SIC tech-
niques utilizing a digitally fractionally-spaced FIR structure
with various design criteria: LS, MMSE, and ML. Simula-
tion results on SIC performance are presented with different
oversampling rates. Section VI concludes the paper, summa-
rizing the main findings and suggesting directions for future
research.

II. FD-HBF-MMIMO ARCHITECTURE
A. SYSTEM MODEL
Fig. 1 depicts the simplified block diagram of an FD-HBF-
mMIMO base-station (BS) transceiver with MD transmit, and
MU receive antenna elements and serving KD downlink and
KU uplink single-antenna users. We consider the downlink
signal is processed through BB stage BD ∈ C

NRF,D×KD and
the downlink RF beamformer FD ∈ C

MD×NRF,D , where NRF,D

is the number of Tx RF chains such that KD ≤ NRF,D �
MD. Similarly, the received uplink signal at BS is processed
through the uplink RF beamformer FU ∈ C

NRF,U ×MU and the
uplink BB combiner BU ∈ C

KU ×NRF,U by utilizing NRF,U Rx
RF chains, where KU ≤ NRF,U � MU . The uplink and down-
link RF beamforming stages (i.e., FU and FD) are built using
Phase Shifters (PS), which introduce a constant-modulus
(CM) constraint. Then, the received downlink KD × 1 vector
signal vector can be expressed as follows:

rD = HDFDBDdD︸ ︷︷ ︸
Desired Signal

+ wD︸︷︷︸
Noise

+ HIUI dU︸ ︷︷ ︸
IUI

, (1)

where the vector dD ∈ C
KD×1, dU ∈ C

KU ×1, and the ma-
trix HD ∈ C

KD×MD represent the data signal transmitted
from the BS, the data signals transmitted from the uplink
users, and the downlink channel, respectively. Here, wD ∼
CN (0, σ 2

wIMD ) is the complex circularly symmetric Gaussian
noise vector, and the matrix HIUI ∈ C

KD×KU is the inter-user
interference (IUI) channel, which represents the interference
between downlink and uplink users as they may use the same
time/frequency slots.
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FIGURE 2. Example of performance breakdown of SI isolation and
cancellation techniques (with 1x4 sub-arrays, 20 MHz bandwidth).

On the uplink, the received signal vector at the output of
the uplink baseband combiner BU can be represented by the
KU × 1 vector as follows:

rU = BU FU HU dU︸ ︷︷ ︸
Desired Signal

+ BU FU wU︸ ︷︷ ︸
Modified Noise

+ BU [(FU HSI FD) − (GRF + GBB)]BDdD︸ ︷︷ ︸
Self-interference (SI)

,
(2)

where the matrix HU ∈ C
MU ×KU represents the uplink

channel, wU ∼ CN (0, σ 2
wIMU ) is the complex circularly sym-

metric Gaussian noise vector, and the matrices GRF and GBB

∈ C
NRF,U ×NRF,D denote the RF-SIC and BB-SIC, respectively.

The received signal at BS is the combination of the desired
signal (i.e., the first term is the signal transmitted by the uplink
users via channel HU ), a modified noise (i.e., the second term
is due to the Gaussian thermal noise wU modified by the
uplink baseband stage and RF beamformer), and the strong SI
(i.e., the third term is due to the possible SI where the matrix
HSI ∈ C

MU ×MD represents the SI channel matrix presented
between Tx and Rx antennas at BS).

B. SELF-INTERFERENCE CHANNEL
The complete SI channel includes two components as [16]:

HSI = HLoS + HNLoS ∈ C
MU ×MD , (3)

where HLoS ∈ C
MU ×MD is the residual near-field SI channel

via line-of-sight (LoS) paths after applying the antenna iso-
lation, HNLoS ∈ C

MU ×MD is the far-field SI channel via the
reflected non-line-of-sight (NLoS) paths. Due to the short dis-
tance between Tx and Rx, we can define the residual near-field
SI channel via the spherical wavefront instead of the planar
wavefront [31]. Then, the near-field SI channel between the
(i, j)th transmit and (p, q)th receive antennas is given by
(please see Fig. 3):

HLoS

([
M (y)

U (p − 1) +q],
[
M (y)

D (i − 1) + j
])

FIGURE 3. FD-mMIMO array prototype measurement in the anechoic
chamber.

= μ

�(i, j)→(p,q)
e− j2π�(i, j)→(p,q), (4)

where M (y)
D and M (y)

U are the corresponding Tx and Rx antenna
elements along y-axis, �(i, j)→(p,q) is the distance normal-
ized by wavelength between the corresponding antennas, μ
is the normalization scalar to satisfy 10 log10(‖HLoS‖2

F ) =
−PISO,dB as the residual near-field SI channel power with
PISO,dB as the amount of beam isolation achieved by the Tx
and Rx antenna separation. The distance between (i, j)th Tx
and (p, q)th Rx antenna pairs for URA configuration is calcu-
lated as [16]:

�(i, j)→(p,q)

=
([

Dx + (i − 1)d + (p − 1)d cos(�)
]2

+ [Dy + ( j − q)d
]2 + [

Dz + (p − 1)d sin(θ )
]2) 1

2
, (5)

where d = 0.5 is the normalized half-wavelength distance,
Dx,Dy and Dz are the distance between Tx/Rx URAs nor-
malized by wavelength along x-axis, y axis and z-axis,
respectively, and� is the rotation angle of receive URA along
y-axis. Afterwards, the far-field SI channel HNLOS is modeled
via the planar wavefront and 3D geometry-based stochastic
channel model as follows [16]:

HNLoS =
LSI∑
l=1

zSI,l

τ
η

SI,l

aU

(
γ

(x)
SI,U,l , γ

(y)
SI,U,l

)
aT

D

(
γ

(x)
SI,D,l , γ

(y)
SI,D,l

)
= ASI,U ZSIASI,D ∈ C

MU ×MD , (6)

where LSI is the total number of reflected NLoS paths,
η is the path loss exponent, τSI,I and zSI,l ∼ CN (0, 1

LSl
)

are the distance and complex path gain, respectively,

ZSI = diag

(
zSI,1

τ1
SI,1
, · · · zSL,LSI

τS,LSI

)
∈ C

LSI×LSI is the diagonal

path gain matrix, ASL,U ∈ C
MU ×LSI and ASI,D ∈ C

LSI×M̄D are
the Rx and Tx array phase response matrices, respectively.
Here, we have γ

(x)
SI,U,l=sin(θSI,U,l ) cos(ψSI,U,l ) and

γ
(y)
SI,U,l = sin(θSI,U,l ) sin(ψSI,U,l ) as a function of the elevation
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angle-of-arrival θSI,U,I ∈ [θSI,U − δθSI,U , θSI,U + δθSI,U ] and

azimuth AoA ψSI,U,l ∈ [ψSI,U − δ
ψ

SI,U , ψSI,U + δ
ψ

SI,U ].

Similarly, γ
(x)
SI,D,l=sin(θSI,D,l ) cos(ψSI,D,l ) and γ

(y)
SI,D,l=

sin(θSI,D,l ) sin(ψSI,D,l ) are calculated via the elevation
angle-of-departure θSI,D,l ∈ [θSI,D − δθSI,D, θSI,D + δθSI,D]

and azimuth AoD ψSI,D,l ∈ [ψSI,D − δ
ψ
SI,D, ψSI,D + δ

ψ
SI,D].

The details of measured SI in an anechoic chamber for
FD-HBF-mMIMO are presented in Section III-A.

C. MOTIVATIONS FOR SI SUPPRESSION IN
FD-HBF-MMIMO
It must be noted that the third term in both (1) and (2) does
not exist in traditional HD operation since the downlink trans-
mission and uplink reception are in different time/frequency
slots. As a result, the detection performance of the HD system
is mainly limited by the thermal Gaussian noise term and can
be determined by the operating signal-to-noise ratio (SNR).

In comparison, the downlink users in FD communications
can experience two sources of interference: 1) multi-user
interference due to the different downlink users; and 2) inter-
user interference due to uplink users (i.e., HIUI dU ). Similarly,
in the case of uplink transmission, the inter-user interfer-
ence from multiple uplink users as well as the strong SI at
BS are the main sources of interference. By using effective
precoding/beamforming solutions, possible multi-user inter-
ference due to multiple users on the same link (i.e., uplink
or downlink) can be mitigated by BS via the joint design of
the digital BB combiner (BU ) and analog RF Rx-beamformer
(FU ) on the uplink and/or the joint design of the digital
BB precoder (BD) and analog RF Tx-beamformer (FD) on
the downlink [16], [43]. Moreover, the presence of the third
term of non-zero inband (or co-channel) SI impacts the de-
tection performance of FD communications systems. For FD
operation with similar detection performance as HD, it is
required to keep this SI term as small as possible, ideally
below the thermal Gaussian noise term. For example, con-
sider a transmission using a signal bandwidth of 20 MHz
with the signal dD transmitted power of 30 dBm. The ther-
mal Gaussian noise power in over 20 MHz bandwidth is
−174 dBm/Hz+10log10(20 MHz) = −101 dBm, implying
that the SI term must be kept lower than −101 dBm, or
131 dB lower than the transmitted power. This required sig-
nificant SI suppression is the critical challenge in designing
FD communications systems. Investigating the third term, it
can be seen that this SI term can be suppressed by making
[(FU HSI FD) − (GRF + GBB)]≈ 0. This can be achieved by
different solutions, which are as follows:

1) proper antenna design with additional consideration to
reduce the Tx/Rx coupling represented by HSI ,

2) proper RF Tx and Rx beamformer design with addi-
tional consideration to make FU HSI FD ≈ 0.

Conceptually, the above approaches aim to isolate the Tx
and Rx sides. Hence, we call them SI-isolation approaches.
If such isolation approaches are not sufficient to suppress the
SI, additional SI cancellation can be done at RF with GRF

RF-SIC or/and at baseband with GBB BB-SIC to suppress the
SI further. By SI cancellation (SIC), we consider designing the
NRF,U × NRF,D matrices GRF and GBB to estimate the residual
effective SI channel (FU HSI FD) seen by the SIC stages, i.e.,
GRF + GBB ≈ FU HSI FD, and remove it from the Rx signal,
i.e., [(FU HSI FD) − (GRF + GBB)] ≈ 0.

From the above discussions, the RF-SIC and BB-SIC
have a similar function, and GRF and GBB have the same
size of NRF,U × NRF,D. Their design considers estimating the
response of (FU HSI FD) in the time or frequency domain.
Normally, time-domain approaches using transversal filters to
adaptively estimate the impulse response of (FU HSI FD) are
preferred for their relatively simple structure.

As RF-SIC operates at RF, the adaptive tapped-delay-
line (TDL) transversal filters have to be implemented in the
RF analog domain, which are complicated with limited tap
length. Alternatively, RF-SIC can use adaptive finite-impulse-
response (FIR) filters in the digital baseband domain and then
up-converted to the RF analog domain by using separate aux-
iliary Tx RF chains. While this alternative RF-SIC design can
make use of simple digital FIR filters, the required separate
auxiliary Tx RF chains represent additional complexity, hard-
ware costs, size, and power consumption.

On the other hand, BB-SIC operates at baseband, using
simple adaptive digital FIR filters, and hence, is preferred
over RF-SIC. However, since the Rx-RF chains include an
LNA and front-end analog-to-digital converters (ADC) with
limited effective dynamic range, the residual SI at the input of
the Rx-RF chains must be kept sufficiently low to prevent the
LNA/ADC from saturating and overloading, which will cause
non-linear signal distortion. In other words, if the designed
RF Tx and Rx beamformers can make FU HSI FD sufficiently
small so that the residual SI does not overload the Rx-RF
chains, then only BB-SIC can be used for simplicity. Other-
wise, RF-SIC is needed to keep the Rx-RF chains operating
in the normal linear region without increasing the noise floor.

If FD-mMIMO is implemented using the single-stage dig-
ital beamforming (DBF), there is only the baseband precoder
BD and combiner BU , i.e., FU ,FD = I (identity matrix) and
the sizes of BD and BU are MD × KD and KU × MU , respec-
tively, with MD 	 NRF,D transmit and MU 	 NRF,U receive
RF chains. As a result, the third (SI) term becomes BU [HSI −
(GRF + GBB)]BDdD. Then, we can deduce the following:

1) RF Tx/Rx beamforming for SI-isolation is not available,
2) impractically large-size MU × MD RF-SIC is needed

to keep the MU Rx-RF chains operating in the normal
linear regions,

3) impractically large-size MU × MD BB-SIC.
In other words, single-stage digital beamforming (DBF)

is not suitable for FD-mMIMO. On the other hand, hybrid
beamforming (HBF) is not only a suitable approach but also
facilitates the FD-mMIMO. The massive number of antenna
elements in mMIMO that are intended to make narrow beams
to serve multi-user (MU) operation effectively, can be fur-
ther explored to design the Tx and Rx beams for efficient
SI-isolation jointly. The efficient and effective SI isolation,
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in turn, ensures the SI level low enough to maintain a linear
operation of the Rx RF chains without the need for RF-SIC,
simplifying the FD SIC implementation.

An example of the achievable SI isolation and cancel-
lation in the FD design of this work is highlighted in
Fig. 2. We employ Tx-to-Rx antenna separation and cross-
polarization to mitigate Tx-to-Rx antenna mutual coupling
(MC). Subsequently, a perturbation-based beamforming iso-
lation optimization approach, constrained by beam directivity
degradation, is utilized to suppress beam level MC even fur-
ther, yielding an average total isolation of 64.4 dB. Following
these stages, a baseband precoding approach is implemented
to minimize residual SI, subsequently achieving a SIC in ex-
cess of 67 dB. The integration of these multifarious techniques
enables the attainment of over 131 dB in SI attenuation, effec-
tively equating the SI to the noise level.

III. ANTENNA ISOLATION DESIGN FOR FD-MMIMO
A. ANTENNA ARRAY DESIGN STRUCTURE
As an example, we consider an 8x8Tx-to-8x8Rx rectangular
antenna array structure designed for FD-mMIMO, which op-
erates in the 3.35–3.6 GHz frequency band, shown in Fig. 3.
The structure incorporates two cross-polarized 8 × 8 arrays
that are spaced 20 cm apart. Each of these two arrays consists
of 64 dual-layer electromagnetic bandgap (EBG) slotted cir-
cularly polarized patch antenna elements [44], [45]. Notably,
the slots’ directions on the central radiation patches for both
the Tx and Rx elements are mirrored. This design choice en-
sures the attainment of an orthogonal circular polarization by
the Tx and Rx antennas. Furthermore, in the array, each neigh-
bouring element has a center-to-center separation distance of
4.00 cm, equivalent to 0.47λ0 (λ0 is the free-space wavelength
and equals to 8.6 cm at 3.5 GHz), to prevent grating lobes
during beamforming. Consequently, the dimensions of each
8x8 antenna array are WT = 32 cm in width and LT = 32 cm
in length.

B. SI CHANNEL MEASUREMENT SETUP
The measurement of the SI channel between the Tx and Rx
elements is conducted within an anechoic chamber with di-
mensions 6.1 m × 2.4 m × 2.4 m (length × width × height)
and equipped with C-RAM SFC-48 RF absorber to minimize
reflections and external interference. A vector network ana-
lyzer (VNA) with an output power of 10 dBm is used. To
minimize the number of connections, the VNA connects to
Tx and Rx antennas through RF switches. Then, the resulting
parameters are collected by a PC via an Ethernet cable. A total
of 64 × 64 = 4096 SI channels between the 64 Tx elements to
the 64 Rx elements are measured. For each Tx-to-Rx antenna
element pair, the S-parameter data is collected for a total of
1601 sampling points between frequency range from 3 GHz
to 4 GHz (i.e., a bandwidth of 1 GHz with a sample step size
of 0.625 MHz). The parameters in the form of. S2P file are
collected and combined to get the SI channel matrix 64x64 SI
channel matrix HSI,ALL ∈ C

64×64×1601.

FIGURE 4. Measured S-parameter magnitude plots of sample Tx-to-Rx
antenna element pairs: (a) closest: T7/T8 to R7/R8; (b) elements at the
array centers: T4/T5 to R4/R5; (c) farthest: T1/T2 to R1/R2.

C. MEASURED SI CHANNEL
Across the 4096 SI channels, we achieve a consistent aver-
age mutual coupling (MC) level of −53.2 dB,1 at 3.5 GHz.
Within the frequency bands of 20 MHz (3.49 to 3.51 GHz)
and 100 MHz (3.45 to 3.55 GHz), an average MC value level
of −56.0 dB and −55.9 dB can be achieved, respectively.

Considering the extensive number of Tx-to-Rx element
pairs, we present the magnitude plot of measured S-
parameters (in dB) for three representative pairs (closest:
T7/T8 to R7/R8; elements at the array centers: T4/T5 to
R4/R5; farthest: T1/T2 to R1/R2) in Fig. 4. As the distance
between the Tx and Rx antennas grows, along with the in-
crease in the number of EBG elements placed between them, a

1This study utilizes geometric means to characterize the average mutual
coupling (MC) or isolation level, as the mutual coupling value represents a
ratio of the received power (Rx) to the transmitted power (Tx). For averaging
MC power across a bandwidth, where it signifies the cumulative power within
the operating frequencies, an arithmetic mean is employed to depict the
average MC within a band.
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FIGURE 5. Simulation setup for array length versus beam mutual coupling.

substantial enhancement in Tx-to-Rx isolation is observed. At
3.5 GHz, the mutual coupling (MC) values have been found
to average at −44.2 dB, −60.8 dB, and −65.7 dB in Fig. 4(a),
(b), and (c), respectively. Furthermore, when the analysis is
extended over bandwidths of 20 MHz and 100 MHz, the
variation of average MC values within the bandwidth is less
than 1.7 dB, compared with the values at center frequency
3.5 GHz.

D. TX/RX ARRAY BEAM ISOLATION
Antenna arrays play a crucial role in enhancing spatial
isolation by employing two principal mechanisms: 1) the gen-
eration of highly directional beams that focus radiation power
towards the intended user, substantially minimizing power
leakage into potential interference paths; 2) focus the radiation
power towards the directions where interference is nulli-
fied, reducing the receiver’s sensitivity to interference power
detection.

The MC between the Tx and Rx sub-arrays, as a function of
beam steering angles, can be estimated by the weighted sum of
the contributions of element-wise MC, i.e., for a pair of 1×M
uniform linear Tx and Rx sub-arrays, the MC expression can
be given as

Sb(M, θD, θU ) =
M∑

j=1

M∑
i=1

w∗
i (θD)w∗

j (θU )S ji, (7)

where S ji is the complex S-parameter that represents the cou-
pling between the Tx antenna element i and the Rx antenna
element j in the sub-array. wi(θD) and w j (θU ) are the complex
steering weights for the Tx element i and Rx element j at
the downlink beamforming angle θD and uplink beamforming
angle θU in the azimuth plane.

1) BEAMWIDTH AND ISOLATION (SIMULATION)
Given the constraints inherent in hardware, executing ex-
perimental measurements on a length-adjustable linear array
poses substantial challenges. To circumvent these difficulties,
we first opt to utilize Ansys HFSS simulation, a highly re-
alistic simulation platform, in this section to elucidate the
relationship between beamwidth and beam MC levels when
Tx-Rx array separation is kept at the same separation distance.
Fig. 5 illustrates the simulation setup, featuring two Tx/Rx
orthogonally-polarized 1 × M Uniform Linear Arrays (ULA)
based on the proposed antenna element structure. The two
arrays are positioned with an edge-to-edge separation distance
of 20 cm (the same separation as our antenna array prototype).

The simulation results on mutual coupling (MC) S ji be-
tween Tx element i and Rx element j at 3.5 GHz are used

FIGURE 6. 3 dB-beamwidth and average beam mutual coupling versus the
number of elements (M) in two Tx/Rx orthogonally-polarized 1×M ULAs
(simulation results).

to estimate the beam MC between the Tx and Rx 1 × M
arrays at various steering angles based on (7). The Tx/Rx array
length M varies from 3 to 16 and beam steering angle ranges
{θD, θU } ∈ [45◦ : 0.1◦ : 135◦].

The relationship between the average beam MC and 3 dB-
beamwidth in comparison to the number of elements (M) is
depicted in Fig. 6. It is evident that with the increment in M
from 3 to 16, there is a discernible improvement in average
beam-level isolation, characterized by a reduction in the av-
erage beam MC by 19.9 dB. Specifically, the average beam
MC decreases from −52.6 dB to −72.5 dB, in tandem with
the contraction of the 3 dB-beamwidth from 36 degrees to
6 degrees. The converging decline of both the beam MC and
3 dB-beamwidth unveils a prominent correlation, suggesting
that a decrement in beamwidth is coupled with an enhance-
ment in beam-level isolation, as the array length increases.
The MC improvement and 3 dB-beamwidth reduction tend
to shrink as M > 10. Further increasing M to 16 results in a
reduction in average beam MC of less than 5 dB.

Beam MC versus Tx/Rx steering angles with six sample
Tx/Rx array lengths and {θD, θU } ∈ [0◦ to 180◦] are presented
in Fig. 7. It can be observed larger and more dense Tx-to-Rx
isolation angle pairs (with MC≤-70 dB) can be observed.
For a 1 × M array, a M − 1 radiation null will be created
in the beamforming process and lead to a decrease in the
neighbouring radiation null distance. The reduction in the dis-
tance between high-isolation Tx/Rx beam angle pairs, which
results in a higher fraction of high-isolation (θD, θU ) pairs in
the steering range, is the primary factor contributing to the
improvement in average isolation.

2) BEAMWIDTH AND ISOLATION (MEASURED RESULTS)
The measured SI channel information presented in Section
III.B is used as the S ji at 3.5 GHz in (7) to estimate and in-
vestigate the beam MC variation versus the sub-array lengths.
The Tx/Rx sub-arrays located at the fourth row of the arrays
shown in Fig. 3 with a separation of 20 cm are steering within
a range {θD, θU } ∈ [45◦ : 0.1◦ : 135◦]. The Tx/Rx 1 × M sub-
arrays comprise elements from T/R 8 to T/R (9 − M ), as
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FIGURE 7. Simulation results of Tx/Rx beam mutual coupling within steering range 0◦ to 180◦ of 1x2, 1x4, 1x6, 1x8, 1x12, and 1x16 arrays at 3.5 GHz.

FIGURE 8. 3 dB-beamwidth and average beam mutual coupling versus
number of elements (M) in 1×M ULAs (measured results).

labeled in Fig. 3. The achieved average MC level and the
sub-array beamwidth (when θ=0◦) versus number of ele-
ments (M) in 1 × M ULAs (measured results) are presented
in Fig. 8. The changes of the average beam MC (in dB) follow
a similar trend compared with the sub-array beamwidth. Both
the average and maximum MC values demonstrate that by
confining radiation power in a limited scattering area, spa-
tial isolation can be significantly improved. As the sub-array
length increases from 1×3 to 1×8, the average beam MC
decreases by 9 dB, and the maximum (worst case) beam
MC decreases by 9.9 dB. The results based on the measured

SI channel are consistent with the results from the HFSS
simulations.

IV. RF BEAMFORMING FOR ENHANCED ISOLATION IN
FD-MMIMO
The ability of the antenna arrays to produce directional, nar-
row beams concentrates the radiated power in the intended
direction and reduces power leakage toward the nearby Rx.
In FD operation, the beamforming optimization design aims
to further lower SI between the local Tx and Rx while main-
taining the power intensity towards the target direction. The
large number of antenna elements in mMIMO can provide
increased degrees of freedom to effectively serve the joint
optimization with multiple objectives, i.e., joint Tx/Rx RF
beamforming, FU and FD, to maximize both Tx/Rx perfor-
mance (in terms of Tx/Rx sum-rate or capacity or directivity)
and Tx/Rx isolation (by suppressing FU HSI FD ≈ 0) [52].
This general approach can be formulated for various inter-
esting optimization problems to solve. Based on the Tx and
Rx RF beamforming stages, the total achieved SI mitigation
between Tx and Rx is given as:

ASI = 10 log10

(
1

N

∑
n

∣∣FT
U (θ̂U )HSI (:, :, n)FD(θ̂D)

∣∣2) ,
(8)
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where n = 1, 2, . . . ,N is the sample frequency point for a
total of N frequency points in a given bandwidth. Let �D(θD)
and �U (θU ) be the phase response vectors in the Tx and Rx
directions,

�D(θD)

= [1, e− j2πdcos(θD ), · · · , e− j2πd (MD−1)cos(θD )]T ∈ C
MD×1,

(9)

�U (θU )

= [1, e j2πdcos(θU ), · · · , e j2πd (MU −1)cos(θU )]T ∈ C
MU ×1.

(10)

Let θ̂D and θ̂U be the beam steering azimuth angles of the
Tx and Rx beams, respectively. Then, the Tx and Rx RF
beamformers can be written as

FD(θ̂D)

= 1√
MD

[1, e j2πdcos(θ̂D ), · · · , e j2πd (MD−1)cos(θ̂D )]T ∈C
MD×1,

(11)

FU (θ̂U )

= 1√
MU

[1, e− j2πdcos(θ̂U ), · · · , e− j2πd (MU −1)cos(θ̂U )]T∈C
MU ×1.

(12)

If we steer the Tx and Rx beams to the desirable directions
(i.e., θ̂U = θU , θ̂D = θD), then the Tx and Rx directivities
reach their maxima as:

|�T
D(θD)FD(θD)|2 = MD, |FT

U (θU )�U (θU )|2 = MU . (13)

For an FD-mMIMO system consisting of Tx and Rx RF beam-
formers FD and FU , the total achieved SI suppression can
be maximized by the joint optimization of Tx and Rx beam
steering angles θ̂D, θ̂U . We can formulate the optimization
problem for achieved SI as follows:

max
{θ̂D,θ̂U }

1

N

∑
n

∣∣FT
U (θ̂U )HSI (:, :, n)FD(θ̂D)

∣∣2
s.t. C1 : MD − |�T

D(θD)FD(θ̂D)|2 ≤ ε,

C2 : MU − |FT
U (θ̂U )�U (θU )|2 ≤ ε, (14)

where C1 and C2 refer to the directivity degradation con-
straints in DL and UL directions, respectively. In other words,
the constraints mean that we limit the degradation of direc-
tivities from the main beam (desirable) directions θD and θU
to a small value ε. The optimization problem defined in (9)
is non-convex and intractable due to the non-linearity con-
straints. The interference level can be mitigated by directing
the beams toward the radiation nulls of the unwanted sources
of interference. In this proposed Min-SI-BF scheme, our ob-
jective is to suppress the strong SI for an FD-mMIMO system.
Particularly, we introduce beam perturbations to design the RF

beamforming stages for the following reasons: 1) the maxi-
mum number of beams that can be steered at the exact user
location is limited by the number of Tx and Rx antennas;2

2) the maximum-directivity beamforming (i.e., steering the
Tx and Rx beams at exact user locations) can only minimize
strong SI at certain Tx-Rx (θD, θU ) angle-pairs. Compared to
the RF beamforming scheme based on phase-range constraint
in [16], this proposed min-SI-BF scheme under directivity-
loss constraint allows more freedom to perturb the Tx and
Rx beams. Moreover, the min-SI-BF scheme under phase-
range constraint in [16] is limited by the quantized users’
AoD and AoA pairs, where the Tx and Rx 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 a large
number of antennas, however, the perturbed beams can only
be steered within tight boundaries, so the beamforming-based
SI mitigation might be limited. Instead of using quantized
angle pairs in this work, we allow the Tx and Rx beams to
be slightly steering away from the AoD and AoA angles to
minimize the SI power while maintaining possible degrada-
tion in directivity within affordable constraints. In particular,
the proposed min-SI-BF approach optimizes the Tx and Rx
RF beamformers via new perturbed angles for enhanced SI
suppression in FD-mMIMO systems. For a given angle-pair
{θD, θU }, we introduce a beam-perturbation to create a new
angle-pair (i.e., {θ̂D, θ̂U }) to suppress SI.

We propose a particle swarm optimization (PSO)-based
perturbation scheme to solve the challenging non-convex op-
timization problem (14). The algorithm starts with a swarm of
Np particles, each with its own position, velocity, and fitness
value, which are randomly placed in the optimization search
space of perturbation coefficients. During a total of T itera-
tions, the particle p communicates with others, and moves for
the exploration of the optimization space to find the optimal
solution. We define the perturbation vector X(t )

p as:

X(t )
p = [θ̂ p

D, θ̂
p

U ], (15)

where p = 1, . . . ,Np and t = 0, 1, . . . ,T . For each pth par-
ticle, by substituting (15) in (11) and (12), the Tx and Rx
RF beamformers FD(X(t )

p ) and FU (X(t )
p ) can be obtained as

function of perturbation angles θ̂ p
D and θ̂ p

U , respectively. By
using (8), we can write the achieved SI mitigation as:

ASI(X
(t )
p ) = 10 log10

(
1

N

∑
n

∣∣FT
U (X(t )

p )HSI(X(t )
p )FD(X(t )

p )
∣∣2) .

(16)

2The number of Tx/Rx beam pairs for maximum directivity is bounded by
the size of the antenna array. Thus, it can become a bottleneck in scenarios
with a large number of users or high user density. As the number of Tx and
Rx users increases, the available Tx-Rx angle pairs for maximum directivity
with minimum SI may be exhausted, leading to reduced system capacity and
throughput.
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Algorithm 1: Proposed Min-SI-BF RF Stages Design Al-
gorithm.

At the t th iteration, the personal best for the pth particle and
the current global best among all particles are respectively
found as:

X(t )
best,p = arg max

X(t∗ )
p ,∀t∗=0,1,...,t

ASI(X
(t∗ )
p ), (17)

X(t )
best = arg maxX(t )

best,p,∀p=0,1,...,Np
ASI(X

(t )
best,p). (18)

The convergence of the proposed PSO-based perturbation
scheme for enhanced SI suppression depends on the velocity
vector vp for both personal best Xbest,p and global best Xbest
solutions, which is defined as:

v(t+1)
p = �1(X(t )

best−X(t )
p )+ �2(X(t )

best,p−X(t )
p ) + �

(t )
3 v(t )

p ,

(19)
where v(t )

p is the velocity of the pth particle at the t th iteration,
�1,�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, �3 =
( T −1

T )I(2ND+2NU ) is the diagonal inertia weight matrix, which
finds the balance between exploration and exploitation for
optimal solution in search space. By using (19), the position
of each particle during t th iteration is updated as:

X(t+1)
p = clip

(
X(t )

p + v(t+1)
p ,XLow,XUpp

)
, (20)

where XLow ∈ R
(2ND+2NU ) and XUpp ∈ R

(2ND+2NU ) are the
lower-bound and upper-bound vectors for the perturbation
coefficients, respectively, and are constructed according to
the earlier defined boundaries of each perturbation coeffi-
cient given in C1 and C2. Here, we define clip(x, a, b) =
min(max(x, a), b) as the clipping function to avoid exceed-
ing the bounds. Furthermore, different from the sub-optimal

FIGURE 9. RF Beamforming using 1×4 sub-array. (a) Maximum directivity.
(b) Proposed beam perturbation.

approach, we here consider each perturbation coefficient as a
continuous variable inside its boundary. Then, we can design
the perturbation-based RF beamforming stages as:

FD(θ̂D) = 1√
MD

[1, e j2πdcos(θ̂D ), · · · , e j2πd (MD−1)cos(θ̂D )]T ,

(21)

FU (θ̂U )= 1√
MU

[1, e− j2πdcos(θ̂U ), · · · , e− j2πd (MU −1)cos(θ̂U )]T .

(22)

The proposed perturbation-based RF stages design for SI
minimization using PSO is summarized in Algorithm 1. Fig. 9
compares the achieved SI suppression for the proposed beam
perturbation-based RF beamforming scheme with maximum
directivity scheme using 4 antenna elements (i.e., 1×4 array
for both Tx and Rx). We consider the downlink and uplink UE
to be located at angular locations θD = 105◦ and θU = 45◦,
respectively. Based on the maximum directivity scheme, as
shown in Fig. 9(a), the beams are directed in the desired UE
directions θD, θU , and we can achieve a SI suppression of
−50.3 dB. However, based on the proposed RF beamforming
scheme, beam perturbations are introduced in both uplink
and downlink directions. As a result, the RF stages direct the
beams at θ̂D and θ̂U (i.e., FD(θ̂D) and FU (θ̂U )). The proposed
beamforming scheme then finds the optimal perturbations as
95◦ and 58◦ for downlink and uplink beams, respectively, and
achieves a SI suppression of around −58.2 dB at the expense
of directivity degradation of ε = 2 dB. In essence, introduc-
ing perturbations in both the downlink and uplink directions
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FIGURE 10. Beam Isolation using (a) 1x4 sub-arrays and (b) 1x8
sub-arrays over 20 MHz bandwidth.

yields an additional SI suppression gain of 7.9 dB, that the
residual SI power is 6 times smaller compared to the SI level
without the beamforming optimization.

A. SIMULATION SETUP BASED ON MEASURED
SI CHANNEL
As detailed in Section III-B, the measured SI channel matrix,
HSI,ALL , provides a realistic and comprehensive dataset for
assessing beam-level isolation optimization strategies. In the
simulation, we consider ULA sub-array configurations of 4
and 8 antenna elements for both Tx and Rx. In line with the
3GPP specifications, which state that the uplink (UL) and
downlink (DL) channel bandwidth (BW) may range from
5 MHz to 100 MHz [46], therefore, in our simulation two
operating bandwidths, which are 20 MHz (i.e., 3.49 GHz to
3.51 GHz) or 100 MHz (i.e., 3.45 GHz to 3.55 GHz), are
considered.

B. BEAM-LEVEL ISOLATION WITHOUT OPTIMIZATION
Fig. 10 presents the isolation level without the proposed isola-
tion optimization scheme for sample 1×4 and 1×8 sub-arrays
over 20 MHz bandwidth. We consider four different angular
locations for both uplink and downlink UE (i.e., {θD, θU } ∈
[45◦ : 30◦ : 135◦]).

It can be seen by steering the beams at the exact user
location with 1×4 sub-array can provide an average beam
isolation of 53.7 dB with a maximum isolation of around
67 dB (at θD = 45◦, θU = 105◦). Meanwhile, using a larger
sub-array, for instance, 1×8, can increase the average beam
isolation to 61.2 dB with maximum isolation of 70 dB (i.e.,
θD = 75◦, θU = 105◦). The results indicate an average isola-
tion improvement of 7.5 dB in the 20 MHz bandwidth when
1x8 sub-arrays are used, compared with the average isolation
using 1x4 sub-arrays.

The same trend can be seen in Fig. 11 for 100 MHz band-
width, where a 1×4 sub-array can provide beam isolation
ranging from 41 dB to 67 dB with an average isolation of
53.3 dB. Similarly, a 1×8 sub-array can provide an average
beam isolation of 60.6 dB with a maximum isolation of 67 dB,
which indicates an isolation improvement of 7.3 dB compared

FIGURE 11. Beam Isolation using (a) 1x4 sub-arrays and (b) 1x8
sub-arrays over 100 MHz bandwidth.

FIGURE 12. Beam Isolation with perturbation-based optimization using
(a) 1x4 sub-arrays and (b) 1x8 sub-arrays over 20 MHz bandwidth.

with the average Tx-to-Rx 1x4 sub-array isolation across a
100 MHz bandwidth. The larger number of frequency points
in 100 MHz bandwidth results in less than 0.6 dB degradation
in beam isolation when compared to the results with band-
width of 20 MHz.

C. BEAM-LEVEL ISOLATION WITH PERTURBATION-BASED
OPTIMIZATION
Fig. 12 presents the achieved beam isolation for 1×4 and
1×8 sub-arrays over 20 MHz bandwidth using the proposed
beam-perturbation-based RF beamforming scheme. We con-
sider four different angular locations for both uplink and
downlink UE (i.e., {θD, θU } ∈ [45◦ : 30◦ : 135◦]). It can be
seen that by introducing beam perturbations in both uplink and
downlink directions at the expense of directivity degradation
of ε = 2 dB, we can achieve an average beam isolation of
around 64.4 dB with maximum isolation of 76 dB (i.e., θD =
75◦, θU = 135◦). This represents an average isolation gain
of around 10.7 dB when compared to the case of maximum
directivity (i.e. when beams are steered at exact user locations
as shown in Fig. 10. Except for four (θD, θU ) pairs, all the
other test cases achieve a beam isolation better than 60 dB. In
contrast, without the proposed isolation optimization mecha-
nism, 13 (θD, θU ) pairs have an isolation worse than 60 dB.

By using a larger sub-array, 1×8 can increase the average
beam isolation to around 66.0 dB with maximum isolation of
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FIGURE 13. Beam Isolation with perturbation-based optimization using
(a) 1x4 sub-arrays and (b) 1x8 sub-arrays over 100 MHz bandwidth.

75 dB (i.e., θD = 45◦, θU = 135◦). Except for three (θD, θU )
pairs, all the other test cases achieve a beam isolation better
than 62 dB. It is also evident that, when the perturbation-based
beam isolation optimization is implemented, the average beam
MC difference between the 1×8 and 1×4 sub-arrays is
reduced.

Similarly, Fig. 13 shows the achieved beam isolation for
100 MHz bandwidth, where a 1×4 sub-array can provide
beam isolation ranging from 52 dB to 72 dB with an aver-
age isolation of around 62.6 dB. On the other hand, a 1×8
sub-array can provide an average beam isolation of around
64.1 dB with a maximum isolation of 69 dB. As the op-
erating bandwidth expands from 20 MHz to 100 MHz, the
effectiveness of the high-isolation Tx/Rx beam pairs, which
have an isolation better than 70 dB, degrades, resulting in an
average isolation degradation of approximately 1.9 dB. The
results show that the design of RF beamforming stages using
the proposed beam-perturbation scheme can significantly en-
hance beam isolation.

V. DIGITAL BB-SIC
After applying Tx/Rx beamforming to jointly maximize both
Tx/Rx performance and Tx/Rx isolation, the effective SI-
channel is HSI = FU HSI FD with dimension NRF,U × NRF,D.
As discussed, further SI suppression can be performed by
RF-SIC or BB-SIC or both. By using HBF, the dimension is
significantly reduced to NRF,U × NRF,D, as compared to the
case using DBF with MU × MD. In other words, mMIMO is
reduced to MIMO via HBF and the RF-SIC or BB-SIC for
FD-mMIMO at this point is similar to the case of FD-MIMO.
On the other hand, HBF for mMIMO facilitates the Tx/Rx
beamforming to jointly maximize both Tx/Rx performance
and Tx/Rx isolation to provide much weaker SI sufficient
to keep the Rx-RF chain (ADC/LNA) operating in a nor-
mal manner without being overloaded. After the antenna and
beamforming isolation, the residual SI power will be miti-
gated to the dynamic range of the Rx-RF chain (ADC/LNA).
RF-SIC can be omitted for simplicity and digital BB-SIC is
considered for further SI suppression.

On the other hand, propagation channel impulse response
can be sampled at a sampling rate faster than the symbol rate
to avoid potential aliasing and hence to enhance the channel
estimation [47]. In the following, we propose a fractionally
spaced (FS) transversal FIR structure, where the delay el-
ement is 1/N of the symbol interval, for a more accurate
estimation of the SI channel and hence better BB digital SIC
in FD-mMIMO wireless communication systems.

The impulse response of the effective NRF,U × NRF,D

SI-channel HSI = FU HSI FD can be modelled by an L-
tap FS-FIR structure as Hsi = [HSI(0),HSI(1), . . .,HSI(L −
1)] with dimension (NRF,U × NRF,DL). Correspondingly,
we estimate it by an (NRF,U × NRF,DL) matrix He =
[GBB(0),GBB(1), . . .,GBB(L − 1)] using an L-tap FS-FIR
structure whose (NRF,U × NRF,DL) tap-coefficients need to be
derived with the general goal to make He ≈ Hsi so that HSI −
GBB ≈ 0. The BB-SIC performance can depend on the algo-
rithm used to optimize the FIR coefficients. For example, the
simulation results in [48] indicated that Maximum-Likelihood
(ML) based SI-channel estimation outperforms the Least-
Square (LS) counterpart. In the following, we develop three
algorithms: LS, Minimum-Mean-Square-Error (MMSE), and
ML, to estimate the SI channel and derive the (NRF,U ×
NRF,DL) tap-coefficients.

Consider the case in the absence of the intended signals
from uplink users. The received uplink signal contains only
the SI and noise:

rU = BU [(FU HSI FD) − (GRF + GBB)]BDdD︸ ︷︷ ︸
Self-interference (SI)

+ BU FU wU︸ ︷︷ ︸
Modified Noise

.
(23)

In this case, the estimation of the SI channel is affected by
noise. Let Xt be the known Tx signal matrix formed from the
known BDdD and Yt be the corresponding Rx signal matrix
observed at the input of the digital baseband combiner in
Fig. 1. For an estimated He, the squared error S between the
received signal Yt and its estimated Xt He is

S = (Yt − XtHe)H (Yt − XtHe) . (24)

Using the least-square (LS) criterion, the estimated FIR
coefficients He,LS is found when the vector gradient of S with
respect to He is zero [49]:

He,LS = (
Xt

H Xt
)−1

Xt
H Yt . (25)

The MMSE takes the expectation of S over all samples in
Yt and sets the vector gradient of the expectation with respect
to He to zero. As a result, the MMSE solution is [50]:

He,MMSE = (
E
[
XH

t Xt
])−1

E
[
XH

t Yt
]
. (26)

In the presence of the intended signals from uplink users,
ML can be used. It exploits the knowledge of both the
known transmitted signals from the transmitter of the same
transceiver and the known pilot symbols from the remote
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transmitter to estimate the SI and the intended signals jointly.
In the presence of the intended signals, we consider H =
[Hsi,Hp] as the extended channel coefficient matrix to be
estimated and Dt = [Xt ,Sp

t ] as the matrix gathering both
the known transmitted signals and known pilots. Including T
blocks in the estimation procedure, the log-likelihood function
of H is:

L(H) = −T log |R| −
T∑

t=1

(Yt − Dt H)H R−1 (Yt − Dt H) .

(27)
By maximizing L in (27), we obtain the ML estimation

of H. To solve the problem in a low-complexity manner, we
consider an iterative procedure [6]. If H is known, L can be
maximized by the covariance matrix R:

RML(H) = 1

T

T∑
t=1

(Yt − Dt H) (Yt − Dt H)H . (28)

Inversely, if R is given, the solution of H that maximizes
L(H) is:

HML(R) =
(

T∑
t=1

DH
t R−1Dt

)−1 T∑
t=1

DH
t R−1Yt . (29)

The ML criterion iterates between (28) and (29). At iter-
ation i, Hi is calculated by Hi = HML(Ri−1) where Ri−1 is
the estimated covariance matrix obtained at iteration i − 1.
Afterward, Ri is updated by Ri = RML(Hi ). The algorithm
is initialized with R0 = IMM where IMM is an M × M identity
matrix. As proven in [40], by each iteration, the log-likelihood
function is increased after each iteration:

L (Hi,Ri ) ≥ L (Hi,Ri−1) ≥ L (Hi−1,Ri−1) . (30)

The iteration stops when there is no significant difference
between two consecutive estimates [6].

The proposed digital BB-SIC approaches are simulated and
evaluated with the FD-mMIMO transceiver prototype. OFDM
transmission over a bandwidth of 20 MHz is considered. The
FFT size of the OFDM signals is 64. The power amplifier
(PA) is assumed to operate in a linear region with an output
of +30 dBm, and the LNA/ADC at the receiver is assumed
to have a sufficiently wide dynamic range to avoid overload-
ing, with ideal non-distorted Tx signals.3 The system thermal
noise is modelled as AWGN with a power spectral density
of −174 dBm/Hz, which is −101 dBm integrated over the
20 MHz signal bandwidth. In the simulation, a Tx-to-Rx an-
tenna isolation of 56 dB is assumed. This value corresponds
to the average Tx-to-Rx antenna element isolation within a
20 MHz bandwidth (3.49 GHz to 3.51 GHz) as presented
in Section III-C and is also close to the worst isolation

3The practical impairments, like non-linear Tx amplifiers, and the re-
ceiver’s effective ADC dynamic range, will limit practically achievable
BB-SIC and total SIC.

TABLE 1. BB-SIC Performance With AWGN = −101 Dbm for LS, MMSE, and
ML

TABLE 2. BB-SIC Performance Without AWGN for LS, MMSE, and ML

encountered during beamforming optimization as shown in
Fig. 12(a). As it is possible to sample the channel impulse
response at a rate higher than the symbol rate, this can help to
reduce the chance of aliasing and improve channel estimation
and modelling since the SI channel is not discrete nor lim-
ited to the bandwidth of the signal. To properly evaluate the
design, the performance of the fractionally spaced BB digital
SIC with N = 4 is also simulated.

The simulation results of the digital BB-SIC are summa-
rized in Table 1, and details of the results can be found in [51].
For N = 1 (i.e., delay element of 1 symbol interval), BB-SIC
achieves 42 dB, 45 dB, and 47 dB, with LS, MMSE, ML
algorithms. Increasing N = 4 improves the BB-SIC perfor-
mance to 75 dB for all three algorithms. It can be observed
that the BB-SIC performance of 48 dB corresponding to a
total SI reduction of 131 dB is limited by the AWGN floor
of −101 dBm so the total power of residual SI and AWGN is
also −101 dBm.

To assess the complete capabilities and performance of the
proposed BB-SIC techniques, simulations were carried out
without the restriction of a noise floor limitation. The results
from these simulations are summarized in Table 2. When
applying an oversampling rate of N = 4 in the simulation,
all three algorithms demonstrated impressive SI cancella-
tion levels ranging from 100 dB to 108 dB. The findings
emphatically highlight the efficacy of the proposed BB-SIC
technique, demonstrating its capability to reduce the resid-
ual Self-Interference (SI) power to levels at or below the
noise floor, thereby ensuring the robust performance of FD
communications.
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VI. CONCLUSION
We have considered a full-duplex hybrid beamforming (FD-
HBF) architecture suitable for MU-mMIMO systems. For FD
operation with the same detection performance as its HD
counterpart, the SI must be kept sufficiently lower than the
receiver noise floor. As a result, the required large SI sup-
pression is a key challenge in designing FD MU-mMIMO
transceivers, which can be obtained by proper SI isolation and
cancellation strategies. By exploiting the available degrees of
freedom of mMIMO, joint Tx/Rx RF beamforming designs
can maximize both the Tx/Rx beamforming gains towards
the target Tx/Rx directions and the Tx/Rx isolation to attain
the low SI levels at the inputs of the Rx RF-chains required
to avoid overloading the front-end LNA/ADC. Subsequently,
only one baseband digital FS-FIR SI canceller can be used to
offer an overall SI suppression sufficiently large to bring the
residual SI below the receiver noise floor. Illustrative results
indicate that a complicated and power-hungry RF-SIC stage
can be eliminated for cost and power reduction. Furthermore,
joint Tx/Rx RF beamforming designs can be formulated as
various multi-objective, non-convex optimization problems,
which nature-inspired and/or machine-learning-based tech-
niques can solve. As a continuation, we will consider devel-
oping machine-learning-based joint Tx/Rx RF beamforming
design techniques to replace the PSO-based algorithm for
faster operation and further efficient machine-learning-based
joint Tx/Rx RF beamforming and BB-SIC schemes.
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