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Abstract—In-band full-duplex (IBFD) systems are expected to
double the spectral efficiency compared to half-duplex systems,
provided that loopback self-interference (SI) can be effectively
suppressed. The inherent interference mitigation capabilities of
the emerging fluid antenna system (FAS) technology make it
a promising candidate for addressing the SI challenge in IBFD
systems. This paper thus proposes a FAS-assisted self-interference
cancellation (SIC) framework, which leverages a receiver-side
FAS to dynamically select an interference-free port. Analytical
results include a lower bound and an approximation of the
residual SI (RSI) power, both derived for rich-scattering channels
by considering the joint spatial correlation amongst the FAS
ports. Simulations of RSI power and forward link rates validate
the analysis, showing that the SIC performance improves with the
number of FAS ports. Additionally, simulations under practical
conditions, such as finite-scattering environments and wideband
integrated access and backhaul (IAB) channels, reveal that the
proposed approach offers superior SIC capability and significant
forward rate gains over conventional IBFD SIC schemes.

Index Terms—Fluid antenna system (FAS), in-band full duplex,
self-interference cancellation, wireless backhaul.

I. INTRODUCTION

HE ADVENT OF six-generation (6G) wireless networks
is presenting an unprecedented challenge—a mobile tech-
nology that needs to achieve a collection of ambitious perfor-
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mance indicators such as terabits per second peak rate, sub-
millisecond latency, and ultra-dense connectivity, etc [1], [2],
[3], and is anticipated to provide a range of integrated services
[4]. This is difficult because spectrum governs how much data
we can send reliably over a wireless channel but it is precious.
To address this, we either find more bandwidth by moving up
the frequency band or attempt to utilize the existing bandwidth
more efficiently. A prominent technology of the latter is full-
duplex communication that allows the transmitted and received
data to share the same physical channel [5].

In-band full duplex (IBFD) communication has gained much
attention in recent years, for its superior spectral efficiency by
permitting simultaneous transmission and reception within the
same frequency band [0], [7], [8], [°]. In contrast, traditional
half-duplex systems require two separate channels to separate
uplink and downlink communications. Although more stan-
dardization efforts are needed, the 3rd Generation Partnership
Project (3GPP) and numerous industry endeavors continue to
advance towards IBFD, achieving successes, such as integrated
access and backhaul (IAB) from Release 16 to Release 18 [10],
[11] and subband full duplex in Release 19 [12].

Despite its theoretical appeal, self-interference (SI)—where
the loopback signal (LBS) from a co-located transmitter over-
whelms the receiver—continues to be a significant barrier to
the realization of IBFD systems. Self-interference cancellation
(SIC) techniques have been developed to tackle the SI problem
[©]. Various SIC techniques have been formulated and can be
broadly divided into two main categories: passive suppression
and active cancellation. Passive suppression approaches [13]
alleviate SI in the propagation domain before it is processed
by the receiver circuitry, while active cancellation techniques
[©] mitigate SI through the reconstruction and subtraction of
the SI from the received signal. Active cancellation techniques
can be divided into analog and digital SIC techniques based
on the signal domain where the SI is subtracted.

Typical IBFD systems usually deploy both passive suppres-
sion and active cancellation techniques to achieve significant
SI mitigation. Active cancellation techniques can handle high-
power SI based on training sequence or adaptive interference
cancellation techniques. Within this framework, LBS serves as
a reference signal for SI. By utilizing channel state information
(CSI) obtained at the receiver, filter weights can be derived and
applied to the reference signal for the reconstruction of the SI-
inverse signal. This resultant SI-inverse signal is subsequently
combined with the received signal to form an SI null. In [14], a
training-based SIC scheme was proposed, which uses the train-



ing phase to derive adaptive filter weights to reconstruct the
Sl-inverse signal. Later in [15], a method was introduced for
estimating the channel at baseband during the training phase,
and then using the estimated CSI in RF SIC. Recently, [16]
presented a two-stage analog filtering structure to cancel both
the direct leakage SI and the residual self-interference (RSI).
Also, the frequency-domain radio frequency (RF) SIC (FD-
RF-SIC) in [17] optimized the filter weights based on discrete
Fourier transform (DFT)-windowing, effectively cancelling the
SI in the frequency domain. Machine learning approaches for
SIC have also recently been developed [18], [19], [20].

Going forward, techniques capable of enhancing the active
SIC performance are always welcome. One such technology
is the fluid antenna system (FAS), e.g., [21], [22], [23], [24]
which can give IBFD the needed additional degree-of-freedom
(DoF) for an effective active SIC. FAS is a hardware-agnostic
concept that facilitates dynamic and real-time reconfiguration
of antenna positions, structures, and configurations to empower
the physical layer of wireless communications, encouraged by
recent advances in reconfigurable antennas, e.g., [25], [26],
with FAS prototypes reported in [27], [28], [29]. The hardware
advancements enable FAS to rapidly adjust position, shape, or
pattern, and to expose additional DoF for SIC.

The concept of FAS was first introduced in 2020 [22], and
has since been widely studied in different channel models [30],
[31], [32]. Recent attempts have also focused on the channel
estimation problem for FAS [33], [34], [35] and its integra-
tion into fifth-generation (5G) new radio (NR) systems [36],
[37], [38]. Furthermore, FAS exhibits substantial potential for
multiuser communications by finding the port for interference
null [39], [40], [41], [42]. Additionally, there is a new branch
of research integrating the idea of FAS into reconfigurable
intelligent surface (RIS) technologies [43], [44], [45], [46].

The inherent flexibility in antenna positioning characteristic
of FAS renders it particularly well-suited for SIC techniques.
Hence, the synergy between FAS and IBFD makes sense and
is important for combating SI by leveraging the additional
DoF provided by FAS. In 2023, Skouroumounis and Krikidis
applied FAS in a full duplex network [47]. They analyzed the
performance achieved by large-scale FAS-assisted full duplex
networks and the effects of channel estimation on the overall
network performance. However, their approach identified the
port with the strongest forward signal (FWS) and treated SI
as normal interference, neglecting the use of CSI from LBS
for effective SI mitigation. This oversight is likely to result in
performance degradation within the IBFD system.

Motivated by the above, this paper proposes a FAS-assisted
SIC approach. This strategy incorporates a FAS component at
the receiver, which effectively observes the fading envelopes
across the available space. Consequently, the fluid antenna can
be realigned to positions where the desired FWS is strong
and LBS is in a deep fade. This tactical adjustment of FAS
mitigates SI substantially by selecting the optimal port, hence
minimizing the RSI power. Moreover, this approach functions
solely on the principles of FAS and has the potential to be
integrated with active SIC techniques, enhancing the utilization
of the reference signal for Sl-inverse signal reconstruction
and cancellation. System validation will be elucidated through

simulations, as detailed in Section IV-E.
Our main contributions are summarized as follows:

o A FAS-assisted SIC framework is introduced, exploiting
the spatial DoF of the fluid antenna at the receiver. The
proposed approach utilizes the receiver’s FAS to identify
the port that experiences minimal SI. The framework is
initially developed under the assumption of rich scattering
channels, and subsequently extended to finite-scattering
channels and wideband channels.

o The performance of the FAS-assisted SIC approach is
analyzed in rich-scattering channels. A closed-form lower
bound on the average RSI power is first derived. This
bound represents a special case in the absence of spatial
correlation among the FAS ports. Secondly, we approxi-
mate the average RSI power as a 2M-fold surface inte-
gral, taking into consideration M dominant eigenvalues
within the eigenvalue-based channel model in [30].

o Simulation results validate the performance of both the
lower bound and the proposed approximation. The find-
ings demonstrate that the SIC capability enhances with
the number of FAS ports, N, given the fixed normalized
size of FAS, W, in an ideal scenario with perfect CSIL
However, an increase in N necessitates a larger number of
pilot-training symbols, offsetting the capacity gain. Also,
for any given N, the SIC capability initially improves
before approaching the derived bound. This indicates that
increasing the FAS size can significantly elevate the SIC
ability, particularly when W is small.

o Besides, the simulations are also carried out under more
realistic finite-scattering channels [48] and the wideband
IAB channel [10]. The results reveal that the SIC capa-
bility shown in rich scattering environments serves as the
upper bound for that observed in finite-scattering and IAB
channels. But the overall trends of the results remain con-
sistent. Finally, we integrate the proposed FAS-assisted
SIC with the FD-RF-SIC in [17], and the results confirm
the compatibility of our proposed approach.

The rest of this paper is organized as follows. Section II
presents the proposed FAS-assisted SIC framework. Section III
analyzes the performance by deriving the lower bound and an
approximation of the RSI power. Simulation results are shown
in Section IV. Finally, Section V concludes this paper.

Notations: Scalars are represented by lowercase letters while
vectors and matrices are denoted by lowercase and uppercase
boldface letters, respectively. Also, transpose and hermitian
operations are denoted by superscript 17" and f, respectively.
In addition, for a complex scalar z, |z| and Pl represent its
modulus and conjugate, respectively.

II. FAS-ASSISTED SIC FRAMEWORK

As illustrated in Fig. 1, we consider a single-input single-
output (SISO) IBFD communication system with co-located
transmitter (Tx) and receiver (Rx). This colocation is funda-
mental to IBFD operation, enabling simultaneous transmission
and reception on the same frequency band. The Tx is equipped
with a fixed-position antenna (FPA) while the Rx features
a two-dimensional FAS (2D-FAS). The fluid antenna within
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Fig. 1. Illustration of an IBFD system with a FAS-assisted receiver.

the 2D-FAS configuration can be instantaneously switched
to one of the N = (N7 x N) ports, which are uniformly
distributed across a 2D area of W = Wi\ x W)\, where
A denotes the carrier wavelength. In this IBFD system, the
receiver simultaneously receives the desired FWS from the
remote transmitter and the LBS from the co-located transmitter
antenna. The fundamental objective of SIC is to subtract the
loopback SI from the received signal, thereby enabling the
following processing of the interference-free desired signal
through demodulation and decoding. In this paper, we propose
to utilize FAS for SIC, termed FAS-assisted SIC. The idea
of FAS-assisted SIC is to utilize the FAS at the receiver to
identify the port with the lowest RSI power, thus naturally
mitigating the SI and enhancing the FWS reception. Notably,
the proposed FAS-assisted SIC approach can function inde-
pendently or in tandem with other conventional active SIC
techniques. Here, we focus on the FAS-assisted SIC.

A. System Model

For notational simplicity, we define the mapping of the port
as (n1,n2) — n:n =ny X No+ng, where nq € {0,..., N1—
1}, no € {0,...,Ny — 1}, and n € {0,..., N — 1}. At the
FAS-assisted receiver, the received signal at the n-th port with
time-index omitted is given by

Yn = g2 sp + /Ry SV W (ss1) + s 9]

in which sp ~ CN(0, E) is the desired FWS at the receiver,
9P~ CN (0,07) is the forward channel coefficient from
the remote transmit antenna to the receiver, ss; ~ CA (0, E)
denotes the loopback SI signal, ¥(-) is the nonlinear distortion
function associated with the SI, gy(,SI) ~CN (0, O'g) represents
the loopback channel coefficient from the co-located transmit-

. . . I
ter to the receiver, ky is the average power ratio between g%s )

and g7(LD ), and 7, ~ CN(0, 072,) is the additive white Gaussian

noise. Here, /s and 072, denote the power of signal and noise,
respectively, and 03 is the variance of the channel.

It can be established from (1) that an estimate of the FWS
sp at the n-th port can be formulated as

T
D
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where the second component represents the RSI. The power
of RSI at the n-th port, denoted as P,, is expressed as
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where (a) is obtained from the assumption of constant power
of nonlinear S, i.e., E {|‘I’(SSI)|2}
to-interference-plus-noise ratio (SINR) observed at the n-th

port for the desired FWS, denoted as %(LD), is written as

= Fg1. Thus, the signal-
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where (a) is derived from the large «,,. The dominant impair-
ment of the system is caused by the SI, so the noise power
is considerably less than the interference power, allowing the
SINR to be reduced to the signal-to-interference ratio (SIR).

B. Channel Model

In the narrowband channel model, the channel coefficients
g@ = [géz), . ,g](\%)_l]T, Z € {D,SI} exhibit fluctuations
but should remain constant during the transmission block
period. Considering the correlation amongst the FAS ports,
we let 02X be the covariance matrix of channel g(%), i.e.,
E [g(z)(g(z))T] = 023 Following the framework outlined in
[30], the spatial correlation is characterized according to Jakes’
model when the channel undergoes rich scattering. As such,

the (n, m)-th entry of ¥ is given by

2 2
e oS tpw) s () ) o

where (m1, ma) — m, and Jy(-) is the zero-order Bessel func-
tion of the first order. Typically, by utilizing the eigenvalue-
based model from [30], g%z) can be expressed as

N-1

g7(LZ) = Ug Z

m=0

/\m,un,m ag,%) ’ (6)



or in a vector form as

g? =o,UAZa™), 7
in which a® = [a{?,...,a{?) ], with a'?) ~ CN(0,1).

The matrices A and U stem from the singular value decom-
position (SVD) of 3, given by ¥ = UAU T, where we have
A= diag(/\o, ey >\N71) and [U]n}m = HUn,m-

Under realistic IBFD settings, there is a line-of-sight (LoS)
between the co-located Tx and Rx at the base station (BS).
Thus, we also consider the finite-scattering channel model [48]
for the loopback channel g(S. This model incorporates a LoS
component with Rice factor K and N, scattered components.

In this case, g,(LSI)

2
g(SI) . IK g ja(SI)67J2 [NW1 sin 6 cos ¢o+ = N —& cos@o]

n.l Wl

SI 327r sin 0; cos o+ 22W2 059
+§ ( ) l ITNy—1 1]7 (8)

can be written as

where 6; and ¢; are the elevation and azimuth angles of arrival
(AOA), respectively, for[ = 0, ..., N,. Here, a®D denotes the
random phase of the LoS component, and al(SI) represents the
random complex coefficient of the I-th path. Additionally, the

complex gain satisfies E{} ", |al(SI)|2} =02/(K +1).

C. FAS-assisted SIC

Under the assumption of perfect knowledge of g(P) and
gD, FAS at the receiver side selects the port exhibiting the
minimum of RSI power {P, } for FAS-assisted SIC. This port
selection can be expressed mathematically as

lg: 1
n* = argsnln |g,(LD)\2' )]

As such, we are interested in the random variable defined as

(S1) (SD |2
R = min { |gO ‘ 98| }
o 12

(D
|go )|2
The RSI power of this FAS-assisted SIC approach is given by

Y

(10)

P = kyEgR.

Subsequently, the capacity of the desired FWS can be derived

from (4) and (11) as
E,
D)y =1 1 ). 12
7+) 0g2< +/€yESIR> (12)

In addition to the capacity in (12), in this paper, we also
seek to analyze another key indicator, the average RSI power.
This metric is defined as

C =logy(1+

P £ E{P} = k,EsiE{R}. (13)

By comparing the average RSI power before and after SIC,
one can assess the effectiveness of the overall implementation.

D. Extension to Wideband Channels

For wideband channels, signals are decomposed into mul-
tiple components across I’ subcarriers. The incorporation of
cyclic prefix (CP) effectively mitigates inter-symbol interfer-
ence (ISI) and facilitates simplified frequency-domain process-
ing. With time-index omitted, the wideband FAS channel at
the n-th port can be modelled in the frequency domain as

Yn [0] I SD [O]
yn[l] _ G%D) y SD‘[l]
Yn [F_l} | SD [F—l]
[ ss1[0] nn[0]
SSI[l] Mn [1]
+ G;‘SI) X . . , (14)
| ss1[F—1] N[ F — 1]
where the channel matrices G(Z) = diag(gn (Z )[0]’ o 79§LZ) [F—

1)), for Z € {D,SI}. The channel is subject to frequency-
selective fading when the coefficients {gf,,z) [f]} vary over f.
Considering the FAS characteristics, the channel coefficients
{g(z)[ f]}wn are correlated among the FAS ports, and the co-
variance matrix is expressed as E{g®[f](g@[f])1} = 02%.
Here, g?)[f] = [géz)[f],...,gg\?) T, and the elements
within 3 are specified in (5). Notably, in the scenario where
g ?[f] = g@,Vf € [0,F), indicating that the channel is
subject to flat fading, the wideband channel model in (14)
simplifies to the channel model presented in (1).

The desired FWS of the f-th subcarrier at the n-th port can
be estimated by w,[f] = (g [/])'/|gn” [£]]” as

§D,n[f] = wn[f]yn[f]

= splf]+y/Rywal g LY (sstlF D+ wn [ flmalf].
15)

The power of RSI at the n-th port in the wideband channel,
denoted as P,‘LN , can be calculated as

PY =B, {’%wn[ﬁgﬂf]wssﬂf D\Q}

E {’wnmggn[ﬂf}Ef (1wl )P}

F—1 (ST
(a) kyEsi Z |97(z )[f]|2
= 5 ,
Fo= g 11
where (a) is obtained from the assumption of constant nonlin-
ear SI power, i.e., E {|\I/(SSI [/D)|?} = Es1. The implementa-
tion of FAS-assisted SIC within wideband channels identifies
the port nyy that minimizes {P,"}, given by
F—1 (SI
L= o (]2

Ny = argmin — T
o e

(16)

a7)

Thus, the RSI power of the wideband system is derived as

HyE [f”z
SI Z f ‘2’

Py = P:gv = (18)



and the transmission rate of the forward signal is estimated
from the capacity as

R =BW x E; {10g2 (1 4D [f])}
F-1 D 2
W Eslgny, [l
— X logy |1+ ——%——5 | » 19)
2. loes ( e EsloL [P
where BW is the system bandwidth.

III. PERFORMANCE ANALYSIS

Here, we present our analysis of the SIC performance in
rich scattering narrowband channels, i.e., (6). We first provide
a lower bound on the RSI power of the FAS-assisted SIC in
the IBFD system in Section III-A. For simplicity in compu-
tation, this lower bound does not account for the correlation
among the ports and indicates the idealized SIC capability.
Subsequently, Section III-B takes the FAS port correlation
into consideration and employs the first-stage approximation
delineated in [30], [41] to approximate the channel model
in (6). This allows for a detailed analysis and provides a
closed-form benchmark of the RSI power associated with FAS-
assisted SIC utilizing the aforementioned approximation.

A. Lower Bound on the Average RSI Power

Letting y = [yo,...,y~v—1]7 and n = [no,...,nn_1]7, the
received signals from all the FAS ports can be collected and
written in a vector form as

y=g"sp + /ryg®V(ss1) + 7.

Considering the channel model in (7) and applying the unitary
matrix U to y, we have

(20)

y =U'y=hPsp + /i,h V0 (sr) +0/, @D
where

% =Utg® =g,A2a®, 7€ {D,SI}, (22)

and n’ = U'n ~ CN(0, o2I). Following this de-correlated

transformation, h'*) ~ CA/ (0 oZA), and the entries in h®
are independent of each other. Now, denote

R Bl O L0 et
R =minq =5y )
|7y |2 [y l?
and denote the average RSI power of the de-correlated channel
as Py, = ki, EstE{R'}. In the following theorem, we analyze
the cumulative distribution function (CDF) of the variable R’
and show that Py is the lower bound to the RSI power of the
FAS-assisted SIC in the IBFD system.
Theorem 1: The CDF of the random variable R in (10) is
upper bounded by CDF of R’, given as

Fr(r)=1- (ri1>N,

and the average RSI power P in (13) is lower bounded by

(23)

(24)

ﬁyESI

Py, = .
b=

(25)

Proof 1: See Appendix A.

The random variable R’ can be viewed as a special case
of R that lacks spatial correlation amongst the FAS ports.
In this idealized context, an increase in the number of ports,
N = Nj x No, results in a reduction of the RSI power, as seen
in (25), thereby enhancing SIC. Evidently, the decline becomes
marginal when N is large. However, in the FAS with N
ports uniformly distributed within a limited 2D plane of W =
WiA x Wa, the FAS ports are usually correlated. Increasing
the number of ports decreases the RSI power at the beginning,
but then saturates within a fixed W* = WA x W3 A size.
Accordingly, with a fixed N, the average RSI power P will
approach to the lower bound Py, if W increases.

B. Approximated Results

Using the channel in (6) for analysis results in complicated
expressions involving N nested integrals. Thus, the develop-
ment of a channel model that can effectively approximate
the strong correlation inherent in FAS is of great importance.
Here, we employ the first-stage approximated channel model
as in [30], [41], wherein only M < N terms in (6) with the
largest eigenvalues are considered. The approximated channel,
denoted as QT(LZ), for Z € {D, SI}, is defined as

A7(lz — Z
(26)

where the additional variable b$? )~ CN (0,1) is introduced
to ensure a constant normalized variance of the channel gﬁ?.
Accordingly, the average RSI power in (13) can be approx-

imated as

M-1
m/f['n ma )+Ug 1- Z /\’m,un mng)a

m=0

P ~ k, EsiE{ R}, (27)
where the random variable R is defined as
X |Q(SI)|2 |A(SI) |2
R = min { ?D) ! } (28)
TN E

In the next theorem, we present the CDF and the expectation
of R in order to approximate the average RSI power.
Theorem 2: With the approximation gn in (26), the CDF
and the expectation of R are given by (30) and (31) at the
top of the next page, respectively, where Q1(-,-) denotes the
Marcum Q-function of order 1, Io( ) is the modified Bessel

function of the first kind, and a( and 5n are given by
M—1
ot Z Vb, m )| ;
(29)
T
Z :
7(L ) TJ (1 - Z—o )\mun’m> .

Proof 2: See Appendix B.

By takmg into account M largest eigenvalues, the channel
model gn in (6) has been significantly simplified by g(Z)
(26). A closed-form benchmark for the average RSI power is
provided for corroborating the simulation results. Specifically,
based on (27) and Theorem 2, we can obtain an approximation
of the average RSI power P for the FAS-assisted IBFD system,
and evaluate the effectiveness of the cancellation mechanism
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it is clear that a large FAS configuration (/W or N) enables
the CDF in (30) to rapidly converge to 1, which results in a
lower expectation and lower average RSI power.

IV. SIMULATION RESULTS

In this section, we present simulation results to evaluate the
performance of FAS-assisted SIC in the IBFD system. For
simplicity, we assume that the normalized signal power and
normalized channel gains are set to /s, = 1 and a =1.In
addition, we have the normalized constant nonlinear SI power,
i.e.,, Es1 = 1. The power ratio is set to x, = 30 dB. We
consider a carrier frequency of 5 GHz with a wavelength A =
6 cm. It is therefore reasonable to consider the normalized
FAS size within the interval [0,5], indicating that the FAS
size varies from 0 cm X 0 cm to 30 cm x 30 cm.

The results regarding the rate, the average RSI power, or
the CDF are obtained either through closed-form expressions
derived in Section III, or by Monte Carlo simulations from
averaging over 10% independent channel realizations. We first
analyze the performance in narrowband channels in Sections
IV-A, IV-B, and IV-C, and simulation results are presented for
wideband channels in Sections IV-D and IV-E.

A. Rich Scattering Narrowband Channels

Here we present the simulation results in rich scattering nar-
rowband channels. We first present the capacity performance
of FWS followed by an examination of the accuracy of the
proposed bound and the approximation scheme for the RSI
power performance. Certain results are obtained from closed-
form expressions, including the lower bound derived in (25)
and the approximation (27) of the average RSI power P.
The average capacity and empirical RSI power results on the
precise channel model g;z) have been obtained through Monte
Carlo simulations over 108 independent channel realizations.

1) Capacity Performance: Fig. 2 shows the average capac-
ity of the desired FWS against different FAS configurations,
N and W. The capacity, computed using (12), measures the
rate at which the desired signal can be concurrently received
during transmission. We compare our proposed FAS-assisted
SIC scheme with both FPA-based system and the FAS-assisted

—-—- FAS-assisted SIC in [47]
Proposed FAS-assisted SIC

Average Capacity (C') [bit/s/Hz]

057
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Fig. 2. Average capacity performance for different FAS configurations with
various sizes and resolutions in rich scattering channels.

method in [47]. In the FPA system, the fixed antenna is unable
to mitigate loopback SI, thereby serving as a benchmark of no
SIC. For FAS-assisted method in [47], the results are presented
with a large FAS plane (W = 5\ x 5)), depicted by the blue
dash-dotted line with square markers.

The simulation results reveal that the average capacity of
the FPA-based system is close to 0 bit/s/Hz, signifying that
the desired FWS is entirely overwhelmed by the transmitted
LBS before SIC. Though the capacity of the FAS-SIC scheme
in [47] exceeds that of FPA, it remains close to 0 bit/s/Hz.
Even when N = 30 x 30, the forward signal capacity is
approximately 0.05 bit/z/Hz because [47] selects the FAS
port associated with the maximum forward channel ¢,
without considering the loopback SI channel ¢SV, Ignoring
this SI channel can lead to a selected port with a relatively
large SI channel gain, rendering it unsuitable for the IBFD
system, particularly when the ratio x, is large. Conversely,
the proposed FAS-assisted SIC approach yields a satisfactory
average capacity for the forward signal. Even with a minimal
FAS size of W = 0.2X x 0.2\, an average capacity of approx-
imately 0.5 bit/s/Hz for the forward signal can be realized
with a sufficient number of FAS ports (e.g., N = 30 x 30).

With a fixed FAS size, the average capacity increases along-
side the number of FAS ports, IV, indicating that augmenting
the number of ports within a constrained FAS size may
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contribute positively to enhancing the forward signal capacity
in IBFD. Moreover, the results reveal that the capacity also
increases with the FAS size, W, particularly when IV is large.
Also, the capacity reaches a saturation point, beyond which the
correlation among the FAS ports becomes negligible and the
capacity is predominantly limited by the finite number of FAS
ports. For instance, in Fig. 2, the blue solid curve representing
W = 5X x 5\ exhibits marginal performance improvement
compared to the purple curve with W = 2Ax 2. This suggests
that a typical size of FAS, feasible for a user terminal, could
facilitate IBFD in rich scattering channels.

2) RSI Power and its Lower Bound: In Fig. 3, the CDF of
the random variable R along with its upper bound in (24) is
provided. The results demonstrate that as the size of FAS, W,
increases, the empirical curves converge towards the upper
bound. This phenomenon occurs because when N is fixed
and W is expanded, the distance between the adjacent ports
increases, reducing the correlation among the ports.

The empirical results and the lower bound of RSI power are
compared in Fig. 4. The average RSI power, P, is defined in
(13), with its lower bound calculated according to (25). The
results of the FPA-based system and the FAS-assisted SIC
in [47] are presented as benchmarks. Here, the results of the
FPA-based system serves as the reference RSI power before
cancellation. The disparity between this power and the results
obtained from the FAS-assisted SIC can be interpreted as the
cancellation capability.

As can be seen, the FAS-assisted SIC in [47] with N =
30 x 30 FAS ports can provide approximately 12 to 20 dB of
SIC. Notably, its cancellation capability with a large size of
W = 5A x5\ is lower than that of the proposed scheme with a
much smaller size of W = 0.5Ax0.5\. Comparing to the FPA-
based scheme, the proposed FAS-assisted SIC demonstrates
considerable interference cancellation. Even with a small size
of W = 0.2\ x 0.2), an approximately SIC of 15 dB can be
achieved. Moreover, the cancellation capability improves with
the FAS size, W. The empirical results tend to approach the
lower bound as the FAS size becomes large as well.

For a fixed FAS size W, the RSI power exhibits a decreasing
trend with an increasing number of ports until a saturation
point is reached, beyond which additional ports yield no
further enhancement in SIC. For example, when the physical
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Fig. 4. Average RSI power for different FAS configurations with various sizes
and resolutions in rich scattering channels.

size is established as W = 5\ x 5, as represented by the blue
solid curve, a SIC of 17 dB is observed when N = 2 x 2,
increasing to approximately 40 dB for N = 30 x 30. The
number of ports necessary to reach saturation becomes higher
for larger sizes. The yellow solid curve indicates that the
saturation is reached at N* = 3x 3 for W = 0.2\ x 0.2\, while
it extends to approximately N* = 15x15 for W = 0.5Ax 0.5\
as shown by the green solid curve.

With a fixed number of ports N, the RSI power decreases
as the FAS size W increases, particularly when the number of
FAS ports N is deemed sufficient. The SIC capability will also
reach a saturation point, denoted as W*, for a fixed N, with
the average RSI power at this saturation point approximated by
the lower bound. Moreover, this saturation point is relatively
easy to attain with a size close to W* = 2\ x 2. In essence,
the RSI power for the FAS size ranging from W = 2\ x 2\
to 5\ X b\ is comparable and closely approximates the lower
bound, suggesting that a regular physical size of FAS is
sufficient to provide substantial SIC in rich scattering chan-
nels. An understanding of this phenomenon can be gleaned
from the lower bound in (25), as the lower bound power is
inversely related to NN, thereby rendering the power in dBm
inversely logarithmic related to N. Consequently, achieving a
significant reduction in the lower bound of average RSI power
necessitates a considerable increase in N.

3) Approximated Results of RSI power: In Fig. 5, we study
the performance of the approximation calculated as in (27).
Although the channel model in (6) has been significantly
simplified through the introduction of §2) in (26), the CDF
and the expectation detailed in Theorem 2 remain challenging
to compute due to the presence of 2M -fold surface integrals.
Therefore, the CDF and expectation in Theorem 2 are calcu-
lated based on numerical integral of a® and a®Y.

It is observed that in comparison to the empirical results,
the approximated results serve as lower bounds that are tighter
than the lower bound in (25). As the value of M increases, the
bounds converge toward the empirical results. For FAS with
W = 0.5\ x 0.5, the approximation is deemed sufficiently
accurate when M = 7. However, a small gap persists between
the approximation and the empirical results for the RSI power
when M = 7 for the case of W = 1.0\ x 1.0\ and N =
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Fig. 5. Average RSI power and its approximation for different FAS config-
urations with various sizes and resolutions in rich scattering channels.

30 x 30. In this case, a higher approximation level of M is
necessary to achieve the desired accuracy, since the expanding
area of the FAS leads to a more complex rank correlation
matrix 3, with additional non-negligible eigenvalues.

B. Impact of Channel Estimation

The aforementioned simulations are conducted under the
assumption of perfect CSI. In this subsection, the impact of the
channel estimation on the performance is evaluated. A linear
minimum-mean-squared-error (LMMSE)-based channel esti-
mation process, as described in [47], is utilized. Specifically,
during the training phase, the single RF chain is sequentially
connected to each of the N antenna ports for channel esti-
mation. L. pilot-training symbols are employed to estimate
the forward channels g(®), and additional L. pilot-training
symbols are used to estimate the loopback channels g5V,
Note that these L. training symbols for loopback channel
estimation introduce additional overhead compared to the
approach in [47]. Considering the training overhead and taking
this into account, the capacity in (12) is recalculated as

2L E
={1-—=2)1 14+ —— 2
CCE ( Lc ) 0g2 ( + IiyESIR> 9 (3 )

where L. is the length of channel coherence block. Consistent
with [47], L. = 5 x 10° is adopted for the simulations.

Fig. 6 illustrates the results of average RSI power and rate
performance for varying the numbers of pilot-training sym-
bols L. = {900, 1800, 3600, 7200}. When utilizing a limited
number of pilot-training symbols, such as L. = {900, 1800},
the addition of extra ports results in a clear reduction in FAS-
assisted SIC performance. This occurs because the allocation
of pilot-training symbols for channel estimation of each port
diminishes, thereby impairing the quality of channel estima-
tion and jeopardizing the SIC performance. Conversely, by
increasing the number of pilot-training symbols, for instance
to L. = {3600,7200}, an adequate number of symbols can
be dedicated to channel estimation of all the FAS ports. As
a result, the forward rate experiences an increase, while the
RSI power decreases, approaching to the ideal scenario with
perfect CSI. This observation indicates that with a sufficient
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Fig. 6. Average RSI power and average rate for different FAS configurations
with various resolutions for different length of channel estimation symbols,
L., assuming the FAS size of W = 5\ X 5.

number of training symbols, an enhanced receive diversity gain
can be achieved through an increased number of FAS ports,
thereby improving the SIC performance. Nevertheless, in the
scenarios with a limited quantity of pilot-training symbols,
further increasing the number of FAS ports might result in
performance degradation. To ensure reliable SIC, the channel
estimation overhead increases with the configuration of FAS.
However, the primary use cases for IBFD systems to date are
indeed in fixed, point-to-point backhaul or wireless fronthaul
links. In these scenarios, the channel exhibits high stability
with a remarkably long coherence time. Consequently, the
pilot overhead, while significant in absolute terms, becomes
acceptable when amortized over a long coherence block, as it
constitutes a relatively small fraction of the channel resources
and does not require frequent updates. Moreover, efficient
channel estimation techniques have been studied recently [33],
[34], [35], which may benefit the practical implementation of
the proposed FAS-assisted SIC framework.

C. Finite-Scattering Narrowband Channels

In many practical scenarios, a LoS exists between the co-
located Tx and Rx at the BS. For this reason, here we provide
Monte-Carlo simulations utilizing the finit-scatterer channel
model for the loopback channel, as defined in (8). The results
are presented in Fig. 7, where the Rice factor and the number
of scattered components are set as K = 3 and [V, = 2.

A comparison of these results with those in rich scattering
channels, as presented in Figs. 2 and 4, reveals a consistent
trend that the average rate exhibits an increase according to
the number of FAS ports, N, and the normalized FAS size,
W . Additionally, the RSI power tends to decrease as N or W
increases. This implies that the FAS-assisted SIC approach is
again capable of providing interference cancellation in finite-
scattering channels, particularly with larger FAS configura-
tions. Nevertheless, the performance is notably diminished
in the finite-scattering channel case. In particular, the FAS-
assisted SIC achieves approximately 12 dB of SIC, while the
forward rate falls below 0.05 bit/s/Hz with W = 0.2Ax 0.2\.
Upon increasing the FAS configuration (either N or W), the
cancellation achieved by the FAS-assisted approach with a
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size of W = 2X x 2\ reaches approximately 22.5 dB, even
with a large number of ports (N = 50 x 50), and reaches
approximately 25.5 dB with W = 5\ x 5. The forward rate
remains relatively constrained in the finite-scatterer channel,
measuring approximately 0.35 bit/s/Hz with a FAS configu-
ration of N = 30 x 30 and W = 5\ x 5, and 0.52 bit/s/Hz
as the number of FAS ports increases to N = 50 x 50.

Now we access the impact of the Rice factor, K, and the
number of scattered components, IV,,, on the SIC performance.
Fig. 8 presents the results for capacity and RSI power in the
finite-scatterer channels under various channel conditions, with
a FAS configuration of N = 30 x 30 and W = 5\ x 5. The
results align closely with those in Figs. 2 and 4 when LoS
is absent and multipath is rich, i.e., K = 0 and a large N,
indicating that the SIC capability in rich scattering channels
may serve as the upper bound for the FAS-assisted SIC in
the IBFD system. Nevertheless, the RSI power increases with
a decrease in N, and an increase in K, while the forward
rate diminishes under the same conditions. This illustrates that
the SIC capability of the FAS-assisted approach deteriorates
in strong LoS environments. Nonetheless, FAS-assisted SIC
can still achieve approximately 20 dB of cancellation, even
when K = 7. Also, we observe that the performance is more
significantly influenced by NV, when the Rice factor K is
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Fig. 9. Average RSI power comparison for different FAS configurations with
various sizes and resolutions in the wideband IAB channel with K = 3.

small, as the LoS component dominates when K is large.

D. Wideband Channels

In this subsection, we attempt to investigate the performance
of FAS-assisted SIC in wideband channels. An orthogonal fre-
quency division multiplexing (OFDM) system which operates
with a bandwidth of 5 MHz coupled with a 512-point FFT, i.e.,
F' =512, is considered. The sampling frequency is calculated
as 512 x 15 x 10° = 7.68 x 108 samples/sec, with a sam-
pling duration of approximately 0.13 ps. Considering a LoS
environment between the co-located Tx and Rx, the loopback
channel is modeled as Rician fading, which is applicable in
wireless backhaul scenarios. Specifically, we utilize a 3-tap
model, with parameters derived from channel calculations by
ray-tracing for a specific location pertinent to IAB [10], [17]
and represent the correlation among the FAS ports using the
received correlation matrix 3 with N x N elements. The power
and delay profile of this model are characterized as

[path power (dB)/path delay (us)]: [0/0,—25/2,—30/7].

This channel model features a maximum delay spread of 7 s,
equating to 54 OFDM samples in our simulation parameters.
Fig. 9 presents the simulation results for the wideband IAB
channel. In these scenarios, the FAS-assisted SIC selects the
FAS port using (17). Consequently, the average RSI power and
the FWS rate are calculated as (18) and (19), respectively.
The results indicate similarities to those observed in finite-
scattering channels, as presented in Fig. 7. The FAS-assisted
SIC demonstrates an interference cancellation range from 14
to 25 dB within the wideband channel, with configurations
of N = 30 x 30 FAS ports distributed over W ranging from
0.2X\ x 0.2\ to 5\ x bA. The RSI power exhibits a decline
with the increase in FAS configurations, N or W, suggesting
that greater configurations enhance cancellation capabilities of
FAS-assisted SIC in IBFD. Notably, the transmission rate of
the forward signal significantly benefits from the FAS-assisted
SIC compared to the FPA-based system, with an improved
rate. However, performance gains associated with increasing
FAS size become marginal when transitioning from W = 2\ x
2) to HBA x BA. As discussed in Fig. 4, this is because the
cancellation level is approaching its upper bound.
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E. Combining with Frequency-Domain SIC

As FAS-assisted SIC is implemented during FAS reception,
it is typically compatible with other active SIC techniques. In
this subsection, we explore the integration of the proposed
FAS-assisted SIC with the recent proposed FD-RF-SIC in
[17]. The FD-RF-SIC employs an RF reference signal (RERS)
to calculate the SIC filter weights, utilizing DFT-windowing
to minimize the total mean square error (MSE). The RFRS
can be either an over-the-air RFRS (OTA-RFRS) or a direct
RFRS (D-RFRS). The results obtained from combining FAS-
assisted SIC and FD-RF-SIC are illustrated in Fig. 10, where
the simulations utilize the D-RFRS for FD-RF-SIC. The FAS
configuration is established with N = 30 x 30 ports among
various size of W = 0.5\ x 0.5\, 1\ x 1, or 5\ X BA.

As seen, the performance of FD-RF-SIC in [17] improves
with the increase of DFT size, Ny,. Optimal performance
is achieved when the window size exceeds the maximum
delay spread. Additionally, the performance of FD-RF-SIC
experiences two notable enhancements, which correspond to
the delay profile of the IAB channels. With a sufficient size of
DFT window, the FD-RF-SIC achieves approximately 12.5 dB
of cancellation, with a forward signal rate of approximately
1 Mbps. The integration of both SIC schemes can further
diminish the RSI power, yielding an additional cancellation
level. The combination of the two schemes produces an

approximately 36.7 dB of cancellation, with a forward signal
rate of 7 Mbps, achieved under the FAS configuration of
N =30x30 and W = 5\ x 5. This significant improvement
underscores the efficacy of SIC capability and the compatibil-
ity of the proposed FAS-assisted SIC scheme.

V. CONCLUSION

In this paper, we introduced a FAS-assisted SIC framework
for IBFD systems. This framework utilizes the FAS technology
at the receiver to naturally identify the interference-free port.
We derived analytical expressions for the lower bound and
an approximation of the RSI power after FAS-assisted SIC
under rich-scattering channels. Simulation results validated the
approximation. We also considered more realistic conditions,
accounting for channel estimation and situations under prac-
tical finite-scattering channels and IAB channels, as well as
considering the integration with other RF-SIC schemes. The
results demonstrated remarkable cancellation capabilities of
the proposed FAS-assisted SIC scheme, achieving approxi-
mately 40 dB of SIC and a forward signal rate surpassing
1.5 bit/s/Hz in rich-scattering channels. In a more realistic
IAB channel model, approximately 25 dB of SIC along with
a forward rate exceeding 5 x 10° bit/s can be achieved with
a b MHz bandwidth. Additionally, the proposed FAS-assisted
SIC scheme demonstrated excellent compatibility with other
RF-SIC approaches, and a combined methodology of FAS-
assisted SIC and FD-RF-SIC yielded approximately 37 dB of
SIC and a forward rate of 6.8 x 105 bit/s.

A future extension of this work may include the considera-
tion of this FAS-assisted SIC framework in the context of dual-
FAS multiple-input multiple-output (MIMO) systems. That is
to say, FAS could also be equipped at the transmitter side to
further mitigate the LBS. The extension to MIMO systems rep-
resents an exciting research direction. Furthermore, potential
approaches could include developing low-complexity heuristic
algorithms for port selection, leveraging spatial correlation to
reduce pilot overhead, or integrating FAS with hybrid analog-
digital beamforming architectures.

APPENDIX A
PROOF OF THEOREM 1

From (22), we can derive that

2 ggAnlan 2 e 3
R N N

For all 0 <n < N and Z € {D, SI}, it can be seen that aﬁ?)
are independent of each other, |a£LZ)| ~ Rayleigh (1/v/2), and
la{?)|? ~ Exponential (1). The random variable in (23) can
be reformulated as

(ST))2 (ST) 2
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Evidently, k, EsiR’, with R’ in (34), can be interpreted as the
average RSI power in an uncorrelated channel represented by

¥ =aPsp + /rya®VU(ss) + 7). (35)



This uncorrelated channel can additionally be regarded as a
special case of that in (20), applicable when ports are suffi-
ciently distanced such that the channel gains across different
ports are uncorrelated. Therefore, the CDF of R’ serves as an
upper bound for that of R, such that Py, = kyEsiE{R'} is

the lower bound for P = r, EsiE{R}.
(8D |2
lay | <y
|a(D) 2 -

The CDF of R’ can be calculated as
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where X, X ~ Exponential(1) and they are independent.
Hence, the CDF of X /X can be derived as
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where (a) uses the CDF and PDF of exponential distribution
for X and X. By substituting (37) into (36), we have (24).
The expectation of R’ can be calculated as
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By substituting (38) into Py, = r, EsiE{R’}, we obtain (25).

APPENDIX B
PROOF OF THEOREM 2
It is established from (26) that the approximated channel
g&z) adheres to a Gaussian distribution. Given a specific

a? = [aéz)7 .. ,aﬁll]T, we have

(39)
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where 57(1 is given in (29). Consequently, |§ gn )| follows Rice
distribution as

92| ~ Rice (x/a&z), N @SZ)) 7

where a; and ﬁn are given in (29). We now consider the
random variable of |§ gn )|2 conditioned on &%), This variable

(40)

follows a non-central Chi-square distribution, with CDF and
PDF expressed, respectively, as
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Note that [§5”’|2 and | |2 are independent. Therefore,
the random variable R, = |35°"(2/|>’|2 conditioned on
(a® d(SI)) represents the ratio of these two independent
random variables. Its CDF can then be derived as
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For a specified pair (a a(SI)), the independent variables
b;z),Vn € {0,...,N — 1} in (26) indicate that R, are
independent of each other. Consequently, the CDF of R =

1
25(D) 0

(43)

min{Ro, ..., Ry_1} can be calculated as
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As a result, the CDF of R can be considered as the expectation
of (44) over (&(D), d(SI)), resulting in (30). Similarly, based
on the CDF in (44), the expectation of R conditioned on
(d(D), d(SI)) is expressed as
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Thus, the expectation of R can be obtained by the expectation
of (45) over (d(D), d(SI)), leading to the result in (31).
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