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Abstract—This paper investigates a two-user downlink system
for integrated sensing and communication (ISAC) in which the
two users deploy a fluid antenna system (FAS) and adopt the non-
orthogonal multiple access (NOMA) strategy. Specifically, the in-
tegrated sensing and backscatter communication (ISABC) model
is considered, where a dual-functional base station (BS) serves
to communicate the two users and sense a tag’s surrounding. In
contrast to conventional ISAC, the backscattering tag reflects the
signals transmitted by the BS to the NOMA users and enhances
their communication performance. Furthermore, the BS extracts
environmental information from the same backscatter signal in
the sensing stage. Firstly, we derive closed-form expressions for
both the cumulative distribution function (CDF) and probability
density function (PDF) of the equivalent channel at the users
utilizing the moment matching method and the Gaussian copula.
Then in the communication stage, we obtain closed-form expres-
sions for both the outage probability and for the corresponding
asymptotic expressions in the high signal-to-noise ratio (SNR)
regime. Moreover, using numerical integration techniques such
as the Gauss-Laguerre quadrature (GLQ), we have series-form
expressions for the user ergodic communication rates (ECRs). In
addition, we get a closed-form expression for the ergodic sensing
rate (ESR) using the Cramér-Rao lower bound (CRLB). Finally,
the accuracy of our analytical results is validated numerically,
and we confirm the superiority of employing FAS over traditional
fixed-position antenna systems in both ISAC and ISABC.

Index Terms—Backscatter, Cramér-Rao bound, ergodic capac-
ity, fluid antenna system, integrated sensing and communication,
non-orthogonal multiple access.
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HE RAPID proliferation of intelligent devices and the
fast escalating demand for high-efficiency wireless com-
munication present critical challenges in the next-generation of
wireless networks, a.k.a. the sixth generation (6G) [1], [2], [3].
One growing technology, which has become a key use case in
6G, is integrated sensing and communication (ISAC) [4]. ISAC
merges sensing and communication (S&C) functionalities into
a single framework. Different from conventional frequency-
division sensing and communication techniques which require
separate frequency bands and dedicated hardware infrastruc-
tures for joint S&C, ISAC provides a more efficient solution
in terms of spectrum, energy, and hardware usage [5], [6], [7].
Although ISAC is appealing, it makes the provision of S&C
functionalities harder, not easier as we are required to squeeze
more from what is already limited in the physical layer. As a
result, in this context, there is a pressing desire to increase the
degrees-of-freedom (DoF) in the physical layer. For decades,
multiple-input multiple-output (MIMO) has been responsible
for raising the DoF for great benefits if multiple antennas are
deployed at both ends. MIMO however comes with expensive
radio-frequency (RF) chains and is also subject to strict space
constraints. Recently, a promising solution to overcome these
issues is to adopt the fluid antenna system (FAS) technology
[8], [9] as opposed to a traditional antenna system (TAS).
A FAS represents the new form of reconfigurable antennas
that enables shape and position flexibility [10]. With FAS, a
wireless communication channel can deliver more diversity
with less space and less number of RF chains [11], [12], [13],
[14], [15]. Recent efforts also studied the use of FAS at both
ends of the channel [16]. Channel estimation for FAS has also
become an important research problem [17], [18], [19]. In
addition, artificial intelligence (AI) techniques are increasingly
relevant to the design and optimization of FAS [20], [21]. The
emerging movable antenna systems also fall under the category
of FAS, specifying the implementation of using stepper motors
[22]. Encouraging experimental results have recently been
reported to validate the promising performance of FAS [23],
[24].

On the other hand, backscatter communication (BC) is rising
as a cost-effective technique for ultra-low-power communica-
tion technologies [25], [26]. BC exploits passive reflection of
existing ambient RF signals to transmit data, thereby elimi-
nating the need for an internal power source for transmission.
Hence, BC has great potential to significantly enhance the
efficiency and sustainability of wireless networks, facilitating
widespread connectivity among a diverse array of Internet-
of-Things (IoT) devices and sensors in 6G networks [27].
Moreover, BC has been investigated in NOMA-based systems
to enable low-power connectivity and efficient spectrum shar-
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ing [28], [29]. Recent studies have explored the integration of
BC with NOMA, demonstrating its potential for enabling si-
multaneous multi-user access and energy-efficient connectivity
[30]. In our proposed FAS-aided NOMA-ISABC system, the
backscatter tag serves as a passive reflector that enhances the
communication link and supports sensing, which differs from
conventional BC systems where the tag actively modulates its
own data.

Overall, it is clear that ISAC, FAS and BC can be strategi-
cally combined for an efficient solution, which motivates the
work of this paper.

A. State-of-the-Art

Some efforts have been undertaken in the context of ISAC,
FAS, and BC from various aspects and some of their intersec-
tions in recent years. For example, [31] analyzed the diversity
order to evaluate the sensing rate (SR) and communication rate
(CR) for both downlink and uplink ISAC systems. Also, [32]
derived novel expressions for the outage probability (OP), the
ergodic CR (ECR), and the SR for ISAC. By extending the
results in [31], [32] to a downlink MIMO system for ISAC, the
diversity orders and high signal-to-noise ratio (SNR) slopes of
the SR and CR were subsequently derived in [33].

Besides, non-orthogonal multiple access (NOMA) has often
been considered in the application of ISAC because it expands
the capacity region by making better use of the available
DoF. Recently in [34], the authors studied a cooperative ISAC
network for non-orthogonal downlink transmission, where they
characterized the exact and asymptotic OP, the ECR, and the
probability of successful sensing detection. Also, the sum of
ECR and the signal-to-interference plus noise ratio (SINR) of
the sensing signal were maximized. In [35], a dual-functional
base station (BS) was considered to serve users in the uplink
using NOMA and a beamforming design problem was studied
to maximize the weighted sum of CR and the effective sensing
power. Later in [36], the impact of successive interference can-
cellation (SIC) in NOMA-ISAC was investigated. Moreover,
using the concept of semi-ISAC under NOMA, [37] obtained
analytical expressions for the OP, the ECR, and the ergodic
radar estimation information rate. Most recently, the CR and
SR for a near-field ISAC system was studied in [38].

On the other hand, there have also been significant research
on FAS as mentioned earlier. Some recent efforts have looked
into the combination of FAS and NOMA for communication
[39], [40] with the latter work also considering wireless power
transfer. ISAC using FAS is not well understood nonetheless,
with only few recent work beginning to highlight the benefits
of FAS for ISAC scenarios. For example, with FAS at the BS
serving in the downlink for ISAC, the authors in [41] devised
a proximal distance algorithm to solve the multiuser sum-rate
maximization problem with a radar sensing constraint to obtain
the closed-form beamforming vector, and also an extrapolated
projected gradient algorithm to obtain a better antenna location
configuration for FAS to enhance the ISAC performance. Most
recently, machine learning techniques have also been used to
optimize a downlink MIMO network with FAS at the BS for
ISAC subjected to a sensing constraint [42]. Further, masked

autoencoders were employed to only exploit partial channel
state information (CSI) at the BS with great effect.

Relatively speaking, the intersection between BC and other
technologies is even less explored. The only work considering
both FAS and BC appears to be [43], in which a closed-form
expression for the cumulative distribution function (CDF) of
the equivalent channel at the FAS-enabled reader was found
and the impact of FAS was revealed. On the other hand, the
concept of integrated sensing and BC (ISABC) was proposed
in [44]. Conventional ISAC attempts to integrate S&C using
active devices and passive objects, while ISABC enhances this
capability by incorporating backscatter tags. The tags enable
passive objects equipped with them to reflect and modulate
existing signals from the ISAC system.

Following [44], several important performance metrics such
as the probability of detection, linear estimation error, least-
squares estimation error, and linear minimum mean-square-
error estimation were derived in [45]. Additionally, the authors
in [46] optimized beamforming and power allocation within an
ISAC system by using backscattering tags in order to enhance
both tag detection and user communication subject to a total
power constraint. Furthermore, [47] optimized beamforming
and tag reflection in an ISABC system to improve S&C
rates, while minimizing the BS’s power consumption. The
authors of [48] proposed leveraging radar clutter as a carrier
signal to enable ambient BC, developing novel encoding
and decoding schemes to exploit the periodic structure of
radar excitation, while also evaluating the trade-offs between
transmission rate and error probability. In contrast to [48],
the authors in [49] explored a pilot-based approach and
introduced a simplified decoding scheme that utilizes con-
strained regularized least squares, with the associated per-
iteration complexity scaling linearly with the data size. In
[50], a NOMA-enabled ISABC system is studied, where joint
beamforming is optimized to maximize user sum-rate while
ensuring tag detection and quality of service (QoS) constraints,
using an alternating optimization (AO)-based algorithm under
a multi-user setup. Additionally, An rate-splitting multiple
access (RSMA)-assisted ISABC system with a full-duplex BS
is proposed in [51], where joint optimization of beamforming
and reflection coefficients enhances communication efficiency
compared to NOMA-assisted ISABC. In summary, however,
FAS-aided ISABC has not been studied before. The unique
contributions of our work are prominently highlighted in Table
I, allowing for an easy comparison with existing studies. The
detailed contributions of this paper are also discussed in the
following section for clarity.

B. Motivation and Contributions

The beauty of ISAC for simultaneous S&C with lessened
hardwares and shared resources, the new DoF enabled by FAS
and the great potential of BC in utilizing ambient signals, have
motivated us to investigate the synergy between ISAC, FAS,
and BC. The synergy of these technologies promises a robust,
adaptable, and efficient communication framework ideal for
supporting the demanding requirements of next-generation IoT
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TABLE I
COMPARISON OF OUR CONTRIBUTIONS TO THE LITERATURE
Works ISAC | FAS BC NOMA | SR | CR | OP

[[ ]] [[ ]] v v VN e

[38] v v v

[39] v v v

[40] v v

[41] v v v v

[42] v v v

[43] v v v

[44] v v v v

[45] v v v v

[46] v v

[47] v v v v

[50] v v v v

[51] v v v v
Proposed v v v v v v v

Table Notation. The proposed work uniquely integrates all listed features
(ISAC, FAS, BC, NOMA, SR, CR, and OP), providing a comprehensive
approach not found in any of the other reviewed works.

and performance-critical wireless networks '. Motivated by the
above, we consider an ISABC scenario adopting the NOMA
technology, where a backscatter tag serves as the sensing target
and the communication users are equipped with FAS. The
tag not only provides sensing information to the BS but also
contributes path diversity to the FAS-equipped NOMA users
via passive signal reflection, without modulating its own data’.
Specifically, our main contributions are as follows:

« First of all, we characterize both the CDF and probability
density function (PDF) of the ISABC equivalent channel
at the FAS-equipped NOMA users, exploiting the mo-
ment matching technique and copula theory.

o Then, in the communication stage, we derive the closed-
form expressions for the OP, as well as their respective
asymptotic expressions in the high SNR regime. Besides,
we provide integral-form expressions of the ECR and
approximate them using numerical integration techniques
such as the Gauss-Laguerre quadrature (GLQ).

o Afterwards, we obtain a closed-form expression for the
ergodic SR (ESR) in the sensing stage, using the Cramér-
Rao lower bound (CRLB).

« Finally, we evaluate the accuracy of our theoretical results
and compare them to several benchmarks. Our findings
indicate enhanced overall performance, demonstrating the
superiority of FAS over TAS in both ISAC and ISABC
scenarios. Additionally, we provide an accurate trade-off

IThe theoretical model presented in this paper highlights the potential
of FAS-aided ISAC in BC scenarios, but practical deployment faces chal-
lenges such as hardware complexity, power consumption, and scalability for
managing massive connectivity. Reconfiguring antennas in real-time requires
efficient integration with existing systems, a challenge addressed by works like
[23], [24]. While reconfiguration increases power consumption, studies such
as [40] show that it can be managed without significantly impacting power
budgets. Additionally, the scalability of FAS to handle large-scale scenarios
was demonstrated in [52], [53], which offer solutions for supporting massive
connectivity and efficient communication in high-density environments.

2This passive reflection, consistent with ISABC [44], enhances the user
channels by introducing path diversity. The tag does not encode or transmit
its own data but acts as a non-information-bearing reflector, supporting
communication and sensing without conventional backscatter modulation.
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Fig. 1. The system model of ISABC with two FAS-aided users and one
backscatter tag.

between SR and CR to gain further insights into the
performance of the proposed system.

C. Paper Organization

The remainder of this paper is organized as follows. Section
IT introduces the system model of ISABC for both the S&C
stages. The statistical characteristics of the equivalent channel,
including communication performance such as OP and ECR
analysis, and sensing performance such as ESR analysis, are
presented in Section III. Section IV provides the numerical
results, and finally, Section V concludes this paper.

D. Mathematical Notations

Throughout, we use boldface upper and lower case letters X
and x for matrices and column vectors, respectively. E [-] and
Var [-] denote the mean and variance operators, respectively.
Moreover, ()7, (-)™", ||, and det (-) stand for the transpose,

inverse, magnitude, and determinant, respectively.

II. SYSTEM AND CHANNEL MODELS
A. System Model

As shown in Fig. 1, we consider a wireless communication
system, where a dual-functional BS communicates with a
pair of NOMA users, i.e., one near (strong) user u, and
one far (weak) user uf, while simultaneously broadcasts a
sensing waveform to sense a single fixed-position antenna
tag.® Both users u, and u; are equipped with a planar FAS,
while the BS includes two fixed-position antennas, one for
transmitting and another for receiving signals. In this regard,
we assume that the BS antennas are spatially well separated in
order to cancel the self-interference. The FAS-equipped users
i € {un,ug}, consist of a grid structure with N} ports that

3This model can be extended to more general scenarios such as high-
mobility environments and multiuser or multi-tag systems. In high-mobility
scenarios, accounting for Doppler effects and rapid channel variation would
require adaptive FAS and NOMA strategies to maintain communication and
sensing accuracy. Expanding to multiuser or multi-tag setups could enhance
scalability and coverage, though it would necessitate advanced interference
management and resource allocation techniques. These scenarios are potential
directions for future work, offering opportunities to broaden robustness and
scalability of ISABC systems in complex and dynamic environments.
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TABLE II
SUMMARY OF KEY NOTATIONS AND PARAMETERS

Symbol Description

hglz Channel from BS to FAS user 4

h ¢ Channel from BS to the tag

h b Channel from the tag to BS

h?’l Backscatter channel from tag to FAS user ¢
Gfas,i Equivalent channel gain at FAS user 4

Jeq,i Overall equivalent channel power gain

B, Transmit power

i power allocation factor of user

N; Number of ports at FAS for user 7

w; Normalized spatial size of the FAS at user ¢

¢ Reflection coefficient of the tag

Yi SNR at user ¢

5 Average transmit SNR

Hth SNR threshold

« Path-loss exponent

B Duty cycle of the radar

Yecho Echo SNR

My Splitting factor for communication and sensing
F() Mapping function from 2D port indices to 1D index
n Dependence parameter of the Gaussian copula
Ps Spearman’s rank correlation coefficient

Ts Kendall’s rank correlation coefficient

fors i () PDF of the FAS channel gain

For.i CDF of the FAS channel gain

Pulse duration of the radar
o Noise power

dy; Distance between BS and user ¢

dp,¢ Distance between BS and the tag

dy,; Distance between the tag and user 4

0i Covariance between two arbitrary ports at user ¢
R; Spatial correlation matrix

are uniformly distributed along a linear space of length W!\
for I € {1,2}, i.e., N; = N} x N2 and W; = WX x W2\
Additionally, a bijective mapping function F : (ni,nd) — n;
is used for conveniently transforming the two-dimensional
(2D) spatial indices of the FAS ports into a one-dimensional
(1D) linear index. Its inverse, F'(n;) = (ni,n}), allows
the retrieval of the original 2D coordinates. This row-major
indexing simplifies the representation of the signal model and
facilitates the optimal port selection process in performance
analysis. Under this model, the BS transmits a signal ()
at the t-th time slot for both communication and sensing.*
The total power has to be split into two parts according
to p, € [0,1] for x € {c,s}, with one part for sensing
and the other for communications, i.e., y. + s = 1, in
which the subscripts ‘c’ and ‘s’ specify the splitting factor
for communications and sensing, respectively.

B. Signal and Channel Models

1) Communication stage: The received signal at the n;-th
port of user ¢ via the tag at the ¢-th time slot is given by

y;’h (t) = v Pbﬂchgcli,i I:\/ITlnxun (t) + V/Pu Lo (t)] + sz (t),
(1)
in which P, denotes the transmit power and p; is the power

allocation factor satisfying p,, + py, = 1. Moreover, z_ (t)
and z, (t) represent the symbols transmitted to the near user

“From a sensing perspective, x(t) represents the radar snapshot transmitted
at the ¢-th time slot, and for communications, it is the ¢-th data symbol [31].

u, and the far user ug, respectively, with E [|z;(¢)|?] =1 for
i € {up,us}. The term hg(;“ = dgf‘h{)“z + Cdgﬁ?dt_,f‘hb_’thgfi
represents the equivalent channel (i.e., the sum of the direct
and effective backscatter channels) at the n;-th port of user
i, where ¢ € [0,1] is the tag’s reflection coefficient, hgfi
defines the channel coefficient between the BS and the n;-
th port at the FAS-equipped user ¢, hy; is the channel
coefficient between the BS and the tag, and h?’l is the channel
coefficient between the tag and the n;-th port of user 7. It is
important to note that the backscatter tag in our model does not
inject independent data but passively reflects the BS’s signal
with a fixed reflection coefficient . This setup follows the
ISABC paradigm of [44], where the tag serves as a passive
reflector enhancing communication and sensing without active
data modulation. Additionally, dy,;, dy+, and d;; represent,
respectively, the distances from the BS to user ¢, the BS to
the tag, and the tag to user ¢. Moreover, a > 2 denotes the
path-loss exponent. Also, z"(¢) ~ CN (0,0?) defines the
additive white Gaussian noise (AWGN) with zero mean and
variance o2 at the n;-th port of user 1.

Remark 1. In contrast to conventional backscatter commu-
nication, where the tag modulates and transmits its own data
[25], [26], the tag in our model, as seen in (1), acts solely as
a passive reflector. It reflects the incident signal from the BS
to the users without embedding any information, consistent
with the ISABC framework [44], [45]. Thus, while the tag
does not contribute independent data, its presence improves
communication by providing additional propagation paths and
enhances sensing via radar-like echoes.

2) Sensing stage: Given that the backscattered signal at the
tag is received by both users and the BS, the BS utilizes this
signal to extract environmental information. In this context, we
assume that the BS knows the type of pulse sent to the tag and
has previously gathered observations to estimate the predicted
range of the tag’s position. If pulses are consistently transmit-
ted to the tag at a fixed frequency, the BS can calculate the
predicted echo using the prior observations. It is worth noting
that uncertainty in the positioning is directly related to time
delay fluctuations in radar systems [54]. Therefore, under these
assumptions, the time delay fluctuation t4¢ follows a Gaussian
distribution® with the variance of 07, = E |:|tdf - tpreﬂ, in
which t,,. is the predicted value of 4¢. As a result, the average
power level of the echo signal, considering the uncertainty in
the positioning decision, is formulated as [54]

7T2

Ooeno = E ||z (t — tag) — x (t — tpre)|2:| o Eafdf. ()

As such, by transmitting the signal z(¢) to sense the tag sur-
rounding environment, the BS receives the following reflected

S5This assumption is commonly applied in radar systems, where time delay
fluctuations arise from random variations such as noise and propagation
uncertainties, which result from multiple independent sources [54]. It is
consistent with established information-theoretic models for radar-based sens-
ing, particularly in scenarios where small, independent variations in signal
propagation times accumulate, leading to a distribution that can be accurately
described by the central limit theorem.
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echo signal at its receive antenna, i.e.,

yb(t) =V Pb,uschtsr,t [.I' (t - tdf) - (t - tpre)] + Zb(t)7
(3)

in which z;,(t) ~ CN (0,0?) is the AWGN at the BS. Ad-
ditionally, hter v = h¢bhb,e denotes the tag sensing response
(TSR) that consists of both the channel from the BS to the tag
and that from the tag to the BS.

Furthermore, the ports at the FAS of each user can freely
switch to a favourable position but they are in close proximity
to each other, thus exhibiting spatial correlation in the chan-
nel coefficients. Assuming all links undergo Rayleigh fading
channels®, the covariance between two arbitrary ports n; and
n; at each user ¢ in a three-dimensional (3D) environment with
rich scattering can be defined as [16]

nl — @l 2 n2 — 2 2
o ( _’Wil) +<J\Z[2_{Wz2> . (@)

where 7i; = F~1 (i}, n?) for il € {1,...,N!} and jo(.) is

7

the zero-order spherical Bessel function of the first kind.

C. SINR Characterization

Given that NOMA is used for the users, the optimal decod-
ing technique involves implementing SIC according to the near
FAS-equipped user i. To that end, the near user first decodes
the signal transmitted to the far user treating its own signal
as noise. Additionally, each FAS-equipped user can activate
only a single port at a time, so the port that maximizes the
equivalent channel gain is selected. Therefore, for user i, this
optimal port index is denoted as n], which is given by

n¥ = arg max { | 12} , )
n
where gli ;= |hl: ]2 is the equivalent channel gain. Thereby,

all SINR expressions are evaluated at this selected port.
Moreover, the channel gain at the FAS-equipped user i is
simply the equivalent channel gain at this best port, which
we denote as

2

*
2

Gfas,i = ‘hcq,i

(6)

Therefore, assuming that only the optimal port that maxi-
mizes the received SINR at the FAS-equipped users is acti-
vated, the SINR of the SIC process can be expressed as

* 2
hn‘ln
€q,Un

me He

Vsic = n* P} 5 (7)
hec‘l]:hn + 1

YPu, fe

in which ¥ = % denotes the average SNR. Then, u,, removes
the message of uy from its received signal and decodes its own

®While Rayleigh fading is used in this paper for its analytical simplicity
and relevance in non-line-of-sight (NLoS) environments such as indoor IoT
and passive tag settings, the proposed framework including the copula-based
modeling and Gamma approximation can be extended to more general fading
models like Nakagami-m. This allows capturing a wider range of channel
conditions, but this is left for future investigation.

required information. As a consequence, the received SNR at
the FAS-equipped user u,, is expressed as

* 2
hotn
eq,Un

Yun, = YPuy He (8)

Simultaneously, the far user uy directly decodes its own signal
but lacks the capability to filter out the signal from the near
user u,, within the combined transmitted message. This implies
that the far FAS-equipped user ur must decode its signal
directly by treating interference as noise. Thus, the received
SINR at the far FAS-equipped user uy is given by

h’e“;f“f
SRR ©))
+1

YPug e

Yup =

*

n
_ i
VPu, M |Peqlu

III. PERFORMANCE ANALYSIS

In this section, we analyze the performance of the FAS-
aided NOMA-ISAC system in both communication and sens-
ing stages. While data-driven and optimization-based ap-
proaches are increasingly used in modern ISAC system design,
closed-form performance analysis remains highly valuable.
It enables lightweight, real-time computation in resource-
constrained IoT deployments and provides theoretical insights
into how key parameters influence performance. These ex-
pressions also serve as benchmarks for validating machine
learning or numerical optimization techniques. We begin by
deriving the CDF and PDF of the equivalent channel at the
FAS-equipped NOMA users, which helps in statistically char-
acterizing the channel’s behavior under various environmental
conditions. This characterization is essential for assessing
signal reliability in real-world scenarios.

In the communication stage, we derive compact analytical
expressions for the OP and its asymptotic behavior. These
expressions provide insights into the likelihood of transmission
failures due to insufficient SNR, which is critical for ensuring
reliable communication. We also obtain the ECR, representing
the long-term average data rate under realistic, fluctuating
channel conditions. ECR offers a measure of the system’s
efficiency and robustness in fast-changing ISAC environments
where maintaining consistent communication performance is
essential for both data and sensing accuracy.

Finally, in the sensing stage, we derive a closed-form
expression for the ESR, capturing the system’s ability to track
environmental changes over time. ESR provides insight into
the effectiveness of the ISAC system’s sensing functionality,
ensuring that it can adapt responsively in complex environ-
ments. Together, these metrics enable a comprehensive evalu-
ation of the system’s performance across both communication
and sensing functionalities.

A. Statistical Characteristics

Given (1) and (6), the equivalent channel at both users
over the communication stage includes the maximum of N;
correlated random variables (RVs), each of which includes the
sum of two independent RVs, where one follows a Rayleigh
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distribution and the other one is the product of two indepen-
dent exponentially-distributed RVs [55]. We exploit a flexible
statistical approach in the statistics theory called Sklar’s the-
orem, which can generate the joint CDF of many arbitrarily
correlated RVs, e.g., V;, beyond linear dependency by only
using the marginal distribution of each RV and a specific
function. For this purpose, let s = [Sy,...,S4] be a vector of
d arbitrary correlated RVs having the univariate marginal CDF
Fs,(s;) and joint multivariate CDF F, s, (s1,...,5q) for
j € {1,...,d}, respectively. Then, in the extended real line
domain R, the corresponding joint CDF is given by [56]

Fsl,“.sN (81, ey Sd) = C(Fsl (81), . ~aFSd(3d)§19) s (10)

in which C (-) : [0,1]" — [0,1] denotes the copula function
that is a joint CDF of d random vectors on the unit cube [0, 1]*
with uniform marginal distributions, i.e., [56]

C(u1,...ug;9) =Pr(Uy <wuq,...,U; <ug), (11)
where u; = Fg,(s;) and ¥ denotes the copula dependence
parameter, which measures the structure of dependency be-
tween two arbitrarily correlated RVs. Therefore, by choosing
an appropriate copula function, the respective joint CDF can
be derived. In this regard, we adopt a multivariate Gaussian
copula to model the spatial correlation across FAS ports, due
to its analytical tractability and compatibility with standard
fading distributions [57]. This choice captures symmetric de-
pendence between ports and enables closed-form derivations in
later sections. While alternative copulas like the Archimedean
Copulas may model asymmetric or tail-dependent behavior,
they introduce significant analytical complexity and are more
suited for measurement-driven or non-symmetric scenarios.
In particular, the correlation coefficient of Jake’s model is
accurately approximated by the dependence parameter of the
Gaussian copula for any arbitrarily correlated fading chan-
nels’. The multivariate Gaussian copula associated with the
correlation matrix R can be found by

CG (Ul,...,Ud;n) = §R (@_1 (ul)u”w@_l (’U,d) 777) )
(12)

in which ¢~'(u,) = v/2erf™" (2u, — 1) defines the inverse
CDF (quantile function) of the standard normal distribution,
with erf™*(-) denoting the inverse of the error function
erf(s) = % N e~t"dt. The term ®g(-) is the joint CDF of
the multivariate normal distribution with a zero mean vector
and a correlation matrix R. Also, the term 7 € (—1, 1) denotes
the dependence parameter of the Gaussian copula, which
measures and controls the degree of dependence between

"The use of 7; in the Gaussian copula correlation matrix is not arbitrary. As
shown in [57], it accurately approximates the physical correlation coefficient
o; derived from Jakes’ model. This approximation was validated through
analytical expressions involving rank correlation metrics, e.g., Spearman’s ps
or Kendall’s 7, and further confirmed by scatterplot comparisons between
the Gaussian copula model and the classical Jakes model.

correlated RVs. Moreover, using the chain rule, the density
function cg of the Gaussian copula is expressed as [57]

exp (=3 (¢7) (R -1 )
det (R)

cg (U1, ..., uq;m) = ,

(13)

where (o~! denotes a vector containing the quantile function
of the standard normal distribution ¢! (u;), det (R) is the
determinant of R, and I is the identity matrix.

Theorem 1. The CDF of the channel gain gi.s; at the FAS-
equipped NOMA user i under correlated Rayleigh fading is
given by (14) (see top of this page), where Y (x,y) is the lower
incomplete gamma function, T'(x) is the gamma function,

—_\2
d520a + 3 (Cd; gd; b
r; — =
dy %@+ Cd, vd, e

15)

and

_\2
(dsa+ cdygd;ooe)

(16)

w; =

= T
dy 3@ +3 (gd;;‘d;;"b&)

where @ = E g{f@}, b=FE (gbs), and ¢ =E [gt";] Moreover,

the term ®g, () represents the joint CDF of the multivariate
normal distribution with zero mean vector and the following
correlation matrix

1 2 Ui,Ni
775,1 1 e 773,Ni
i = . ) ) (17)
n}lviJ 77}'\%2 o 1
Proof. See Appendix A. O

The expression in (14) provides a powerful tool for sta-
tistically characterizing the equivalent channel behavior at the
FAS-equipped users. This CDF not only simplifies the analysis
of the SNR/SINR statistical distribution but also allows for
precise predictions of system reliability, as it can be used to
compute the OP and communication rate metrics.

Theorem 2. The PDF of the channel gain g, at the FAS-

equipped NOMA user i under correlated Rayleigh fading is

given by (18) (see top of next page), in which ¢ (x) =
1 a2

75:¢ 2 is the standard normal PDF, and
2 as
A = V2erf™! T %i,gf— —-1),...,
Goq.i I (%1) w;
— 2 Gfas
V2erf ! ( T (%', ) — 1)] .
T (%,L') w;
Proof. See Appendix B. O

Similarly, (18) is crucial for calculating the ECR of the FAS-
equipped users in the proposed ISABC system, as it allows
integration over all possible channel states to capture average
performance accurately. By incorporating this PDF, the ECR
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_ _ 12 Ghas | _ 12 Cgs ).,
Fras,i (gas) = PR, (\/§erf (F (%‘)T (%z, — > 1> ,...,\@erf <F (%‘)T (%1, - > 1> ,771) (14)
N 6¢)Ri’ ((P_Alr’ ) Toni (gfas)
ffas,i (gfas) = Z = ca.t (18)

n;=1 84,071 (Fg:(; ;

(gfas)) P (Sfl (Fg;’q"',i (gm)))
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Fig. 2. CDF of the equivalent FAS channel gain gr,s ;: Comparison between
the analytical gamma approximation (Eq. (14)) and Monte Carlo simulation.
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Fig. 3. PDF of the equivalent FAS channel gain gg,g ;: Comparison between
the analytical gamma approximation (Eq. (18)) and Monte Carlo simulation.

calculation fully accounts for channel gain fluctuations, in-
cluding spatial correlations across the FAS ports, leading to a
realistic measure of the system efficiency.

The gamma distribution used to approximate the equivalent
FAS channel gain is motivated by its analytical tractability and
its ability to accurately match the first two moments of the
underlying maximum-based distribution, even under spatially
correlated fading modeled via a Gaussian copula. To validate

this approximation, Figs. 2 and 3 illustrate the empirical CDF
and PDF of the equivalent FAS gain based on Monte Carlo
simulations, alongside the corresponding gamma expressions
derived via moment matching. The close agreement confirms
that the approximation provides a statistically reliable and
practically effective model for composite channel behavior,
which underpins the accuracy of the closed-form expressions
derived for OP, ECR, and ESR. While the exact distribution
is analytically intractable due to the complex correlation
structure, the gamma approximation strikes a balance between
realism and mathematical tractability.

B. Communication Performance

1) OP Analysis: OP is a key performance metric to assess
wireless communication systems, which is defined as the
probability that the instantaneous SNR v is below the SNR
threshold iy, i.e., Pout = Pr (v < 4tn).

Theorem 3. The OP of the near FAS-equipped user 1, over
the considered FAS-aided ISABC is given by (19) (see top of
next page), in which

~ Vsic
Vsic = = ~ 5
'W{C (Pus — FsicPuy,) (20)
~ Yun
Yu, = = )
YHcPu,

where Ysic and “y, are the corresponding SINR thresholds.

Proof. OP arises for the near user u,, when it fails to decode its
own signal, the far user’s signal, or both. Thus, by definition,
the OP for u,, can be mathematically expressed as

-Pout,un =1-Pr (’Ysic > ’?Siqun > 'Q/un) 5 (21)

in which 4gic is the SINR threshold of ~s. and 4y, denotes
the SNR threshold of +,,. Given that the OP in the NOMA
scenario is mainly affected by the power allocation factors,
Pout,u, becomes 1 when py, < AsicPu,. Therefore, for the
case that py, > Asicpu,, the OP can be found as

Pout,un
(@) P fas,u, - .
& 1-P ( VPus Hodfas,u > Ysics YPuy, Hefas,u, = 'Yu,,>
YPu, HeGtas,u, + 1
(22)
=1-Pr <gfas,un > = rYSiCA ) Ofas,u, > 711“)
YHe (puf - ’VSicpun) YHecPuy,

(23)
=1-Pr (gfas,un > max {'?sicvﬁ/un}) (24)
- F‘gfas,un (fymax) (25)
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8
2 Nmax —_ 2 ~1nax
Poutw. =Pr V2erf™! T | s ,L -1 7...,\@erf ! T | 54 ,’Y —1);m (19)
o - I (5,) Uy, INEN by, !
Povtw = Pr. [ V2erf™! 2 T | 224 e —1),... V2erf! 2 T | 224 Tus —1);5m (26)
SUf ug 1—\ (%uf) £ wnf I 9 1—\ (%uf) £ wuf ? £
00 1 2 ik 1 2 mak
Pout Un q)Ru \/§erf P22 -1 gy \/ierf -~/ N _ta. 1 5 Thay, (32)
»Hn " T (524, ) 200, ©0u,™ T (524, ) 200, ©0u,™
Wt _ 23
P = Pr,, | V2erf™! s 1) INURURV. 7"l (LU | (33)
: (%‘—lf) %Ufwllf F (%uf) %uf Wy

in which (a) is achieved by inserting (7) and (8) into

X — ’S/sic ;Y“U N =
21), Vsic Wﬂc(iﬂuf—’%icl)un FhePuy and “Ymax
max {Jsic, Ju, }- Then, by utilizing the CDF of g, from
(14), the proof is accomplished. O

)7 :Yu,, =

Theorem 4. The OP of the far FAS-equipped user ug over the
considered FAS-aided ISABC is given by (26) (see top of this
page), in which

Y
Yhe (puf - ’Slllfpun) '
Proof. By definition, the OP for the far user us is defined as

Yup = 27)

Pout,uf =Pr (A/uf < ’/)\/Uf) ) (28)

where ,, is the SINR threshold of SINR -y,,. Following the
same approach as in the proof of Theorem 3, the OP for ug¢
when py, > “u,pu, can be formulated as

Pout’uf — P]f' < ’YPUf/‘LCgfaS,uf S ’?uf> (29)
YPun HeYtas,ue + 1
= Pr <gfas,uf < = o N ) 30)
,YMC (puf - ryufpun)
Yug
= Foeny | = - : GD
Jrasue <'YMC (Pue — Vufpuu))

Now, by considering the CDF of g, i, (26) is obtained and
the proof is completed. O

Corollary 1. The asymptotic OP of the FAS-equipped users
uy and ug in the high SNR regime, i.e., ¥ — 00, is given by
(32) and (33), respectively (see top of this page).

Proof. By applying the relation of T (s,z) = 2°/s as x — 0
to (14), the proof is accomplished. O

Remark 2. The OP expressions in Theorems 3 and 4 are
crucial for evaluating the likelihood of communication failure
at both the near and far users in the proposed FAS-aided
NOMA-ISABC system. OP is directly influenced by the allo-
cation of power to each user and the presence of interference,
and it provides an essential measure of system resilience under
varying channel conditions. As will be confirmed later in

Section V, the results will demonstrate that the proposed FAS
setup yields significantly lower OP than the TAS configura-
tions, suggesting that FAS enables dynamic reconfigurability
to adapt to optimal positions, thereby mitigating interference
more effectively. This adaptability makes FAS particularly
advantageous for applications in mission-critical communica-
tion, such as real-time remote monitoring, where maintaining a
low OP is essential for reliable data transmission. Moreover,
the asymptotic analysis in Corollary 1 indicates that as the
SNR increases, the OP approaches a lower bound, reinforcing
the value of FAS in high-SNR scenarios often encountered in
line-of-sight or high-power applications.

2) ECR Analysis: The ECR of the proposed FAS-aided
ISABC system with NOMA user i is defined as

Ci=Ellog, (1+99)] = [ log, (149 £, (3 s,
0
(34)
in which f,, (7;) is the PDF of ~; that can be derived from

(18). Therefore, by considering this, the ECR for NOMA user
1 is provided in the following theorem.

Theorem 5. The ECR of FAS-equipped users u,, and us over
the considered FAS-aided ISABC is, respectively, given by

)
Cun = / 10g2 (1 + ipunﬂcgfas,un) fgfas,uu (gfas,un) dgfas,un7
0

(35
and
Cu =
[ oy (1 TP () gt
(36)
where fo. . (9fas,i) is defined in (18).
Proof. Inserting (18) into (34) completes the proof. [

Computing the integrals in (35) and (36) is mathematically
intractable since fy... . (gfas,i) is defined in terms of the PDF
of multivariate and univariate normal distributions as given by
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M Ny 8<I>R ((;5_1\1; > f (
d ~ o eqL:lrlln :““ gfas)
Cy, ~ Z W e™ logy (1 4+ Py, tic€m) ’ Jedtn (38)
m=1n,,=1 89071 (Fg:;‘.‘m (gfas)) P (9071 (Eg:;gn (gfas)))
M Ny _ OV, (95_1\1,uf > forae (Gfas)
Co™ > Y wme log, (1 4 Puchctm Geaty o (39)

YDu,, Mc€m + 1

m=1 nule

> awfl(fgiﬁw(gﬁﬁ)1ﬁ<¢71(fgggf(gm9))

(18), which is quite complicated. Thus, the ECR needs to be
solved numerically using multi-paradigm languages such as
MATLAB. Additionally, it can be approximated mathemati-
cally by exploiting the numerical integration approaches such
as the GLQ technique as defined in the following lemma.

Lemma 1. The GLR for a function A (x) in the real line
domain R, for some M, is defined as [55]

M

/ A(z)dz = Z wme ™A (€m) ,
0

m=1

(37

where €., is the m-th root of Laguerre polynomial Ly (€,)

and w,, = =———=2%——— is the corresponding weight.
m 2(M+1)2Li4+1(€m) Y4 g 8

The GLQ method offers high accuracy for approximating
integrals like [ A(z)dx, but it requires O (M?) operations
for an M-point quadrature, which can be computationally
expensive in real-time wireless communication systems with
limited resources. To address this issue, we consider the trade-
off between accuracy and computational cost. By selecting a
moderate value for M [59], we ensure that the computational
cost remains manageable while the accuracy of the results is
still within an acceptable range. This approach provides a prac-
tical solution that balances both efficiency and performance.
For systems with more stringent resource constraints, further
simplifications in the model could be considered to reduce
computational overhead. However, in our current approach,
the selected moderate range for M offers a sufficient balance
between computational efficiency and the required accuracy,
making the method feasible for real-time wireless communi-
cation systems with power or time limitations.

Corollary 2. The ECR of the near FAS-equipped user u, over
the considered FAS-aided ISABC is given by (38) (see top of
this page), in which

2
Sert ! [ —2 Y (50, ™
Geq,up fer (F(%un) (% ” w

2 €
ooV 2erf T ——— T (s, —
7 \/761' <F (%un) (% " wun >

Proof. By applying Lemma 1 to (35) and performing some
simplifications, the proof is completed. O

~_1 B
P Nu, —

Corollary 3. The ECR of the far FAS-equipped user ug over
the considered FAS-aided ISABC is given by (39) (see top of
this page), in which

2 €

v—1 —1 m

= 2erf —7 — ] -1
Sogé\(r;,‘ﬁf lfor <P (%Uf) <%u“ W > > ’

2
o erf ! <r <% ) - 1)
INEN " W

Proof. By applying Lemma 1 to (36) and performing some
simplifications, the proof is completed. O

Remark 3. The ECR expressions for both near and far users
in Corollaries 2 and 3 provide insight into the long-term
average data rate achievable by the FAS-aided ISABC system.
ECR is an important metric as it reflects the system’s ability to
sustain consistent data throughput, which is critical for appli-
cations that require continuous, high-data-rate transmission.
As will be confirmed later in Section V, our analysis shows that
the FAS-ISABC configurations yield higher ECR compared to
conventional ISAC, due to the additional transmission path
introduced by the backscatter tag. In practical terms, this
improvement in ECR suggests that FAS-ISABC can better
support high-throughput applications, in which maintaining
a stable and high data rate is crucial for user experience.

C. Sensing Performance

To evaluate sensing performance, we exploit the concept of
estimation SR as defined in [54], where it is referred to as
the radar estimation rate. While the terminology differs, both
terms refer to the information rate at which the system can
estimate the target’s parameters, such as time-delay, which is
a key indicator of target detection performance. In this sense,
estimation SR in our work is conceptually equivalent to the
radar estimation rate from [54], with the primary difference
being the term used to describe the information-theoretic rate
of target parameter estimation. From an information-theoretic
viewpoint, estimation SR is analogous to the data information
rate in wireless communication systems and represents the
rate at which the system estimates target parameters. A higher
SR indicates better performance in target detection. Therefore,
given that the BS utilizes the received signal (3) to sense the

TSR, the SR can be defined as
Ry < 1oy (14 2Tecno), 0)

in which 7' denotes the radar pulse duration, S defines the
radar’s duty cycle, and Yecpo is the echo SNR, defined as

2
2 ™ _ .
Oleho = 3 VCdy 2 Gt bgb10ry (41)

Yecho = WCdES |htsr7t
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where gy, = \ht,b|2 and g = |hb,t|2 are the channel gains
from the tag to the BS and from the BS to the tag, respectively.
Then we define the ESR to quantify the average estimation
rate. This metric can be considered as the dual counterpart to
the data information rate, denoted as

Ry <E[R{]
ﬁ oo
Note that the SR metric is chgracterized by the CRLB for

. . [ . .
estimation, defined as 0 < 5774, where ol is the time-
ech

delay estimation. In this regard, the ESR is first defined as
H Yb Hest
Toie

10g2 (1 + 2T'Vecho) f’Yecho ('Yecho) dPYecho' (42)

Ry < (43)
where Th;y = % represents the bits per pulse repetition inter-
val, Hy, and H denote the entropy of received signal and the
entropy of errors, defined as Hy, = 1 log, (2me (o7, + 0Z;))
and Hey = % (2mec?;), respectively. Therefore, the ESR is
greatly affected by the radar’s time-delay estimation, and it
can be derived by exploiting the CRLB.

Theorem 6. The ESR of the considered FAS-aided ISABC is
given by

_ 2 _
R < % log, (1 + 3Tbe7r2g“dt’f)‘70?df) , (44)
where € = E gy ).

Proof. See Appendix C. O

Remark 4. ESR quantifies the system’s capability to accu-
rately detect and track environmental changes by estimating
the time delay of backscattered signals, and is an appropriate
metric for the proposed FAS-aided ISABC system, where simul-
taneous radar S&C are required. The derived ESR formula in
(6) reveals that ESR is maximized when the power allocation
for sensing is higher, but it decreases as the tag moves further
from the BS due to increased path loss. This insight highlights
the trade-off in power allocation between the S&C functions,
which is a critical design consideration in ISABC systems.

IV. NUMERICAL RESULTS

In this section, our derived analytical results are evaluated,
which are double-checked in all instances by Monte Carlo
simulations. To this end, we set the parameters as p,, = 0.3,
Poy = 0.7, pic = ps =05, ( =08, a=b=c=¢e¢ =1,
"Ayuf = ’A)/un = ’A}/usic =0 dB, db,t = db,un =1 m, db,uf =1.3
m, o = 2.1, § = 0.5, def = 0.1, and T = 0.01s. The
chosen parameter values are both realistic and relevant to
real-world applications, based on typical conditions found in
the literature, with each parameter defined within its specific
range. Furthermore, we utilize Algorithm 1 in [57] to simulate
the Gaussian copula and its corresponding density functions.

We considered the following benchmarks for comparison:

o FAS-ISAC: ISAC with FAS-equipped users. This can
be theoretically achieved by setting ¢ = 0 in (1) for
communication performance without a backscatter tag
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Fig. 4. OP versus average SNR 7 for the near user up, based on (19).
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and by setting ¢ = 1 in (3) for sensing performance with
no reflection loss at the tag.

o TAS-ISABC: ISABC with TAS-equipped users.

o TAS-ISAC: ISAC with TAS-equipped users.

The OP performance againts the average SNR 7 for near
and far FAS-equipped users u,, and u¢ are illustrated in Figs. 4
and 5, respectively, where the asymptotic results closely match
the numerical results at high SNRs. First of all, in both figures,
it can be observed that the proposed ISABC model provides a
lower OP when the NOMA users are equipped with FAS rather
than TAS. This is mainly due to the dynamic reconfigurability
feature of FAS, allowing for real-time optimization of the
antenna’s performance based on the current environment and
requirements. In this regard, we can also see that increasing
the number of FAS ports N; and the FAS size W, signifi-
cantly improves the OP performance for both NOMA users.
Moreover, it is observed that the FAS-ISABC model improves
the OP performance compared to ISAC with FAS-equipped

7 u,, ECR, FAS-ISABC
---------- ug, ECR, FAS-ISABC
—#—u,, ECR, TAS-ISABC
6 | —— us, ECR, TAS-ISABC
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Fig. 9. Ergodic rate for both S&C versus tag’s reflection coefficient .
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Fig. 10. ECR versus ESR for different 4 and a given value of 5 = 15 dB.

21
—e—NOMA, ISABC-FAS
- B -OMA, ISABC-FAS

0 1 2 3 4 5 - 6
R; (bps/Hz)

Fig. 11. ECR versus ESR comparison between NOMA and OMA.

users. This indicates that considering the backscatter tag is
significantly more beneficial for communication performance
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than for a conventional target. For instance, for FAS-equipped
NOMA users u, and u; with N; = 4 and W, = 1)\2? at
7 = 10dB, the OP under conventional ISAC is on the order of
102 and 1071, respectively, while the OP for ISABC-FAS is
on the order of 10~* and 10~2. Furthermore, the asymptotic
results indicate the accuracy of our theoretical analysis in the
high SNR regime for both users.

In Figs. 6 and 7, the ECR performance versus 7 is depicted
for the near and far users u, and uys, respectively. In both
figures, the results show that the FAS-ISABC achieves higher
ECR values compared to FAS-ISAC. This improvement is
expected since the backscatter tag transmits additional data to
the NOMA users, which can provide a higher CR for NOMA
users. By carefully comparing the curves, we find that for the
FAS-equipped users u,, and u¢ having N; = 4 and W; = 1)\?
at ¥ = 10 dB, the ECR under ISABC is almost 15% and 20%
higher than the ECR under FAS-ISAC for users u, and uy,
respectively. Furthermore, the results indicate that the FAS has
significant effects on both the ISABC and conventional ISAC
scenarios. For instance, under the same FAS configuration
setup, the ECR provided by the FAS-ISABC for users uy
and ug is almost 41% and 47% higher than that of TAS-
ISABC for u, and ug, respectively. Additionally, we see that
the FAS-ISAC provides 50% and 45% higher ECR compared
to TAS-ISAC for users u,, and u¢, respectively. Furthermore, it
is worth mentioning that such improvement can be enhanced
when higher values of NV; and W; are considered for the FAS
setup or higher ( is assumed for the backscatter tag over the
communication stage. Moreover, at high SNR, we exploit the
approximation of log, (1 + SNR) ~ log, (SNR) in (38) and
(39) to plot the asymptotic behaviour of the ECR. We see that
the asymptotic curves reach the ECR at high SNR.

The ESR performance in terms of 7 is illustrated in Fig. 8.
It can be observed that the ISAC outperforms ISABC, as there
is no reflection loss at the target, i.e., ( = 1. Additionally, as
expected, the ESR decreases as the backscatter target is located
farther away from the BS due to more severe path loss effects.
Moreover, by using log, (1 + SNR) = log, (SNR) for the high
SNR regime in (44), the asymptotic results are provided that
shows a perfect match with the ESR.

Fig. 9 illustrates the impact of the tag’s reflection coefficient
¢ on both the ECR and ESR. As mentioned, ( controls
the strength of the backscattered signal path in relation to
the direct path from the BS to the NOMA users. It can be
seen that for the FAS-ISABC, as ( increases from 0, the
backscatter path initially adds minimal or even disruptive
interference, which can decrease the effective SNR for both
users. Beyond a certain ( threshold, however, the backscatter
path strengthens enough to constructively combine with the
direct path, boosting the received signal power and as a
consequence, the ergodic capacity. More precisely, as ( ini-
tially increases, the FAS may encounter intermediate reflection
strengths, i.e., values of (, that are not yet optimal, leading
to non-monotonic capacity behavior, namely the ECR may
decrease temporarily as the system adjusts to the evolving
signal environment. To clarify, this behavior is not due to the
tag’s physical position, but rather to intermediate values of the
reflection coefficient (, where the backscatter path is too weak

to combine constructively with the direct path and may instead
introduce disruptive interference. As ( increases further, the
FAS is better able to align with both signal components,
improving the overall ECR. Once ( reaches a point where
the backscatter path provides constructive interference, the
FAS can leverage its adaptability to align with both paths
effectively, leading to an increase in capacity. By contrast,
in the TAS-ISABC, the users have no spatial flexibility or
adaptive capability to optimize signal reception. Hence, as (
increases, the single antenna passively accumulates more sig-
nal power from the strengthening backscatter path, leading to a
monotonic increase in ECR. This behavior is straightforward
because the TAS simply benefits from the additional power
without the ability to mitigate any intermediate interference
effects. Additionally, we can see that the ESR continuously
increases as ¢ grows. The reason behind this trend is that as
¢ increases, the reflection loss at the tag decreases, allowing
the backscatter path to progressively approach full enablement,
thereby enhancing the signal strength available for sensing.

Fig. 10 characterizes the performance interplay between the
ECR and the ESR for a given average SNR 7. Specifically,
by allocating different power coefficients f, at the BS for
communication and sensing stages, we plot the sum of ECR
@(.e., Cs = Cy, + Cy,) for both NOMA users in terms of the
ESR. To do so, we set ji. = i, and therefore g = 1 — i1, and
change the power coefficient ;¢ from O to 1. In this regard,
by carefully comparing the curves, it can be observed that
both ergodic rates (i.e, communication and sensing) achieved
by TAS-ISABC and TAS-ISAC are always lower than those
achievable by FAS-ISABC and FAS-ISAC, respectively, which
confirms the superiority of FAS compared to TAS.

Furthermore, FAS-ISABC and TAS-ISABC perform better
(worse) in terms of the communication (sensing) rate com-
pared with conventional FAS-ISAC and TAS-ISAC, respec-
tively. Therefore, for both the ISABC and ISAC scenarios,
this specific behaviour highly depends on the value of power
coefficient at the BS, where larger (smaller) 1 causes higher
(lower) CR and lower (higher) SR. More precisely, the ESR
is zero when p = 1 since all the power is utilized for
communication stage and no power is considered for target
detection. Thus, we reach non-zero ECR with zero ESR.
Additionally, by assuming p = 0, the highest value of ESR is
achieved, while the ECR cannot be reduced to zero due to the
ISAC principle. Hence, it is concluded that without any CR
constraints, the SR is maximized with the available transmit
power. Conversely, when NOMA users require a non-zero CR,
the power coefficient tends to diminish the SR.

To further validate the role of NOMA in FAS-assisted
ISABC systems, we compare its performance with orthogonal
multiple access (OMA) in Fig. 11, under identical system
assumptions. As seen, NOMA consistently provides higher
sensing and communication rates compared to OMA for all
resource-splitting configurations, i.e., p. and pg. The gain is
more significant when communication is prioritized, owing
to the superior spectrum utilization and power-domain mul-
tiplexing of NOMA. This comparison confirms the advantage
of integrating NOMA with FAS-ISABC, aligning with prior
results in the literature.
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V. CONCLUSION

In this paper, we studied the performance of a FAS-aided
ISABC system under NOMA. Specifically, we consider an
ISABC scenario in which a backscatter tag provides sens-
ing information to the BS while simultaneously transmitting
additional data to the FAS-equipped NOMA users. For the
proposed model, we first derive closed-form expressions for
the CDF and PDF of the equivalent channel at both NOMA
users using moment matching techniques and the Gaussian
copula. Then, we obtain closed-form expressions for the OP
and the corresponding asymptotic derivations in the high SNR
regime. Additionally, we approximate the ECR using the
numerical integration GLQ technique. Moreover, we derive the
ESR in closed form via the CRLB. Eventually, our numerical
results provide useful insights into achieving an accurate trade-
off between SR and CR. Furthermore, they demonstrate that
FAS significantly enhances the overall performance of both
conventional ISAC and ISABC compared to TAS. Building
on these findings, future work could investigate high-mobility
scenarios, multiuser or multi-tag configurations, and physical
layer security. These extensions would aim to further enhance
the robustness, scalability, and security of ISABC systems,
particularly in dynamic and complex environments. An inter-
esting direction for future work is to investigate the integration
of RSMA into the FAS-aided ISABC framework. RSMA’s en-
hanced robustness to channel uncertainty and potential for user
fairness could offer further performance gains, particularly in
centralized or coordinated ISAC scenarios. Besides, future re-
search may explore the integration of FAS with other emerging
physical layer technologies such as massive MIMO and RIS,
potentially enabling hybrid ISAC architectures that combine
infrastructure-side intelligence with user-end adaptability.

APPENDIX A
PROOF OF THEOREM 1

Given (1), the equivalent channel at the n;- th port of user ¢
is given by gui ; = dy, gy + Cdy, {'dy [ gb 1gq ;- Without loss
of generality and for ease of dlsplay, we consider

=d, §A+(dy Vd P BC = A+ D, (45)

9:&,1'
where, given that all channels undergo Rayleigh fading, the

channel gains follow exponential distributions. Hence, we have
the PDF and CDF for the channel gain R € {A, B,C} as [55]

fr(r ):lexp< Z:),

r (46)
Fr(r)=1—exp (—:) ,
T
in which 7 = E[R] is the expected value of the RV R for
7 € {a,b, c}. To derive the distribution of g ;, we first obtain
the distribution RV D = (dy td; {*BC, which involves the

product of two exponentially-distributed RVs. Hence, by using
the definition, we have

d®.d

b,t%t,7
/fB ( & )db
a, ]. b dg,tdg,ld
- _E/o eXp(‘(N Clie

®) o [Doadiad [ 40 dtd
Che

47
)> db  (48)
) ) (49)

where (a’) is obtained by considering the univariate marginal
distributions from (46) and (b') is derived by utilizing the
integral format provided in [60, 3.471.9]. In (49), K.,(")
represents the v-order modified Bessel function of the second

kind. Then, by utilizing the PDF definition f(d) = 5 9 Fp(d),
the corresponding PDF can be formulated as
2d5; g, dy d5d
d)=—"FF""Ko| 24| ——|. 50
fo(d) the 0 e (50)
Next, the distribution of g:(;” = A’ + D, which includes the
sum of two independent RVs, can be defined as
Fg:Ll (geq) / FA/ (geq - d) fD (d) dd. (51)
0

However, deriving an exact statistical characterization of the
CDF in (51) seems challenging. To overcome this issue, we
resort to the moment matching technique to approximate the
corresponding CDF [61]. In this context, the gamma distri-
bution is often utilized to approximate complex distributions
due to its simplicity, characterized only by two adjustable
parameters: the shape parameter s and the scale parameter .
Thus, the mean and variance of such approximation gamma
distribution are defined as s and »w?, respectively.

Now, let us attempt to find the CDF of g, using the
moment matching technique. By definition, the mean and

variance of D can be calculated as E[D] = (d {d; 2bc
—\2 T

and Var (D) =3 ((dg td. f‘bé) respectively. Similarly, the

mean and variance of A’ are given by E[A’] = d, {a and

Var (A') = d, fa a? respectlvely Now, by matching the mean
and variance of the RV g = A’ + D with the mean »;w;
and variance s> of the gamma distribution, we have

1 9o
Yeq,i (geq) F (%Z) (% ’ wl) ’ (5 )
in which
_\2
dy20a® + 3 (Cdy g d; )
2 = — (53)
dy,;a+Cdy, 7 e
and
—\2
(dsa+ cdygd;oe)
;= : : (54)

dy2a + 3 (cdy “d;;’EE)Q.
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Furthermore, by extending the joint CDF definition, the CDF
of gras,s can be mathematically expressed as

Ffas,i (gfas)

=Pr (max {géqﬂ-, . ,g‘ivdii} < gfas> (55)
= Pr (gl < Graes - 903 < i) (56)
= Fgelqm”_,g:(f:’i (Ytass - - - » Gtas) (57)
D (Fy, ) o Fy (90s) 9:) (58)

@)

R; (‘p_l (Fgelqyi (gfas)> e 790_1 (Fg:(’lz7 (gfas)> §77i) )
(59)

where (c) is obtained by using Sklar’s theorem from (10), and
(d') is determined by considering the definition of Gaussian
copula, where »~1(-) is defined as

30_1 (Fg:;l (gfas)) = \@erf_l (2Fg:(:’t (gfas) - 1) . (60)
Eventually, by substituting (52) into (60), and then inserting
the results into (59), we derive (14) and complete the proof.

APPENDIX B
PROOF OF THEOREM 2

By applying the chain rule to (14), the PDF of gg,s is
expressed as (18). Hence, we need to derive the PDF of g’

eq,i’
By applying the PDF definition fx(z) = a%FX (z) to (52),
we have

g
2—1, —4

geq e

f (61)

Now, by substituting (13), (52), and (61) into (18), we get the
desired result and the proof is accomplished.

g
eq,t

(geq) = W

APPENDIX C
PROOF OF THEOREM 6

In order to derive R, we need to solve the integral in (42),
which mathematically defines the ESR. To accomplish this,
we apply Jensen’s inequality so that (42) can be rewritten as

R< % logy (1 + 2TE [Yecho)) (62)

where E [Yecho] 1 the expected value of ~ecno. Next, we need
to find the PDF of vecho. In (41), since Yecho involves the
product of two exponentially-distributed channel gains gy, + and
gt,b, the PDF of ~y.cho can be directly derived from (50), i.e.,

Froa (ech) = b (63)
Yecho ryeChO - 5@7‘[‘2740'?(“ 0 9
where € = E [g; 1,]. Hence, E [Vecho] 18 given by
> 6’7echoda 3’}/echoda
E [’Yecho] - / ﬁ/co 2 ﬁ Yecho
o ber* (o, ber*y(oy,,
(64)
1~ —a
- gbar?ﬁgdtb o7, (65)

Now, by substituting (65) into (62), (44) is achieved.
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