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Abstract—This paper studies the performance of a wire-
less powered communication network (WPCN) under the non-
orthogonal multiple access (NOMA) scheme, where users take
advantage of an emerging fluid antenna system (FAS). More
precisely, we consider a scenario where a transmitter is powered
by a remote power beacon (PB) to send information to the planar
NOMA FAS-equipped users through Rayleigh fading channels.
After introducing the distribution of the equivalent channel
coefficients to the users, we derive compact analytical expressions
for the outage probability (OP) in order to evaluate the system
performance. Additionally, we present asymptotic OP in the high
signal-to-noise ratio (SNR) regime. Eventually, results reveal that
deploying the FAS with only one activated port in NOMA users
can significantly enhance the WPCN performance compared with
using traditional antenna systems (TAS).

Index Terms—Wireless powered communication network, fluid
antenna system, non-orthogonal multiple access, correlated fad-
ing channel, outage probability

I. INTRODUCTION

ONE of the most paramount challenges in designing the
next generation of mobile communication systems, i.e.,

sixth-generation (6G) technology, is the limited battery life
of mobile devices. Indeed, battery replacement or recharging
can incur significant costs due to the extensive deployment
of mobile devices, which severely limits the energy effi-
ciency of wireless communication networks [1]. To tackle
this issue, thanks to the recent advance in radio frequency
(RF) signals-based wireless energy transfer (WET) technology,
wireless powered communication network (WPCN) has been
introduced as a promising paradigm to remotely power up
mobile devices by providing continuous microwave energy
over the air [2]. More precisely, in contrast to conventional
approaches, WPCN is capable of configuring the transmit
power, waveforms, occupied time and frequency dimensions,
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and other critical network parameters based on physical con-
ditions and service requirements. Moreover, this technology is
able to efficiently transmit tens of microwatts of RF power
to mobile devices located at short-range distances, which
makes it potentially suitable for low-power devices in various
applications such as the Internet of Things (IoT), device-
to-device (D2D) communications, RF identification (RFID)
networks, and backscatter communications (BC).

Apart from the aforementioned challenge, another important
obstacle in future mobile technology is scaling the number
of antennas in the small space of mobile devices to enhance
multiplexing gains and network capacity, which affects the
system performance in terms of power consumption, imple-
mentation complexity, channel estimation, signal processing,
etc. In this regard, the fluid antenna system (FAS) has recently
emerged as a potential technology to enhance the multiple-
input multiple-output (MIMO) system, introducing a new
degree of freedom through antenna position flexibility [3].
Specifically, a fluid antenna is a software-manageable fluidic
or dielectric structure that can change its shape and position to
configure the radiation characteristics. This important property,
which is the main superiority of FAS over traditional antenna
systems (TAS), is due to recent developments in utilizing
liquid metals and RF switchable pixels for antennas, which
can potentially enhance the overall system performance and
transmission reliability [4].

Over the recent years, great efforts have been carried out
to evaluate the effect of WPCN in different applications such
as IoT [5]–[7], D2D [8]–[10], and BC [11]–[13]. Moreover,
outstanding contributions have been recently made related to
deploying FAS in various wireless communication scenarios,
mainly focusing on channel modeling [14]–[17] and estimation
[18], [19], performance analysis [20]–[25], and optimization
[26]–[29]. Furthermore, it is worth noting that most existing
works in the context of FAS are based on the orthogonal
multiple access (OMA) technique, which is not an optimum

ar
X

iv
:2

40
5.

11
52

0v
2 

 [
cs

.I
T

] 
 8

 A
ug

 2
02

4



scheme when the channel state information (CSI) at the trans-
mitter is known. For this purpose, only recently, several works
considered the non-OMA (NOMA) principle for the FAS,
which is more efficient compared with OMA, thanks to the
superposition coding and successive interference cancellation
(SIC) method [30]–[32].

Nevertheless, the synergy of combining FAS with WPCN
is not thoroughly grasped. The only research in this context
has been carried out in [33], where the authors considered
a one-dimensional (1D) FAS-equipped tag in the BC (i.e.,
the product channel) under the OMA scheme. In contrast to
the previous work, in this paper, we propose a more general
WPCN, where a single-antenna transmitter, which is remotely
powered up by a power beacon (PB), simultaneously sends
information to NOMA FAS-equipped users. Besides, each
NOMA user includes a planar that is able to switch to the
best position (i.e., port) in a pre-defined two-dimensional (2D)
space for reception. In this regard, the main contributions of
this work are as follows: (i) By assuming that each channel
undergoes Rayleigh fading, we first derive the cumulative dis-
tribution function (CDF) of the equivalent channel at NOMA
FAS-equipped users with the help of the Gaussian copula; (ii)
Then, we derive compact analytical expressions for the outage
probability (OP) in terms of the multivariate normal CDF;
(iii) Further, we obtain asymptotic expressions for the OP to
gain insights regarding system’s performance in high signal-
to-noise ratio (SNR) regime; (iv) Finally, after conducting
extensive simulations, the results indicate that applying FAS in
WPCN is beneficial for NOMA users, ensuring more reliable
transmission compared with deploying TAS.

II. SYSTEM MODEL

A. Chanel Model

We consider a WPCN as shown in Fig. 1, where a transmit-
ter t simultaneously broadcasts the superposed signal includ-
ing information to the NOMA users i ∈ {u1,u2} over wireless
fading channels, exploiting the energy wirelessly supplied by
a PB. In this regard, the wireless channel between the PB
and the transmitter t is called the energy link, while the
channels between the transmitter t and near user u1 (i.e.,
strong user) and between the transmitter t and far user u2
(i.e., weak user) are referred to as information links. It is
assumed that the PB and transmitter t are single-antenna
nodes, while NOMA users i are equipped with a planar FAS.
More precisely, the FAS-equipped NOMA users i include a
grid structure with N l

i ports that are uniformly distributed
along a linear space of length W l

iλ for l ∈ {1, 2}, i.e.,
Ni = N1

i ×N2
i and Wi = W 1

i λ ×W 2
i λ. Moreover, in order

to transform the 2D indices to the 1D index, an applicable
mapping function F (ni) =

(
n1
i , n

2
i

)
, ni = F−1

(
n1
i , n

2
i

)
is defined, where ni ∈ {1, . . . , Ni} and nl

i ∈
{
1, . . . , N l

i

}
.

Under such assumptions, the received signal at the ni-th port
of the user i is expressed as

yni
i =

√
Ppδih

ni
eq,i

(√
pu1xu1 +

√
pu2xu2

)
+ zni

i , (1)

PB Transmitter t 
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1 , 𝑁u1

1
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2 , 𝑁u1

2

Active portλ𝑊u2
1 , 𝑁u2

1

λ𝑊u2
2 , 𝑁u2

2

ℎt

ℎu1
𝑛u1

ℎu2
𝑛u2

Fig. 1. System model: FAS-aided WPCN.

in which Pp denotes the transmitted power by the PB and
hni
eq,i = hth

ni
i is the equivalent channel coefficient at the ni-

th port of the user i that include the channel coefficients of
the energy link ht and the information links hni

i . Besides,
xi represents the symbol sent to the user i with unit power,
pi defines the power allocation factor for user i, where pu1 +
pu2

= 1, and zni
i is the additive white Gaussian noise (AWGN)

with zero mean and variance σ2 at the ni-th port of user i.
Moreover, δi = Lpd

−α
t d−α

i defines the path-loss, in which Lp

is the frequency-dependent signal propagation losses, α > 2
denotes the path-loss exponent, and dt is the distance between
the PB and transmitter t and di represents the distance between
transmitter t and the NOMA FAS-equipped user i.

Further, the ports in FAS can freely switch and be in close
proximity to each other; thereby, the channel coefficients at
each NOMA FAS-equipped user exhibit spatial correlation. By
assuming that the energy and information links suffer Rayleigh
fading, the covariance between two arbitrary ports ni and ñi

at each user i in a three-dimensional (3D) environment under
rich scattering can be defined as

ϱini,ñi
= j0

2π

√(
n1
i − ñ1

i

N1
i − 1

W 1
i

)2

+

(
n2
i − ñ2

i

N2
i − 1

W 2
i

)2
 ,

(2)

in which ñi = F−1
(
ñ1
i , ñ

2
i

)
so that ñl

i ∈
{
1, . . . , N l

i

}
and

j0(.) denotes the zero-order spherical Bessel function of the
first kind.

B. NOMA-FAS Scheme

Following the NOMA principle, the optimal decoding tech-
nique involves implementing SIC according to the strong FAS-
equipped user u1, which means that the weak FAS-equipped
user u2 must decode its signal directly by treating interference
as noise. Hence, by assuming that only the optimal port
that maximizes the received signal-to-interference-noise ratio
(SINR) at the FAS-equipped users is activated, the SINR of
the SIC process can be given by

γsic =
γpu2

Lpd
−α
t d−α

u1

∣∣∣hn∗
u1

eq,u1

∣∣∣2
γpu1

Lpd
−α
t d−α

u1

∣∣∣hn∗
u1

eq,u1

∣∣∣2 + 1
, (3)

where γ =
Pp

σ2 defines the average SNR and n∗
i denotes the

best port’s index at the user i, i.e.,



n∗
i = argmax

n

{∣∣hni
eq,i

∣∣2} . (4)

Thus, the channel gain at the FAS-equipped user i is given by

gfas,i = max

{∣∣h1
eq,i

∣∣2 , . . . , ∣∣∣hNi
eq,i

∣∣∣2} , (5)

in which gni
eq,i =

∣∣hni
eq,i

∣∣2.
After SIC, u1 removes the message of u2 from its received

signal and then decodes its required information. Therefore,
the received SNR at the FAS-equipped user u1 is defined as

γu1 = γpu1Lpd
−α
t d−α

u1

∣∣∣hn∗
u1

eq,u1

∣∣∣2 . (6)

At the same time, the weak user u2 directly decodes its own
signal but lacks the capability to filter out the signal from
the strong user u2 within the combined transmitted message.
Therefore, the received SINR at the weak FAS-equipped user
u2 is expressed as

γu2
=

γpu2Lpd
−α
t d−α

u2

∣∣∣hn∗
u2

eq,u2

∣∣∣2
γpu1

Lpd
−α
t d−α

u2

∣∣∣hn∗
u2

eq,u2

∣∣∣2 + 1
. (7)

III. PERFORMANCE ANALYSIS

Here, after introducing the distribution of the equivalent
channel to the FAS-equipped users, we obtain analytical
expressions of the OP for both NOMA users.

A. Statistical Characteristics

In order to mathematically analyze the important perfor-
mance metrics in the considered FAS-aided WPCN, first, it
is required to derive the distribution of the equivalent fading
channel coefficients at the NOMA users, i.e., the maximum
of Ni correlated RVs so that each includes the product of
two independent exponentially-distributed RVs (see (5)). In
this regard, given that energy and information links undergo
Rayleigh fading, their corresponding channel gains gt = |ht|2
and gni

i = |hni
i |2 have the exponential distribution with unit

mean. Therefore, the CDF of the equivalent channel gain
gni
eq,i = gtg

ni
i at the user i is determined as

Fg
ni
eq,i

(r) =

∫ ∞

0

fgt(gt)Fg
ni
i

(
r

gt

)
dgt (8)

= 1−
∫ ∞

0

exp

(
−
(
gt +

r

gt

))
dgt (9)

(a)
= 1− 2

√
rK1

(
2
√
r
)
, (10)

in which fgt(·) and Fg
ni
i
(·) are the marginal probability

density function (PDF) and CDF of exponentially-distributed
gt and gni

i . Besides, (a) is obtained by utilizing the integral
format provided in [34, 3.471.9] in which K1(.) represents the
first-order modified Bessel function of the second kind.

Next, by using the definition, the CDF of gfas,i can be
mathematically expressed as follows

Ffas,i(r) = Pr
(
max

{
g1eq,i, . . . , g

Ni
eq,i

}
≤ r
)

(11)

= Pr
(
g1eq,i ≤ r, . . . , gNi

eq,i ≤ r
)

(12)

= F
g1
eq,i,...,g

Ni
eq,i

(r, . . . , r) , (13)

where (13) refers to the definition of the multivariate dis-
tribution of Ni correlated random variables (RVs) gni

eqi
for

ni ∈ {1, . . . , Ni}. To derive such a distribution, we exploit
Sklar’s theorem [17] which can generate the multivariate
distribution of Ni correlated arbitrary RVs, e.g., gfas,i, by
only knowing the corresponding marginal distributions. Hence,
Ffas,i(r) can be given by

Fgfas,i (r) = ΦRi

(
ϕ−1

(
Fg1

eq,i
(r)
)
, . . . , ϕ−1

(
F
g
Ni
eq,i

(r)
)
;ϑi

)
,

(14)

where ϕ−1
(
Fg

ni
eq,i

(r)
)

=
√
2erf−1

(
2Fg

ni
eq,i

(r)− 1
)

indi-
cates the quantile function of the standard normal distribution
and ϑi is the dependence parameter, i.e., the Gaussian copula
parameter 1. The term ΦRi denotes the joint CDF of the
multivariate normal distribution with a zero mean vector and
the following correlation matrix Ri

Ri =


ϱi1,1 ϱi1,2 . . . ϱi1,Ni

ϱi2,1 ϱi2,2 . . . ϱi2,Ni

...
...

. . .
...

ϱiNi,1
ϱiNi,2

. . . ϱiNi,Ni

 . (15)

B. OP Analysis

OP is a key performance metric to assess wireless commu-
nication systems, which is defined as the probability that the
instantaneous SNR γ is below the SNR threshold γth, i.e.,
Pout = Pr (γ ≤ γth).

Theorem 1. The OP for the strong FAS-equipped user u1 over
the considered FAS-aided WPCN is given by (16), in which

γ̃sic =
γ̂sicd

α
t d

α
u1

γLp (pu2
− γ̂sicpu1

)
, γ̃u1

=
γ̂u1

dαt d
α
u1

γpu1
Lp

. (17)

Proof. OP arises for the strong user u1 when it fails to decode
its own signal, the weak user’s signal, or both. Thus, by
definition, the OP for u1 can be mathematically expressed as

Pout,u1 = 1− Pr (γsic > γ̂sic, γu1 > γ̂u1) , (18)

in which γ̂sic is the SINR threshold of γsic and γ̂u1
denotes the

SNR threshold of γu1
. Given that the OP in NOMA scenario

is mainly affected by the power allocation factors, Pout,u1 for

1The Gaussian copula can accurately model the spatial correlation between
fluid antenna ports, especially when the fluid antenna size is large. In other
words, the dependence parameter of the Gaussian copula can be approximated
in terms of the covariance of two arbitrary ports, i.e., ϱi ≊ ϑi [17].



Pout,u1 = ΦRu1

(√
2erf−1

(
1− 4

√
γ̃maxK1

(
2
√
γ̃max

))
, . . . ,

√
2erf−1

(
1− 4

√
γ̃maxK1

(
2
√
γ̃max

))
;ϑ1

)
(16)

Pout,u2
= ΦRu2

(√
2erf−1

(
1− 4

√
γ̃u2

K1

(
2
√

γ̃u2

))
, . . . ,

√
2erf−1

(
1− 4

√
γ̃u2

K1

(
2
√

γ̃u2

))
;ϑ2

)
(23)

the case that pu2 ≤ γ̂sicpu1 becomes 1. Therefore, for the case
that pu2

> γ̂sicpu1
, the OP can be computed as follows

Pout,u1

(b)
= 1− Pr

(
γpu2

Lpd
−α
t d−α

u1
gfas,u1

γpu1
Lpd

−α
t d−α

u1 gfas,u1
+ 1

> γ̂sic,

γpu1
Lpd

−α
t d−α

u1
gfas,u1

> γ̂u1

)
(19)

= 1− Pr

(
gfas,u1

>
γ̂sicd

α
t d

α
u1

γLp (pu2
− γ̂sicpu1

)
,

gfas,u1
>

γ̂u1
dαt d

α
u1

γpu1
Lp

)
(20)

= 1− Pr (gfas,u1
> max {γ̃sic, γ̃u1

}) (21)
= Fgfas,u1

(γ̃max) , (22)

in which (b) is followed by inserting (3) and (6) into (18),
γ̃sic =

γ̂sicd
α
t dα

u1

γLp(pu2−γ̂sicpu1)
, γ̃u1 =

γ̂u1
dα
t dα

u1

γpu1
Lp

, and γ̃max =

max {γ̃sic, γ̃u1
}. Then, by considering the CDF of gfas,i from

(14), the proof is accomplished.

Theorem 2. The OP for the weak FAS-equipped user u2 over
the considered FAS-aided WPCN is given by (23), in which

γ̃u2
=

γ̂u2
dαt d

α
u2

γLp (pu2
− γ̂u2

pu1
)
. (24)

Proof. By definition, the OP for the weak user u2 can be
defined as

Pout,r2 = Pr (γu2 ≤ γ̂u2) , (25)

in which γ̂u2
is the SINR threshold of SINR γu2

. Following
the same approach in the proof of Theorem 1, the OP for u2
when pu2

> γ̂u2
pu1

can be derived as

Pout,u2
= Pr

(
γpu2

Lpd
−α
t d−α

u2
gfas,u2

γpu1Lpd
−α
t d−α

u2 gfas,r2 + 1
≤ γ̂u2

)
(26)

= Pr

(
gfas,u2

≤
γ̂u2

dαt d
α
u2

γLp (pu2
− γ̂u2

pu1
)

)
(27)

= Fgfas,u2

(
γ̂u2

dαt d
α
u2

γLp (pu2
− γ̂u2

pu1
)

)
. (28)

Now, by considering the CDF of gfas,i, (23) is obtained and
the proof is completed.

Despite OP expressions in (16) and (23) accurately as-
sessing the proposed system performance, we are interested
in analyzing the OP behavior in the high SNR regime to

gain more insights. For this purpose, by utilizing the series
expansion of K1 (r) when r → 0, the CDF of the equivalent
channel gain in (10) can be written as [33]

Fg
ni
eq,i

(r) ≈ r (1− 2ζ − ln r) , (29)

in which ζ is the Euler-Mascheroni constant.

Corollary 1. The OP for the string and weak FAS-equipped
users over the considered FAS-aided WPCN is given by (30)
and (31), respectively, where γ̃sic and γ̃u1

is defined in (17),
and γ̃sic is provided in (24).

Proof. By applying (29) to (22) and (28) the proof is com-
pleted.

IV. NUMERICAL RESULTS

In this section, we assess the analytical derivations of
the OP, which are double-checked with the Monte Carlo
simulation. To do so, we set the channel model parameters
as pu1

= 0.3, pu2
= 0.7, α = 2.5, Lp = 1, dt = du2

= 10m,
du1

= 5m, and γ̂u1
= γ̂u2

= γ̂sic = 0dB. Furthermore, given
that the OP derivations are in terms of the joint multivariate
normal distribution, we implement them numerically through
the mathematical package of the programming language MAT-
LAB. Moreover, we utilize the proposed algorithm in [17] to
simulate the Gaussian copula in the considered WPCN.

Figs. 2(a) and 2(b) illustrate the OP performance for both
strong and weak NOMA users in terms of the average SNR γ
when different numbers of fluid antenna ports Ni and various
values of fluid antenna size Wi are considered. In both figures,
it can be seen that as γ grows, the OP for both users decreases,
which is obvious since the channel quality improves. However,
we can observe that increasing γ provides a lower OP for
the strong user u1 compared with the weak user u2. The key
reason behind this trend is that u1 takes advantage of the SIC
which provides a larger SINR in contrast to u2. Moreover, it
is evident that increasing the number of fluid antenna ports
or the fluid antenna size can significantly enhance the OP
performance for both strong and weak users, so that this
behavior becomes more tangible in the higher SNR regime.
More precisely, the main reason for this behavior is that
although increasing Ni under a fixed value of Wi raises the
spatial correlation between fluid antenna ports, it is also able to
simultaneously enhance channel capacity, diversity gain, and
spatial multiplexing. Besides, by increasing Wi for a constant
number of Ni, the spatial separation between fluid antenna
ports decreases, which leads to a weaker spatial correlation.
In this regard, we can also see that NOMA FAS-equipped



P∞
out,u1

= ΦRu2

(√
2erf−1 (2γ̃max (1− 2ζ − ln γ̃max)− 1) , . . . ,

√
2erf−1 (2γ̃max (1− 2ζ − ln γ̃max)− 1) ;ϑ1

)
(30)

P∞
out,u2

= ΦRu2

(√
2erf−1 (2γ̃u2

(1− 2ζ − ln γ̃u2
)− 1) , . . . ,

√
2erf−1 (2γ̃u2

(1− 2ζ − ln γ̃u2
)− 1) ;ϑ2

)
(31)

(a) (b)
Fig. 2. OP versus γ for the strong and weak NOMA FAS-equipped users u1 and u2 (a) when Wu1 = Wu2 = 1λ2; (b) when Nu1 = Nu2 = 25.

(a) (b)
Fig. 3. (a) OP versus Ni for the strong and weak NOMA FAS-equipped users u1 and u2 when Wu1 = Wu2 = 1λ2 and γ = 55dB; (b) OP versus Wi for
the strong and weak NOMA FAS-equipped users u1 and u2 when Nu1 = Nu2 = 25 and γ = 55dB.

users with only one activated port experience more reliable
transmission compared with the TAS-equipped users, i.e., the
single fixed-antenna system. For instance, under a fixed value
of γ = 60dB, the OP for the strong FAS-equipped user u1 with
Nu1

= 4 and Wu1
= 1λ2 is around 10−3, while the OP for

a strong user with a single fixed-antenna is close to 10−1.

In order to gain more insights into how the OP performance
for NOMA users changes based on the number of fluid
antenna ports and the fluid antenna size, we present Figs. 3.
From Fig. 3(a), it can be seen that the OP performance for
both users initially enhances and then becomes saturated as
Ni continuously grows. This is mainly due to the fact that
increasing Ni under a fixed Wi leads to the ports becoming
too close to each other and the spatial correlation effects
dominating; thereby, diversity gain reduces after reaching a
certain point and the decrease in OP slows down so that
eventually saturates. Additionally, we can observe that when
Ni increases, the reduction in OP for the strong NOMA user
u1 tends to be much more significant than for the weak

NOMA user u2. The key reason behind such a behavior is
that u1 being less susceptible to interference due to its higher
SINR, can take better advantage of the interference mitigation
technique, i.e., SIC, resulting in a larger reduction in the OP.
Fig. 3(b) also indicates that as Wi grows mainly due to a fixed
large number of fluid antenna ports, e.g., Ni = 25, the OP
reduction is unhindered, albeit decreasing slowly at the larger
Wi. This is mainly because increasing Wi can significantly
reduce the spatial correlation between fluid antenna ports,
resulting in improved signal reception, reduced interference,
and ultimately, a lower OP. Moreover, we can observe that
increasing Wi achieves a lower OP for u1 compared with
u2 since the strong user benefits more from the interference
mitigation and enhanced spatial diversity and multiplexing
gain. For instance, increasing Wi from 1λ2 to 9λ2 under a
fixed Ni = 25 for i ∈ {u1,u2} changes the OP of u1 from
the order of 10−6 to around 10−20, whereas the OP for u2
decreases from the order of 10−2 to the order of 10−6. In
contrast, it can be seen that the OP for both NOMA users



under single fixed-antenna deployment is almost near 1 since
the diversity gain remains constant even if Wi increases.

V. CONCLUSION

In this paper, we considered a WPCN under the NOMA
scheme, where a single-antenna transmitter, which is powered
up by a remote PB, simultaneously sends the superposed signal
including messages to NOMA users. Besides, we assumed that
each NOMA user takes advantage of a planar FAS that is capa-
ble of changing its position in a pre-set 2D space to reach the
maximum SNR. In order to evaluate the system performance,
after introducing the distribution of the equivalent channel
to FAS-equipped users, we derived the compact theoretical
expressions for the OP in terms of the multivariate normal
CDF. Further, we obtained asymptomatic OP in the high SNR
regime. Results showed that FAS-equipped users experience
more reliable transmission than TAS-equipped users in the
NOMA WPCN.
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