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Abstract—This letter studies the performance of reconfigurable
intelligent surface (RIS)-aided communications for a fluid an-
tenna system (FAS) enabled receiver. Specifically, a fixed single-
antenna base station (BS) transmits information through a RIS to
a mobile user which is equipped with a planar fluid antenna in the
absence of a direct link. We first analyze the spatial correlation
structures among the positions (or ports) in the planar FAS, and
then derive the joint distribution of the equivalent channel gain at
the user by exploiting the central limit theorem. Furthermore, we
obtain compact analytical expressions for the outage probability
(OP) and delay outage rate (DOR). Numerical results illustrate
that using FAS with only one activated port into the RIS-aided
communication network can greatly enhance the performance,
when compared to traditional antenna systems (TAS).

Index Terms—Delay outage rate, fluid antenna system, outage
probability, reconfigurable intelligent surface, spatial correlation.

I. INTRODUCTION

N RECENT years, the reconfigurable intelligent surface

(RIS) has emerged as a promising technology to greatly
extend the coverage region in future wireless communication
systems [1]. RISs are artificial surfaces with a large number
of low-cost reflecting elements that can control the wireless
signal propagation environment to redirect radio waves from
base stations (BSs) to targeted mobile users. One of the key
drivers of RIS is that perpetual operation is becoming more
feasible due to recent advances in low-power electronics [2].
Since its inception, much has been researched for RIS and
great progress has been made towards estimating the cascaded
channel state information (CSI) for optimization [3], [4].

On the other hand, the fluid antenna system (FAS) has arisen
as an enhancement method for multiple-input multiple-output
(MIMO) by introducing a new degree of freedom via antenna
position flexibility [5]. FAS represents all forms of movable
and non-movable position-flexible antenna systems [6], [7] and
was first introduced by Wong et al. in [8], [9]. Recent results
have studied the achievable performance of FAS and reported
impressive gains [10], [11], [12]. Some of the related results
came under the name of ‘movable’ antenna systems that could
be viewed as a particular example of FAS [13].
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Fig. 1. A RIS-aided channel from a TAS BS to a FAS-equipped user.

While RIS and FAS are complementary technologies to each
other, the synergy between them is not well understood. The
only result when considering both RIS and FAS was reported
in [14] where RISs were used as artificial scatterers to generate
more multipath so that FAS could work effectively in differen-
tiating different user signals for multiuser communications. In
[14], RISs were randomized and not optimized. Different from
the previous work, in this letter, we consider a single-user RIS-
aided communication channel in which a single fixed-position
antenna base station (BS) sends a message to a FAS-equipped
user via an optimized RIS. The direct link is broken and the
signal has to come through the RIS. Also, the user has a one-
sided, planar FAS capable of switching to the best position in
a prescribed two-dimensional (2D) space for reception.

The technical contributions of this letter are as follows. Af-
ter characterizing the spatial correlation between the positions
(also known as ‘ports’) of the FAS, we first derive analytical
expressions for the distributions of equivalent channels at the
user by utilizing the Gaussian copula. Then we obtain compact
expressions for the outage probability (OP) and delay outage
rate (DOR). Our numerical results indicate that deploying FAS
at the mobile user can make the RIS much more effective when
compared to using a traditional antenna system (TAS).

II. SYSTEM MODEL

We consider a wireless communication scenario as shown in
Fig. 1, where a single-TAS BS sends a message x with transmit
power P to a planar FAS-equipped mobile user with the help
of a RIS that is composed of M reflecting elements. Suppose
that the RIS is there to establish the link between the BS and
the user, as the direct link is blocked. We assume that perfect
CSI is available at the RIS to optimally configure the phase
shift matrix. Additionally, we consider a grid structure for the
respective FAS so that V; ports are uniformly distributed along
a linear space of length W)\ for [ € {1,2}, i.e., N = Ny X



Ny and W = Wi A x Wy, where A denotes the wavelength
associated with the carrier frequency. Moreover, an applicable
mapping function as F (n) = (n1,n2) and F~1 (ny,n2) =n
is supposed to convert the 2D indices to the one-dimensional
(ID) index, in which n € {1,...,N} and n; € {1,..., N;}.
Therefore, the received signal at the n-th port of FAS of the
user can be written as

Yn = b s PhRIS MU T + 20, (D

A
=hn

where h,, represents the equivalent channel between the BS
and the n-th FAS port at the user. More speciﬁcal}y, the vec-
tors BBS-RIS = dlgg-RIS [?Lleijel, ey iljueijaM:| e cMx1
and hRIS-MU,n = df_{?S—MU [hl,neijﬂla ceey h]\l,neijﬁM]T €
CM*1 include the channel gains from the BS to the RIS
(i.e., BS-RIS) and from the RIS to the user (i.e., (RIS-MU)),
respectively. The terms dgs.ris and dris.mu are the distances
of BS-RIS and RIS-MU, respectively, o« > 2 denotes the path-
loss exponent, 6, and [3,, are the phases of the respective
channel gains, and izm and A, , define the amplitudes of
the corresponding channel gains. Besides, the diagonal matrix
U = diag ([¢1e/¥1, ..., (ue?¥™]) € CM*M contains the
adjustable phases by the reflecting elements of the RIS in
which (,(¥) = 1. Also, z, is the independent identically
distributed (i.i.d.) additive white Gaussian noise (AWGN) with
zero mean and variance o2 at each FAS port of the user.

Given that the ports can be arbitrarily close to each other, the
channel coefficients h,, are spatially correlated. By considering
the fact that a planar FAS can only have a 180° reception cov-
erage of the radio environment (i.e., half-space in front),' the
spatial correlation between any two ports n = F ! (ny, ny)
and 7 = F~! (71, 712) can be characterized as

Wy, = cov{n,n}

= sinc g L1_7~11|W 2—1— 7|n2_ﬁ2|W :
A N, —1 ! Ny—1 2 :

2)

in which sinc(t) = % is the sinc function. The details of

the proof can be found in Appendix A. Hence, after applying
the mapping function, the spatial correlation matrix R can be
expressed as

wWi,1 wW1i,2 wW1,N
w2,1 w2,2 . wW2,N

R=| . . , . . 3)
TWN,1 TWN,2 WN,N

By assuming that only the optimal port that maximizes
the received signal-to-noise ratio (SNR) at the mobile user
is activated, the resulting SNR at the user can be found as

O

. g )

= 7[h]

Y *
o n

I A noticeable difference here is that in [5], even a planar FAS is considered,
the radio waves are assumed to come in all 360° directions.

in which 4 = % is the average SNR and n* defines the index
of the optimally selected port at the user, i.e.,

n* = argmax {|[n], I*}, )

where the notation [h],, defines the n-th entry of h. Therefore,
the resulting channel gain at the user can be expressed as

hias = max {|h|*, |ho|*, ..., [N [} - (6)

III. PERFORMANCE ANALYSIS

Here, we first characterize the cumulative distribution func-
tion (CDF) and probability density function (PDF) of the
equivalent channel at the mobile user by exploiting the central
limit theorem (CLT) and copula theory. Then we derive the
OP and DOR in compact analytical expressions.

A. Statistical Characterization

In order to determine the statistical distribution of the SNR
at the user, we first need to obtain the marginal distribution
of h#,g in the presence of the RIS. To this end, the fading
channel coefficient can be rewritten as
2
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in which (a) is obtained from the assumption of perfect CSI
for RIS configuration, which enables ideal phase shifting, i.e.,
Y = Opm + Bm. Then, by the CLT for a large number of
reflecting elements, ie., M > 1, A = ng:l NmKm can be
accurately approximated as a Gaussian random variable with
ra = M and variance of 0% = M <1 - ’17—;) [1]. Thus, A2
is a non-central chi-square random variable with one degree

of freedom and has the marginal CDF and PDF as [15]

T a
FAz(a):l—Q% <1/O'124’”0124)’ )]
and

1 sanTd a+T var
faz(a) = R (;) exp (— 5,0 >I_; ( o2 ) , (10)

A

where 7 = p3 is the non-centrality parameter and Q;(v,w)
denotes the Marcum (Q-function with order [. Therefore, the
CDF of h#,4(r) can be derived as

Fyz (r)=Pr (hfas <)
=Pr (max{\h1\2, cey |hN|2} <r)
=Pr (max {Az,...,Az} < rci)

= Fae a2 (mi,...,rci), (11)

in which d = dq r1ed% sy Furthermore, to obtain the joint
multivariate distributions provided in (11), we exploit Sklar’s
theorem, which can accurately connect the joint multivariate
distributions of arbitrary random variables to their marginal



distribution with the help of a copula function. As a conse-

quence, by exploiting the analytical results in [10], Fj2 (r)
can be derived as
Fye, (r)=C (FAz (rd) L Fa (rd') ;190) .12

where C(uq,...,uy) denotes the N-dimensional copula on
the unit hypercube [0, 1]V with uniformly distributed random
variables over [0, 1] and ¥¢ is the copula parameter that can
control the degree of dependency between fluid antenna ports.
Then, by applying the chain rule to (12), the corresponding
PDF, fhl2:‘AS (r), can be obtained as

fi ) = 1Lt (rd) e (s (rd) oo (rd) 00
n=1
(13)

where c(uy, ..., uy) represents the copula density function.

Note that (12) and (13) are mathematically applicable under
any choice C' that includes the copula properties [17, Remark
3]. In this regard, it was understood that the Gaussian copula
is an appropriate model that can accurately describe the
spatial correlation between fluid antenna ports and make the
mathematical analysis more tractable. Therefore, Fh%As (r) and
fr2, g (r) can be, respectively, expressed as

thAS (r)
= o (gp‘l (FA2 (rd)) ooyt (FAz (rcf)) ;19G>
(14)
and
N
Sze ) =TT fa2 (rd)
n=1
exp (1 (exd) (R =D p3)
X , (15)

det (R)

in which det (R) denotes the determinant of the correlation
matrix R, I is the identity matrix, and ¢! (FA2 (rd)) =

\@erf_l (2FA2 (rci) — 1) is the quantile function of the

standard normal distribution, where erf™" () is the inverse
of the error function erf (2) % JZe tdt. The term
®g(-) is the joint CDF of the multivariate normal distribu-
tion with zero mean vector and correlation matrix R, Jg
denotes the correlation parameter of the Gaussian cg[pula, and
Y= {gp‘l (FA2 (rd)) et (FAz (Td)ﬂ
Fyz (r) and fu2 (r) are rewritten as (16) and (17) (see top
of the next page), where we also have (18).

. Hence,

B. OP Analysis

The OP is defined as the probability that the received SNR is
less than a given SNR threshold 74y, i.€., Pout = Pr (7 < tn)-
Using the results obtained above, the OP for the considered
system model is provided in the following proposition.

Proposition 1. The OP for the considered RIS-aided FAS is

given by
nd
Pout = Fh12?AS (7‘; ) ’

where Fyz2 (r) is defined in (16).

19)

Proof. By deﬁnitzion of the OP and then applying the trans-

formation vy = 4 J”, the proof is completed. O

C. DOR Analysis

The DOR is defined as the time it takes to successfully
transmit a specific amount of data R over a wireless channel
with a bandwidth B, surpassing a predefined threshold dura-
tion Ty, i.e., Pr (Tqs > Tin) in which
_ R
~ Blogy (1+7)
indicates the delivery time [16]. The DOR for the considered
system model is presented in the following proposition.

Proposition 2. The DOR for the considered RIS-aided FAS is

given by
~ Rln2
d (e BTin — 1)
Piv=Fp | ——-2L

FAS 7

Tat (20)
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IV. NUMERICAL RESULTS

In this section, we present the numerical results to evaluate
the performance of the proposed RIS-aided FAS in terms of
the OP and DOR. To this end, we set the channel model pa-
rameters as 02 = —120 dBm, o = 2.5, dps-ris = dris-MuU =
2 km, v, = 0 dB, T, = 3 ms, R = 3 kbits, B = 2 MHz,
and P = 15 dBm. It is worth noting that the multivariate
normal distribution in (16) and the corresponding Gaussian
copula are implemented numerically, exploiting the mathemat-
ical package and algorithm of the MATLAB programming
language. Besides, TAS is considered as a benchmark for
comparison.

Figs. 2(a) and 2(b) illustrate the impact of transmit power
P on the OP behavior for different values of the fluid antenna
port N and fluid antenna size W, respectively. It is clearly seen
that considering a larger number of ports, e.g., N =4 x 4, or
a higher value of fluid antenna size, e.g., W = 3\ x 3\, can
significantly enhance the OP performance compared with the
TAS. Moreover, we can observe that such an improvement be-
comes more noticeable when a larger number of RIS elements
M is considered. The key reason behind the behavior of the
OP in Fig. 2(a) is that while increasing N with a constant
W enhances the spatial correlation among fluid antenna ports,
it also has the potential to boost channel capacity, diversity
gain, and spatial multiplexing simultaneously. Consequently,
this can alleviate fading effects and improve the overall quality
of the links. Furthermore, the primary factor influencing the
behavior observed in Fig. 2(b) is that increasing W while
maintaining a constant N can reduce the spatial separation
between the fluid antenna ports; thereby, the spatial correlation
decreases and a lower OP is therefore achieved.
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Fig. 2. OP versus P (a) for selected values of M and N when W = 1A X 1A,
and (b) for selected values of M and W when N = 25.

To gain more insights into how the number of ports, fluid
antenna size, and the number of RIS elements affect system
performance, Fig. 3 is presented. In Fig. 3(a), we can observe
that as N steadily increases, the OP initially improves and
then becomes saturated to a floor. This is because the spatial
correlation between fluid antenna ports increases as N grows
under a constant W, and thus, a reduction in diversity gain is
experienced until it eventually reaches saturation. Moreover,
it can be recognized in Fig. 3(b) that increasing W under a
given large N enhances the OP performance without limitation
but at a slow rate for a larger . This behavior is reasonable
due to the reduction of spatial correlation by increasing the
size of the fluid antenna. However, the interesting point is that
such improvements in the OP performance based on N and
W variations are achieved if the number of RIS elements M
is sufficiently large. For instance, in Fig. 3(b), under a given
M = 125, the OP decreases from the order of 10~2 to the
order of 10~7 when W raises from 1 to 9 (A?), while under
M = 105, the OP almost remains constant as IV increases.
Hence, as shown in Figs. 3(c) and 3(d), the OP performance
for the RIS-aided FAS and RIS-aided TAS is almost similar for
a small number of RIS elements, but the impact of FAS on the
RIS-aided communication system becomes more remarkable
compared with TAS when M continuously increases.

Fig. 4 illustrates the behavior of the DOR in terms of the
bandwidth B and the amount of data R for different values
of N, W, and M. As expected, it is evident in Figs. 4(a)
and 4(b) that a preset data amount can be transmitted with
reduced delay as the channel bandwidth increases, where such
an achievement becomes more noticeable when the number
of RIS elements is larger. Moreover, we can observe that the

DOR performance remarkably enhances when N or W grows,
which implies that data transmission in the RIS-aided FAS
results in lower delays compared to the TAS counterpart. In
Figs. 4(c) and 4(d), we can also see that the DOR performance
weakens by increasing the transmitted data R under a fixed
bandwidth B = 2 MHz because transmission becomes almost
impossible at the high date rate; consequently, the latency
increases drastically. Nevertheless, it can be observed that by
applying FAS instead of TAS in the RIS-aided communication
scenario, we can prevent the increase in transmission delay.
For instance, sending R = 5 kbits amounts of data with a low
DOR is nearly impossible when TAS is considered at the user,
but it can be sent with a small DOR (e.g., in the order of 108
as shown in Fig. 4(c)) when the FAS is used at the user instead.
Therefore, from the ultra reliable low latency communications
(URLLC) perspective, FAS with only one active port overtakes
TAS in RIS-assisted communication systems.

V. CONCLUSION

This letter investigated the performance of RIS-aided FAS,
where a fixed single-antenna BS sends information to a FAS-
equipped user with the help of an optimized RIS. We first
characterized the CDF and PDF of the equivalent channel
at the user by modeling the spatial correlation between fluid
antenna ports via the Gaussian copula. Then we derived the OP
and DOR from compact analytical expressions. The numerical
results indicated that using the FAS can provide more reliable
and low-latency transmission in RIS-aided communication
systems when the number of RIS elements is large.

APPENDIX A
SPATIAL CORRELATION IN PLANAR FAS

Given the defined size and number of ports for the fluid
antenna, we consider the position of the n-th port as n,, =

Li), 1@2’11 W, =1 L Wl} . Assuming a plane wave approaches
e fluid antenna surface with azimuth angle w and elevation
angle v, the array response vector can be formulated as

, A T
a(w,v)= [ejk(“””)T‘“, . ,ejk(“’”’)TnN}

;o (22
where k (w, ) = 2F [cos (v) cos (w) , cos (v) sin (w) , sin )"
represents the wave vector.

Next, by denoting the normalized spatial correlation matrix

RcCV*N 5s R = F {a(w,y),a(w, y)H}, the (n,7n) entry
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Fig. 4. DOR versus (a) the bandwidth B for a fixed W = 1A x 1), (b) the bandwidth B for a fixed N = 25, (c) the amount of transmitted data R for a
fixed W = 1\ X 1), and (d) the amount of transmitted data R for a fixed N = 25.

of R can be expressed as @, ; = E {eﬂ“k(‘*”")T(“"*“ﬁ)}.
For a three-dimensional (3D) isotropic scattering environment

over the half-space, we have f (w,v) = %T(r”) when w €
[fg,g] amd v € [fg,g] [18]. Hence, utilizing Euler’s

formula, @, 5 can be determined as
m/2 m/2 Com )
W, / ) X Ipn—nallsin(v) ¢ (w,v)dvdw (23)
—n/2J—7/2

_ sin (27“||nn — nﬁ||)

; (24)

T, — ng|
where (24) is equal to (2) and the proof is accomplished.
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