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Abstract—Both fluid antenna system (FAS) and reconfigurable
intelligent surface (RIS) are promising technologies that enhance
the performance of wireless communications. This letter studies
the power minimization problem under quality of service (QoS)
constraints in a multiuser FAS-RIS-aided system, where each user
is equipped with a planar FAS, and the base station (BS) has
multiple fixed-position antennas (FPAs). The precoding vectors,
the RIS elements, and the user antenna positions are iteratively
optimized to minimize the transmit power. Our simulation results
show that the proposed approaches require much less transmit
power to achieve the QoS than the FPA counterpart.

Index Terms—Fluid antenna system, reconfigurable intelligent
surface, antenna position optimization, power minimization.

I. INTRODUCTION

LUID antenna system (FAS) has recently been proposed
to greatly improve spatial diversity and enable massive
connectivity, e.g., [1], [2], [3]. FAS represents any form of
shape-flexible, position-flexible antenna systems [4], [5], such
as liquid-based antenna [0], RF pixel-based antenna [7], meta-
material based antenna [8], and movable antenna [9]. FAS has
also innovated multiple access by enabling users to access the
highs and lows of the fading envelopes in the spatial domain.
The concept of fluid antenna multiple access (FAMA) can be
interpreted as ‘beamforming by nature’ to mitigate inter-user
interference, without actually performing beamforming at the
transmitter [4]. In [10], the outage probability for two-user
FAMA was analyzed while [ 1] tackled the energy efficiency
problem of a multiuser FAMA through a mean-field game.
Recent efforts also combined FAS with other technologies.
Fairness issues of non-orthogonal multiple access and orthogo-
nal multiple access systems using FAS were recently addressed
in [12]. In [13], [14], the authors studied the performance of
FAS in improving the integrated sensing and communication
(ISAC) systems. The system delay of mobile edge computing
networks was investigated in [15]. Reinforcement learning was
employed in [16] to maximize the sum rate for opportunistic
FAMA systems. FAS was further considered as a relay in [17],
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Fig. 1. A multiuser FAS-RIS-aided system where the users and the BS are
equipped with 2D fluid antennas and FPAs, respectively.

showing improvement in the sum rate by 125%. In [18], FAS-
aided wireless information and power transfer was evaluated
under imperfect channel state information (CSI).

On the other hand, reconfigurable intelligent surface (RIS) is
a promising technology that improves wireless communication
coverage with low power consumption, e.g., [19], [20]. How-
ever, the cascaded channel fading effect in RIS systems often
leads to a reduction in received signal power, posing a signif-
icant challenge. In this context, FAS can provide users more
spatial degrees of freedom (DoF) to effectively reduce the
effect of noise. The performance analysis of RIS-aided FAS
was first given in [21]. The sum-rate maximization problems
of RIS-assisted systems were investigated in [22] and [23],
where the FASs were equipped on the unmanned aerial vehicle
(UAV) and the base station (BS), respectively. The authors of
[24] investigated FAS and RIS-assisted index modulation in a
millimeter-wave system, and proposed a transmission scheme
with low hardware cost and power consumption to improve
the error performance and the spectral efficiency. The impact
of equipping position-flexible elements on RIS was evaluated
in [25], [26]. However, the power minimization problem of a
FAS-RIS-assisted multiuser system has not been studied.

This letter studies the transmit power minimization problem
of a FAS-RIS-aided downlink system in which the users and
the BS are equipped with a single-antenna FAS and multi-
ple fixed-position antennas (FPAs), respectively. Due to non-
convexity, we iteratively optimize the precoding vectors, phase
shift of the RIS, and the user antenna positions. Simulation
results show that FAS can achieve the quality of service (QoS)
constraints with much less power than FPA.

II. SYSTEM MODEL
A. Signal Model

We consider a FAS-RIS-assisted downlink system as shown
in Fig. 1, where the BS transmits messages to U users on the
same physical channel. Each user is equipped with a single-
antenna two-dimensional (2D) FAS of size S = [0, W]x [0, W]
while the BS has M FPAs. In the FAS, the antenna can be
instantly switched to any position within the given region. We
also consider a RIS with a passive reflecting uniform planar
array (UPA) of dimension N = Nj; X Ny in the system to
assist the communication from the BS to the users.



Let w, € CM*! and v, = [z, yu]T represent the precod-
ing vector and the antenna position of user u, respectively.
Then the received signal at the u-th user is given by

U
2w = (B, (v,)OG + kS (v,) > wisk + 1y, (1)
k=1

where s, ~ CN(0,1) is the symbol for user u, hd(v,) €
CYM and k! (v,) € C**V are respectively the direct channel
from the BS to user u and the RIS-user v channel, the diagonal
matrix © = diag(e’%, ..., e/V) is the reflection-coefficients
matrix of the RIS, G € CN*M js the channel between the
BS and the RIS, and n, ~ CN(0,02) is the additive noise.
Denote the user index set by U = {1,...,U}. The signal-to-
interference-plus-noise ratio (SINR) at user u is given by

(R, (v,)©G + R (v,))w,|”

nu(wb{a 67 vu) =
(2)

B. Channel Model

1) BS-user channel: Denote the number of propagation
paths of the BS-user u direct channel by L¢, and the complex
channel gain of the I-th path by v¢, ~ CA(0,1). Using the
geometric channel model, the direct channel between the BS
and user u can be modeled as [27]

E "Yu lrul ’Uu

where td , and ru ; denote the steering vector at the BS side
and the steering element at the user side, respectively, and the
superscript ‘d’ indicates that it is the direct link between the
BS and the user. Denote the angle of departure (AoD) of the
[-th path from the BS to user u by Cg,r Then we have

) ()", 3)
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where ) is the wavelength and dpg is the BS antenna spacing.

For the BS-user u channel, the azimuth and elevation angles
of arrival (AoAs) of the I-th path are denoted by ¢, ; and 6,
respectively. The distance difference in the [-th path of the BS-
user u channel between v, and its origin [0, 0]

[)271(’%) = 1, sin Hfu cos ¢i,l + ¥, oS 9%71. 5)

As a consequence, the steering element at user u is r¢ ,(v,) =

eI KAL), Now, we denote
rd(v,) = {ri’l(vu), .. .,rgyL% ('vu)} e c\xlu,
= diag{’yivl, . ,’Yg,mu} € (CL:I*XUL7 (6)
Td = |81 (wa), o 8 4 ()] € CME,
based on which (3) can be rewritten in matrix form as

R (v,) = ri(v,) TS (T (7)

R, (v,)OG + ki (v,)wi|” + 02

2) BS-RIS channel: Denote the number of paths, AoD, and
azimuth-elevation AoAs of the BS-RIS channel by Ly, C}“,
and (¢, 6%7), respectively, where the superscript ‘br’ indicates
that it is the link between the BS and RIS. Denote w}’r =
sin 0™ cos @Y. The steering vectors of the BS and the RIS are,
respectively, written as

. : . T
tbr _ |:1 eszTst cos(,’b e ,eszT(Mfl)st cosd’:|
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9
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are respectively the steering vectors with respect to the vertical
direction and horizontal direction of the RIS, d; is the RIS
element spacing. Let 7» ~ CAN(0,1) denote the complex
channel gain. Then the BS-RIS channel can be written as

G = R, I, T/, (10)
where
Ry = [rY, ..., e ] e CV*Pr,
Ly = diag{y}", ..., 77, } € Chwxho, (11)
Ty = [t 8] € CMxbn,

3) RIS-user channel: Similarly, for the RIS-user u channel,
the number of propagation paths, and the azimuth and eleva-
tion AoDs of the [-th path from the RIS to user u are denoted
by L, &,;, and (, ;, respectively, where the superscript ‘r’
indicates that it is the link between RIS and the user. Denote
@, = sing,  cos;, ;. The steering vector of the RIS-user u

channel is given by

tﬁhl:t ®tul, (12)
where
. . . 1T
b —{1,6*J2T”d"3°s<;’l,...,e*JZTﬂ(lel)d‘wscw}
2, =[1 eI R IR Nk
(13)

Denote the azimuth-elevation AoAs of the [-th path by
(04.1-0,.1)- The steering element of the RIS-user channel at

_i2m
user u is 7y, ;(vy) = €773 Pui(¥e) where

Pu1(Vu) = Ty sing,, ; cos @i, ; + yu cos b, (14
Then the RIS-user u channel can be modeled as
. H
h 'Uu ZFYulTul ’Uu ul) ’ (15)

where 7, ; ~ CN(0,1) is the complex channel gain. Similar
to the BS-user channel, (15) can be rewritten as

hiy(va) = v (vl) T (T)" (16)



where
v (o)) = [ @),
I7 = diag{+ 1, .

T" = {tﬁt’l(wu),...

r 1x LY
T ('uu)} € Ct*5u,

T L, xL"
77u,L‘L} eCh “y

g (w4)] € CV¥E

a7

C. Problem Formulation

Our aim is to minimize the transmit power by optimizing
the precoding vectors wy,, the phase shift matrix of the RIS ©,
and the antenna positions vy, of all the users. Mathematically,
the problem can be formulated as

v, €S, YuelU,

U
Z lw,||? s.t.

u=1 0<46, <2m, VYneN,

where ¢, is the SINR target for user v and N' = {1,..., N}.

nu(wl/{, @,’Uu) ZEMVUGL{,

min
wy,0,vy

(18)

IT1I. PROPOSED SOLUTION
A. Alternative Optimization
Since (18) is non-convex, we alternatively optimize wy,, ©,
and vy,. For given vy, (18) is a classical optimization problem
for RIS. Thus, we optimize wy, and ® using the approach in
[19]. For given wy, and ©®, (18) becomes

U
Vy) > €y, YU €U,
min > | st {n“( w Z €y, VU (19)
vu u=1

v, €S, Yu€elU.
For convenience, we denote h',(v,)®G +hi (v,) by h,(v.,).
Then, based on (2), the SINR constraint can be equivalently
rewritten as
U
(V) wu*—€u| > [hu(vi)wi [ +07 | > 0,Yueld. (20)
k#u

As the SINR constraint is still non-convex, we move it into
the objective function by introducing a penalty 7 and get

U U U
r%;nz |we, H2_TZ ﬂhu (vu)wu|2_ euz [P @) wi |2_6u0}ﬂ
u=1 u=1

k#u
st. v, €8, Yuel. 21
Dropping the constants, (21) can be transformed to
U U
max Y | |hu(va)wa* = e Y [P (va)wi]?
-1 kAu
st. v, €8, Yu€el. (22)

As the antenna position of each user is independent, (22) can
be decomposed into U subproblems. For user u, we have the
corresponding objective function

U
flv,) & hu('vu)wuwfhil(vu)_eu Zhu(vu)wkwl?hf('vu)
k#u
(B (0,)OG + R (v,)) W, (1L (v,)OG + hé (v,)) "
7 (va) Ayt (v) T4 7 (0,) Burd (v,)

+ 7 () Curty (0,) 7 + 78 (0,) Dyl (v,) "

(23)

in which we have W, = w,w—¢, Z,ﬁ;u wpwl, A, =
rrfeew,GErerTir B, =rir?eew,rrd"

C,=r'1"w,cHeT " and D,=r'T¢" w,Tdr"

uTu

Therefore, we rewrite (22) as U subproblems, where the u-th
subproblem is written as

max f(v,) st v, €S.

Uy

(24)

If Vu € U, the solution of (24) satisfies 7, (vy) > €y, (19)
is solved. Otherwise, (19) is infeasible. In the following, we
propose three methods to solve (24).

1) Discrete Exhaustive Search (ES): As v, € S, a near-
optimal solution can be obtained by discrete ES [28], [29]. In
particular, we divide the entire space of FAS equally into K2
small squares with (K + 1)2 vertices. The coordinates of the
vertices are contained in the potential position set of the FAS
X = {0, dFA87 QdFAS, ey W} X {OdeAS; 2dFAS, ceey W},
where dpag = W/ K is the search step. Then, for each user u,
we take the point in X’ that yields the maximum f(v,,) as the
solution of problem (24), i.e.,

v, = arg max f(0,). (25)

Dy EX

Since the computational complexity of ES is high for large
K, we propose the following two methods.

2) Successive Convex Approximation (SCA) based Method:
As (24) is non-convex and intractable, we successively approx-
imate it in a convex form [30]. According to the second-order
Taylor expansion, we can obtain a lower-bound of f(v,) as

Oy

Fou) = (o) +9f (0)) ou—v () = S (vu—v) ou—v()

_ bu 7 @) )"
— ?vu v, + (éuvu + Vi(vy )) v
S ) e — VTR + ), (9

where vff) is the value of v,, obtained in the ¢-th iteration and
8, is a positive real number satisfying 5, I> = V2 f(v,).

To employ the Taylor series expansion above, we provide
the gradient of f(v,) and the value of ¢, as follows. De-
noting the (¢,[)-th element of A,, B,,C,,D, in (23) by
abl bl ¢l dil respectively, we have

L, L%, L, LY
Fu) =33 abp(ur, L) + YD bi(u,d, i)
=1 1=1 =1 =1
oL L4 Le
+ N (1 dy) + Y di e (u,d, 1 d ), (27)
i=11=1 =1 =1

where  ¥(u, 1,1, X2,9) = eI S (P (wa) =% (va))  and
X1, X2 € {d,r}. Denote g1(01,¢1,02,¢2) = sinfy cospy —
sin 03 cos ¢2, g2(01,02) = cosf; — cosfy. The gradient of
f(v,) over v, can be found as

af(vu) 6f(vu):|T 7

Oxy OYu
in which 6(2(;“) and 8](;(;’“)

bottom of the next page) and

Vi) = | (8)

are given in (29) and (30) (see
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Since [|[V2f(va)[3 <

)2, we can select §, as

Ld Lt Ld Ld

zl|+ZZ|dzl

i=1[=1

Lr Lt Lt Ld
SR DT

1=11[0=1

i=1[=1 i=11=1

(35)

which satisfies 0, > ||[V2f(vy)||Fr > ||[V?f(vy)]|2, and thus
5.1 = V?f(v,) based on eigenvalue decomposition. The
second-order derivatives of f are given in (32), (33) and (34)
(see bottom of this page), where

:¢(U7X1,17X27 ) (aiflla 51179;(21’(%%3)7

:¢(U7X171»X2» ) (9;(1l791)527)

=</71(ua Xlal7X27 ) (ozllaaifz)

Al(ua X1, lv X2, Z)
A2(u7 X1, lv X2 Z)
A3(qu1al7X27i) (36)

Dropping the constraints of (26), (24) is transformed into

Ou 7 (i) )"
E%}é_ 5 v, Uy + ((Suvu + V(v )) Vy-

(37)

As the objective function of (37) is quadratlc concave, it has

e é”“ ) 1!, is inside S,
it is the solution of (37). Otherwise, we can obtain the solution
using CVX. To obtain a good solution, we solve (24) using
the SCA method from xgca different initial points and let the
position with the largest f(v,,) be the solution of problem (24).
This method is summarized in Algorithm 1.

Since CVX utilizes an interior point method to solve a
quadratic program, which usually results in high computational
complexity, we propose the following gradient descent (GD)
method with closed-form solution in each step.

3) GD based Method: Here, we adopt the GD method with
backtracking line search to find the stationary points of f(v,)
[31, Chapter 9] . The antenna position of user u is updated by

the maximum value at v/,

Algorithm 1 SCA for solving (24)

1: Let f*=0.
2: for k=1:x5ca do
3: Leti=0.
4 Initialize v which satisfies v, € S.
5: repeat ,
6 Calculate Vf('uif)) and J,, based on (28) and (35),
respectively.
7: Update 'v = vu %
if v, €S then
: Update v T = v
10: else
11: Obtain v, the solution of (37), using CVX.
12: Update v&”l) = vVy.
13: end if
14: Let¢ =14+ 1.
15: until convergence
16 if f(vi)) > f* then
17: = f(vq(f)) and v} = vé).
18: end if
19: end for

20: return v, as the solution of (24)

where u(“rl) is the step size for GD in the (i 4 1)-th iteration
and Vf ('vu ) is the gradient in (28). Using the backtracking
line search method, the step size p starts at 1 and decreases
by the factor 5 € (0, 1) until the position is within the given
antenna space and the Armijo-Goldstein condition is met, i.e.,
F@GD) 2 f0P) + ap D[V A3, (39)
where a € (0,0.5) is the control parameter for the step size.
Similar to the Section I1I-A2, we start the GD method from
kgp random positions and select the result with the largest
f(vy) as the solution of (24). The main steps of the proposed
gradient descent method are summarized in Algorithm 2.

v =0l 4 pTIV (o), (38)

a r Ld Ld r Ld Ld
8xvu =j— 2 {ZZ au o1 ,r,l,r,i +ZZ b lcpl (w,d,l,r,i +Z Z cu w1 (,r,l,d, +Z Z db lcpl (w,d,l,d, z)} (29)

» 2 i r11 r1 i r1 lLd1 zLdl l r1 zLd1 lLd1
ayvu il {ZZ au cp2ur,l,rz +ZZb o (u,d,l,r,7) +chu o (u,r,l,d,7) +ZZd o (u,d,ld, z)}, (30)

“w i=11=1 i=11=1 i=11=1 i=11=1

82 4 r r r Ld Ld 1‘ Ld Ld
Wf? :7 W [ZZ ay "AL(ur,lr,i —|—ZZ bl "Ay w,d,lr5) —I—Z Z cy "Ar(url,dyi +Z Z d "Ny (u,d,ld, z)} (32)
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1=1[0=1 i=1[0=1
Q2f  0%f  —dn? <
iy Oy N2

i=1[=1 i=11=1

=1 =1 i=1 [=1
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i=1[]=1 i=11=1



Algorithm 2 GD for solving (24)

1: Let f*=0.

2: for k=1:xgp do

3: Initialize vf}) which satisfies v,, € S. Let i = 0.
4 repeat

5: Leti=1d+1.

6:

Calculate f ('vq(f)) and V f ('vq(f)) based on (23) and
(28), respectively.

7: Initialize p*t1) = 1.

8: repeat

9: Let p(tD) = g lit1),

10: Update v,(frl) = vq(f) + M(i+1)Vf(vff)) .

11: Calculate f(v{ ™).

12: until Armijo-Goldstein condition in (39) is satis-
fied.

13: until convergence

14 if fSTY) > f* then

15: ff= f('vq(fﬂ)) and v} = v,(j+1).

16: end if

17: end for

18: return v;, as the solution of (24)

B. Complexity Analysis

For convenience, it is assumed that the number of propaga-
tion paths for each channel is identical, i.e., Lg =Ly=L, =
L,Vu € U. Noting that the complexity of calculating A,,, B,
C,, and D, is F = NML + M2U + M?L, the complexity
of ES is then O((K 4 1)> L? + F). Denoting the maximum
number of iterations by Nsca, the complexity of Algorithm 1
is O(kscaNscaL? + F). The implementation of Algorithm 2
has a complexity of O(kgp Now(NinL?+ L?)+F), where N,
and N, are the maximum number of iterations of the inner
and outer loops of Algorithm 2, respectively. The complexity
of solving (19) is O(UOy), where Oj is the complexity of the
chosen method among ES, SCA, and GD.

IV. SIMULTION RESULTS

In this section, we verify the performance of the proposed
algorithms through Monte Carlo simulations. The carrier fre-
quency is 30 GHz. The noise power o2 is set to be —80 dBm.
The azimuth and elevation of AoAs and AoDs follow uniform
distribution over [0, 7. For convenience, we assume the same
number of propagation paths for each channel and the same
SINR target for each user, ie, LY = LI = L, = L,
€, = €, Yu € U. In addition, we set o = 0.1, 8 = 1073,
K =5, ksca = 100, kgp = 10, and dgs = d; = /2. The
performance of the strategy that uses FPAs at the users is given
as a benchmark for transmit power comparison.

In Fig. 2, we study how the transmit power changes with a
user antenna position when the other user antennas are located
at the origin (0,0). We can observe that the required power at
different locations varies from —10 dB to 0 dB, which shows
the necessity of starting SCA and GD schemes from different
initial points to avoid getting stuck in local maxima.

Now, Fig. 3 depicts the minimum transmit power over the
number of users U under different SINR targets e. Since each

Normalized size of fluid antenna, W/ X

0 0.5 1 15 2 25 3 35 4 45 5
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Transmit power versus the antenna locations with e = 3 dB, N1 =
No =5, M =5 L=10and U = 5.

——FPA, e=3dB
—=—ES, e=3dB
—+—SCA, ¢=3dB
—=—GD, ¢=3dB
—0--FPA, e=5dB
—o-ES, e=5dB
—+--8CA, e=5dB
— - GD, e=5dB

Transmit power (dBm)
(o2}

2 25 3 3.5 4 4.5 5 5.5 6

Number of users, U

Fig. 3. Transmit power versus the number of users with W = 3\, M = 6,
N1 = Ny =5, and L = 10.

user is equipped with a single fluid antenna, increasing the
number of users also introduces more degrees of freedom into
the system. Therefore, the power savings achieved with fluid
antennas compared to FPAs grow as U increases. Specifically,
as U increases from 2 to 6, the power saved by fluid antennas
increases from 1 dB (26%) to 2 dB (58%) for both SINR
targets (e = 3 dB and e = 5 dB).

Finally, Fig. 4 investigates the effect of FAS size on the
transmit power. Since a large antenna provides more spatial
diversity, the transmit power of using GD or SCA initially
decreases with the normalized antenna size. Due to the fact that
the antenna with large space can cover enough local optimal
points, further increasing the antenna size does not bring any
more power reduction. As a result, the transmit power reaches
saturation when the antenna size is about 5\. In contrast,
the transmit power for the ES scheme increases slightly with
antenna size. This is because we maintain a fixed number of
search points on each fluid antenna, which leads to a decrease
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in search resolution as the antenna size increases.

V. CONCLUSION

In this letter, we studied the power minimization problem
of a FAS-RIS-aided downlink system under QoS constraints.
We have addressed the problem by iteratively optimizing the
precoding vectors, the phase shift of RIS, and the FAS antenna
positions. ES, SCA, and GD methods were developed to find
the optimal antenna position of each user, while the precoding
vectors and phase shift of RIS were optimized by a classical
algorithm. Simulation results showed that FAS requires much
less transmit power to achieve the target SINR than FPA. This
work assumed perfect CSI, which is difficult to obtain in real-
world applications and that CSI errors may cause the actual
SINR to fall below the threshold, making the optimization
problem infeasible. In the future, robust optimization algo-
rithms should be sought to account for the imperfect CSI case.
In addition, the physical power consumption and reconfigura-
tion time of the RIS and FAS may affect system performance.
Future work is suggested to consider hardware limitations to
offer valuable insights for real-world applications.
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