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Abstract—Fluid antenna system (FAS) has recently emerged
as a promising candidate for the sixth generation (6G) wireless
networks. Unlike traditional antenna systems (TASs), FAS is a
new wireless communication system where the so-called ‘fluid’
antenna (FA) can finely change its position within a given area.
This unique ability allows FAS to harness additional diversity
and multiplexing gains. In this letter, we investigate the appli-
cations of FAS in orthogonal multiple access (OMA) and non-
orthogonal multiple access (NOMA) networks for performance
enhancement. Specifically, we maximize the sum-rate of these
multiple access schemes via optimal port selection and power
allocation subject to per-user rate requirement. We then obtain
the optimal variables in closed-form expressions. Our results
reveal that FAS significantly improves the sum-rate of OMA and
NOMA when compared to TAS. More interestingly, we discover
that it is possible for FAS without channel state information at
the transmitter (CSIT) to outperform optimal TAS with CSIT.

Index Terms—6G, fluid antenna system, orthogonal multiple
access, non-orthogonal multiple access.

I. INTRODUCTION

Fluid antenna system (FAS) has recently emerged as a
promising candidate for the sixth generation (6G) wireless
networks which can also be incorporated with other promising
applications such as reconfigurable intelligent surfaces, full-
duplex communications, terahertz communications and many
more. Fluid antenna (FA) refers to any software-controllable
fluidic, conductive or dielectric structure that can change its
position and shape to reconfigure the channel. Thus, FA in-
cludes all forms of movable and non-movable flexible antenna.
Thanks to the advancement of using liquid metals, and RF
switchable pixels for antennas, various FA prototypes have
been developed by academia and industry in recent years
[1], [2]. The most basic FA consists of one radio frequency
(RF)-chain and N preset positions (known as ports) that are
distributed in a given area.

Inspired by its flexibility and practicality, recent works in
[3]-[6] have shown that FAS delivers promising rate and
reliability in a point-to-point communication. Thus, extensions
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on multi-user communications have also been carried out. For
instance, [7] proposed a novel scheme known as fluid antenna
multiple access (FAMA) that could only be employed by FAS.
The key principle of FAMA is to exploit spatial moments of
deep fading to alleviate multi-user interference. Nevertheless,
FAMA can only be applied when the interfering signals come
from different antennas. Otherwise, other approaches are still
required to mitigate the multi-user interference.

Existing wireless networks mostly rely on orthogonal multi-
ple access (OMA) to serve multiple users. In OMA, multi-user
interference is avoided by splitting the available degrees of
freedom into orthogonal parts. However, this approach is not
optimal when the channel state information at the transmitter
(CSIT) is available. Instead, non-orthogonal multiple access
(NOMA) that utilizes superposition coding and successive in-
terference cancellation (SIC) can be more efficient than OMA.
Specifically, NOMA is capacity-achieving in the broadcast
channel and it has been proposed in the 6G wireless networks
to support massive connectivity [8]. For instance, NOMA has
been proposed for 6G use-cases such as space-aerial-terrestrial
networks [9] and integrated sensing and communications [10].
However, the superiority of NOMA strongly depends on the
SIC decoding order [11]. In particular, the signal of the weaker
user must be first decoded/subtracted off before decoding the
signal of the stronger user in the downlink and vice versa in
the uplink. Hence, NOMA is no longer capacity-achieving if
the CSIT is unavailable. In fact, it might be more efficient in
some cases to allocate equal degrees of freedom and power
allocation to the users when the CSIT is unavailable.

Recent studies have independently considered OMA and
NOMA to accommodate multiple FAS receivers. In [12], the
authors considered time-division multiple access (TDMA) and
leveraged stochastic geometry to study the tradeoff between
channel estimation and outage probability in large-scale cel-
lular networks. Most recently, [13] considered space division
multiple access in the uplink and minimized the total transmit
power via receive beamforming, antenna positions of the base
station and user power allocation subject to per-user rate
requirement. These schemes are regarded as OMA. In contrast,
[14] employed NOMA and derived the outage probability of
the cooperative FAS receivers. Nonetheless, the impact of FAS
on multiple access remains unclear even in the simplest case
where the transmitter is equipped with a traditional antenna
(TA) and the receivers are equipped with a single FA only.

Motivated by the above research gap, we investigate the
impact of FAS in enhancing the performance of OMA and
NOMA. The main contributions of this letter are summarized
as follows. Firstly, we present a general FAS model that con-
siders both OMA and NOMA to facilitate a fair comparison.
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Figure 1: A schematic of an access point serving multiple FAS
users in the downlink via OMA or NOMA.

Moreover, we consider a general scattering channel model
that can be applied to various environments including line-of-
sight (LOS) and non-LOS (NLOS) scenarios. Secondly, we
formulate a non-convex optimization problem to maximize
the sum-rate via optimal port selection and power alloca-
tion subject to per-user rate requirement. By exploiting the
structure of the problems, we derive the optimal variables in
closed-form expressions and show that optimizing OMA and
NOMA in FAS can be straightforward in this setting. The time
complexity is further presented. Thirdly, we study the sum-rate
and individual rates of several benchmarking schemes across
different parameters such as the signal-to-noise ratio (SNR),
number of ports, area of the FA and number of users. We show
that FAS provides a higher rate than TA system (TAS). More
importantly, we demonstrate that it is possible for FAS without
CSIT to outperform optimal TAS with CSIT. This highlights
the unprecedented benefit of FAS over TAS.

II. SYSTEM MODEL

As shown in Fig. 1, we consider an access point that
is equipped with a single TA serving U FAS users in the
downlink. Each FAS user is equipped with a single 2D surface
FA that consists of N, preset locations (referred to as ports)
that are distributed in an area of I/VrX More concretely,
we consider a grid structure where N/, ports are uniformly
distributed along a linear space of length AW} , where i €
{1,2} and X is the wavelength of the carrier frequency. Thus,
we have Ny = N x N2 and Wy = A2 (WL x W2).
Furthermore, we introduce an appropriate mapping function so
that fo (n,) = (nl n?) and f3 ' (n} n2) = n, where n, €
{1,..., N}, nl € {1,...,erx} and nZ € {1,... N}

The complex channels from the access point to user u can
be modeled as [15]

K
= e (057 050)
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in which K denotes the Rice factor, w; , is the phase of the
LOS component, nf’“ is the complex channel coefficient of
the [-th scattered component and L is the number of NLOS
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where ® is the Kronecker tensor product, ()T is the transpose
operator, and 6, and ¢,. are the azimuth and elevation angle-of-
arrival, respectively. It is worth noting that if L — oo and K >
0, the magnitude of each entry of h, follows Ricean fading.
On the other hand, if K = 0 and L — oo, the magnitude of
each entry of h, follows Rayleigh fading.

In the Rayleigh fading case, the covariance between the n,,-
th and n,-th ports at the user is derived as [6]
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where (,, is the variance of the entry of h,. In (3), Jo (+) is
the spherical Bessel function of the first kind. Unlike TAS, it
is worth highlighting that in FAS, we can have o,,, 5, =
as N, — oo for some n, and 7n,,.
Since each user can only switch its FA to a specific position
(i.e., activates a port), the received signal of user u is

w = bl (hyz+mn,), 4)

where b, = [bl,... ,bf:[rX}T €& =1{ey,...,en. } and e,
represents an all-zero vector except the n-th entry being unity.
In4),z = Zgzr sy where s is the signal of user u with zero
mean and variance of P and 7),, is the additive white Gaussian
noise vector of user u with zero mean and covariance of Ny1,
where I is the identity matrix.?

Next, we apply FAS to OMA which we refer to as FAS-
OMA. In FAS-OMA, we consider a practical scheme where
% degree of freedom is given to each user (e.g., TDMA). The
achievable rate of user u can be derived as

) &)

ROMA — 7 log (1 + a,USNR
where SNR = —0 and «,, is the fraction of power allocated
to user u such that ), a, = 1.
Similarly, FAS can be applied to NOMA which we refer to
as FAS-NOMA. In FAS-NOMA, the optimal decoding strategy
is to perform SIC based on user signal strengths To facilitate

this, we assume that ‘bl hl‘ >, ‘bThU‘ This suggests
that the k-th user must first decode its signal and treat the [-th
user’s signal as noise where k£ > [. Using this optimal decoding
strategy, the achievable rate of user u can be derived as®
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INote that only a small number of observed ports is required to obtain the
full channel state information of (1) due to the strong spatial correlation [16].

2Comparf:d to TAS, no additional interference is introduced in FAS.

3Since NOMA is capacity-achieving in this setup, rate-splitting multiple
access (RSMA) is not considered.



where ), B, = 1. It is worth pointing out that if b,,Vu
is fixed, then FAS-NOMA and FAS-OMA are reduced to the
traditional NOMA (TAS-NOMA) and traditional OMA (TAS-
OMA), respectively.* For benchmarking, we also consider the
case where each user randomly selects b, from &£. In such
cases, FAS-NOMA and FAS-OMA are referred to as RAS-
NOMA and RAS-OMA, respectively.

III. OPTIMIZATION, FEASIBILITY AND COMPLEXITY

In this section, we aim to maximize the sum-rate of FAS-
OMA and FAS-NOMA via optimal port selection and power
allocation subject to per-user rate requirement. To this end,
we exploit the structure of the problems to obtain the opti-
mal variables in closed-form expressions. In FAS-OMA, the
optimization problem is formulated as

U

OMA
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a1 =1, (Tc)

where ot = [0y ... o] and 1 is the all-one vector. Although
the optimization variables are mutually coupled, it can be
verified that the optimal b}, Vu, is e,~ where the n*-th entry
of |hu|2 is the largest. This is because, for any a, > 0, we
have the following property
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Thus, (7) can be simplified to

U

masx Zl % log (1 + a,USNR |62 Ay, 2) , (9a)
s.t. %log (1 + a,USNR |b* h, 2) > Runin, Y,

(9b)
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which is a standard waterfilling problem. By investigating the
dual problem of (9), we can obtain the closed-form solution

1 1 2Y Bmin 1
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gu = USNR |b}, h,| . Concretely, v* can be obtained using

the bisection method so that 25:1 ay, = 1. It can be verified

that (9) is an infeasible problem if 25:1 Ccy > 1. If the
CSIT is unavailable, the access point can allocate equal power
allocation to all OMA users. We refer to this scheme as FAS-
OMAR. If b, is fixed, FAS-OMAR is reduced to TAS-OMAR.

“In terms of implementation, the access point of FAS needs to allocate N,
pilot symbols to each user to obtain the CSIT where 1 < Np < Nyx and
each FAS user needs to find the optimal port b}, from Nyy ports. Compared
to TAS-NOMA, no additional SIC complexity is introduced in FAS-NOMA
since the u-th user similarly needs to perform SIC (U — u) times.

In FAS-NOMA, the optimization problem is formulated as

U
NOMA
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where 8 = [51...BU]T. In general, (10) is a non-

convex optimization problem. By exploiting the fact that
koc
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to (W.r.t.) to cg, it can be verified that the optimal b}, Vu, is

also e,«. Thus, (10) can be reduced to
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which is a standard downlink sum-rate NOMA problem. As
a consequence, we can obtain the closed-form solution by
using the same line of argument as in [11]. In particular,
we have B = (28=n —1) (X, _, B85+ qu) Nuoo> 1,

* Rumin _ * — i
By = (2 1) fi + p* and f, SR In this

solution, ;™ can be obtained using the bisection method so that
25:1 B = 1. By investigating the minimum power to satisfy
the per-user rate requirement, it can be confirmed that (11) is

: . e U—1 2Rmin 1
an infeasible problem if > > .
=0 «T 2 Rmin —
u=0 SNR|b;"  hu_u| (2 1)

Since the access point needs to obtain the optimal power
allocation using bisection and each user needs to find the op-
timal port b from N, ports, the time complexity to compute
optimal FAS-OMA and FAS-NOMA is O (¢y + U N, ) where
€o is the tolerance level for the bisection method.

IV. RESULTS AND DISCUSSIONS

In this section, we present the simulation results to compare
the performance of FAS and TAS. Unless stated otherwise,
we assume that K = 0, L = 50, 2, = 1,Vu, SNR = 30dB,
Wix = 2A X 1\, Ny = 20 X 10, Rinin = 1b¥S/HZ and U = 4.
In TAS, we assume that b, = [1,0,...,0]" ,Vu. The power
allocation of these schemes is optimized accordingly.

In Fig. 2, we present the sum-rate of different schemes
over different values of SNR. As it is seen, FAS-NOMA has
the highest sum-rate followed by FAS-OMA, FAS-OMAR,
TAS-NOMA, TAS-OMA and TAS-OMAR. This shows that
FAS without CSIT (i.e., FAS-OMAR) can outperform optimal
TAS with CSIT (i.e., TAS-NOMA). The rationale behind the
performance improvement of FAS over TAS is that FAS user
can find a more desirable channel in the spatial domain while
TAS user has no such flexibility. Nevertheless, there is a limit
to how much rate can be improved in FAS.

When compared to the same type of multiple access, RAS
has the same sum-rate as TAS which implies that the random
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Figure 2: Sum-rate against different values of SNR.

port selection in FAS does not cause harm in this setting. In the
high SNR regime, FAS-OMA and FAS-OMAR achieve similar
sum-rates because the capacity of waterfilling power allocation
approaches to that of equal power allocation as the SNR
increases. However, in the medium/low SNR regimes, the sum-
rate of FAS-OMA is strictly higher than that of FAS-OMAR
since the power allocation plays a vital role in improving
the sum-rate. To achieve a specific sum-rate, FAS requires
less SNR than TAS. For instance, FAS-NOMA requires only
8 dB while TAS-NOMA requires 17 dB (i.e., a 9 dB gain) to
achieve 5 bps/Hz. Interestingly, the rate gain of FAS over TAS
schemes is the most significant at medium SNR and it remains
constant at high SNR. This suggests that the reconfiguration
of FAS is more useful when the SNR is not at extreme values.
Figs. 3(a) and 3(b) show the individual rates of different
schemes in the symmetric and asymmetric channel distribu-
tions, respectively.’ In the asymmetric channel distribution, we
assume that 2, = %,Vu. When compared to the same type
of multiple access, each FAS user has a higher or similar rate
than the same TAS user since the channel can be reconfigured
to a more desirable one. Furthermore, NOMA schemes tend to
allocate the remaining power to user 1 to improve the sum-rate
after the user’s rate requirement is satisfied. This is possible
because all the degrees of freedom are shared among the users
and the multi-user interference is canceled via SIC. In contrast,
OMA schemes split the available degrees of freedom into U
orthogonal channels to prevent multi-user interference. In such
cases, waterfilling becomes essential to improve the sum-rate.
Due to the orthogonal channels, the individual rates of OMA
and OMAR remain similar in the symmetric case but they
vary according to €2, in the asymmetric case. When CSIT is
not available, both NOMA and waterfilling in OMA cannot be
employed. Thus, evenly splitting the degrees of freedom and
power allocation becomes a natural choice. Interestingly, this
strategy is optimal if the channel distributions are symmetric
but the optimality remains unclear in the asymmetric case.

SNote that the sum-rate in the asymmetric case has a similar trend as
compared to the one in the symmetric case, see Fig. 2.
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Figure 3: Individual rates of different schemes: a) symmetric
and b) asymmetric channel distributions.

Figs. 4(a), 4(b) and 4(c) study the effects of Ny, Wyx and U
on different environments, respectively. In Fig. 4(a) we vary
Nl and fix N2 = 10. In Fig. 4(b), we vary W' and fix
W2 = 1. We also consider two different environments: NLOS
(solid lines) and LOS (dotted lines). In the LOS, we further
assume that K = 7 and L = 2. As it is seen, the effects of N,
Wy and U are more significant on the multiple access if the
environment is NLOS. This means that FAS is more helpful in
rich scattering situations. However, with LOS, reconfigurable
intelligent surfaces can be employed along with FAS to create
artificial scattering [15]. Moreover, it is noted that although the
sum-rate may increase w.r.t. U, the average rate per user (i.e.,
the sum-rate divided by U) actually decreases. Therefore, all
schemes are interference-limited (i.e., they can only support
a limited number of users). In addition, there is a limit to
the sum-rate improvement as N, and W, increase since the
channel gains over a given area are correlated.



V. CONCLUSION

This letter investigated the applications of FAS in OMA
and NOMA. In particular, we maximized the sum-rate of
FAS-OMA and FAS-NOMA via optimal port selection and
power allocation subject to per-user rate requirement. We then
obtained the optimal variables in closed-form expressions.
Compared to TAS, we showed that FAS either achieves a
higher sum-rate for a fixed SNR or requires lower SNR to
achieve a fixed sum-rate. Also, we illustrated that FAS with-
out CSIT outperforms optimal TAS with CSIT. In addition,
we highlighted that random port selection does not lead to
any performance degradation here and FAS might be more
useful in NLOS environments. Future works may consider
the application of reconfigurable intelligent surfaces in FAS
to improve the scattering effect in LOS environments.
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Figure 4: Effects of Ny, Wi and U on different environments.



