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Abstract—This letter introduces the concept of fluid integrated
reflecting and emitting surface (FIRES), which constitutes a new
paradigm seamlessly integrating the flexibility of fluid-antenna
systems (FASs) with the dual functionality of simultaneous trans-
mitting and reflecting reconfigurable intelligent surfaces (STAR-
RISs). The potential of the proposed metasurface structure is
studied though an FIRES-enabled multicast system based on the
energy splitting protocol. In this model, the FIRES is divided into
non-overlapping subareas, each functioning as a ‘fluid’ element
capable of concurrent reflection and transmission and changing
its position of radiation within the subarea. In particular, we
formulate an optimization problem for the design of the triple
tunable features of the surface unit elements, which is solved via
a tailored particle swarm optimization approach. Our results
showcase that the proposed FIRES architecture significantly
outperforms its conventional STAR-RIS counterpart.

Index Terms—Fluid antenna system (FAS), effective rate, si-
multaneous transmission and reflection reconfigurable intelligent
surface (STAR-RIS), particle swarm optimization.

I. INTRODUCTION

RECONFIGURABLE intelligent surfaces (RISs) consti-
tute one of the key enablers of sixth-generation (6G)

wireless networks owing to their ability to passively manipu-
late electromagnetic waves, enhancing coverage, link quality,
and energy efficiency with low power consumption [1], [2].
However, conventional RIS hardware architectures are primar-
ily designed for unidirectional reflection-only operation [3].
To enable full-space coverage, simultaneously transmitting
and reflecting RISs (STAR-RISs) were recently introduced
[4]. Nevertheless, the dual role of transmission and reflection
demands more degree of freedom (DoF) to be available to
perform well in dynamic wireless environments [5].

Independently, interest is growing for using reconfigurable
antenna technologies to liberate the physical layer of wireless

The work of F. Rostami Ghadi is supported by the European Union’s
Horizon 2022 Research and Innovation Programme under Marie Skłodowska-
Curie Grant No. 101107993. The work of K. K. Wong is supported by
the Engineering and Physical Sciences Research Council (EPSRC) under
Grant EP/W026813/1. The work of F. J. López-Martı́nez is funded by
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communications. Leading this attempt is the concept of fluid
antenna system (FAS) proposed by Wong et al. in [6], [7] that
poises to obtain more DoF for wireless systems by exploiting
shape and position reconfigurability in antennas [8]. Recently,
research efforts have also been made to combine FAS with
RIS in which FAS-equipped users were considered in an RIS-
aided communication system, e.g., [9], [10], [11], [12], [13],
[14]. Moreover, there is a new trend that introduces the FAS
concept directly into the design of RIS, referred to as fluid
RIS (FRIS) [15], [16], [17]. In this FRIS model, each element
on the metasurface is regarded as a ‘fluid’ element capable of
not only changing the phase of its reflection coefficient, but
its position, i.e., the position of reflection.

Given these prior successes, this motivates us to investigate
if the FAS concept can greatly lift the performance of STAR-
RISs. Nevertheless, it is noteworthy that our proposed model
is not a simple system-level combination of FAS and STAR-
RISs. Instead, it represents a new physical architecture where
each element is itself a fluid element, capable of not only
simultaneous transmission and reflection, but also dynamic
repositioning within its designated subarea. This fluid behavior
is embedded directly into the surface and not applied exter-
nally. In particular, we introduce fluid integrated reflecting and
emitting surfaces (FIRES), a novel architecture that combines
the dual-mode functionality of STAR-RIS with the physical
reconfiguration of fluid metasurfaces. Unlike the static STAR-
RIS and the FRIS model, FIRES integrates ‘fluidic’ elements
directly into the metasurface by enabling dynamic position
reconfiguration, where each sub-region of the surface consists
of a reconfigurable element capable of concurrently reflecting
and transmitting signals. These elements also can reconfigure
their positions of radiation within a predefined area, allowing
the metasurface to adapt its spatial distribution in real time.
The contributions of this letter are summarized as follows:
• We first introduce the FIRES framework in the downlink

and then formulate an effective rate maximization prob-
lem to jointly optimize the positions, control coefficients,
and operating modes of the FIRES unit elements.

• To efficiently solve the resulting non-convex problem, we
design a particle swarm optimization (PSO) approach.

• The potential of the proposed FIRES system is evaluated
by means of computer simulations, with the obtained
results showcasing that the FIRES consistently outper-
forms the conventional STAR-RIS by harnessing both
electromagnetic and spatial reconfigurability, thereby en-
hancing connectivity, spatial reuse, and spectral efficiency
in dynamic wireless environments.

II. SYSTEM AND CHANNEL MODELS

We consider an FIRES-enabled communication system, as
illustrated in Fig. 1 where a fixed-position antenna (FPA) base
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Fig. 1. The considered FIRES-aided communication system.

station (BS) communicates to two FPA users u ∈ {r, t} via an
FIRES. User r is located in the metasurface’s reflection area,
while user t in the transmission one. The direct communication
link between the transmitter and users is assumed blocked due
to obstacles, necessitating the use of the FIRES to establish a
communication path. The entire radiating surface of the FIRES
is assumed to cover an area A = Ah×Av m2 which is divided
into M non-overlapping subareas. Each subarea represents a
two-dimensional (2D) planar fluid element so that the FIRES
consists of a total of M fluid elements.

The position of the m-th fluid element is characterized
by the coordinates rm = (xm, ym)T . We define Sm as the
feasible set of all (x, y) coordinates within its designated
subarea. In other words, each m-th fluid element is capable
of switching to one of Nm = Nm

h × Nm
v preset positions,

where Nm
h and Nm

v are the numbers of preset positions per
row and column within a 2D subarea Sm. Leveraging its
reconfigurability, each fluid element can dynamically adjust
its position, phase shift, and power-splitting ratio in real time
to shape the propagation environment. This flexibility allows
each fluid element to interact with electromagnetic waves both
geometrically (via position switching) and electromagnetically
(via beamforming control). To manipulate incoming signals
effectively, each FIRES element controls two key properties:
the power splitting and phase shifts. Following the energy
splitting (ES) protocol, which offers significant flexibility for
passive beamforming optimization, the power splitting ratio
βu,m ∈ [0, 1] of each m-th fluid element determines the
proportion of the energy allocated to reflection (βr,m) and
transmission (βt,m), ensuring that βr,m+βt,m = 1. To simplify
the system design, we assume that all elements share identical
amplitude coefficients [18], i.e., βu,m = βu,∀m. This com-
bined spatial and electromagnetic control is what distinguishes
FIRES from conventional metasurface architectures.

Each m-th fluid element of the FIRES independently
applies phase shifts to both the reflected and transmitted
signals, denoted as φrm and φtm, respectively, with φum ∈
(0, 2π]. As a result, the reflection and transmission coefficient
matrices of the mteasurface can be expressed by Φu =
diag

(√
βuejφ

u
1 , . . . ,

√
βuejφ

u
M

)
, where we use the notation

Φlu =
√
βuejφ

u
l for each l-th entry, with l = 1, . . . ,M , of

the Φu matrix. Therefore, for the ES protocol under multicast
transmission [4], the received signal at user u is written as

yu =
√
PhHu Φuhfx+ zu, (1)

where P denotes the transmit power, x is the common symbol
transmitted to both users with unit power, and zu is the additive
white Gaussian noise (AWGN) with zero mean and variance
σ2, i.e., zu ∼ CN

(
0, σ2

)
. The vector hf ∈ CM×1 represents

the channel between the BS and the FIRES, whereas hu ∈
CM×1 is the channel between the FIRES and user u. As such,
the received signal-to-noise ratio (SNR) for user u is given by

γu =
P
∣∣hHu Φuhf

∣∣2
σ2

. (2)

Due to the presence of a dominant line-of-sight (LoS) path
and some scattered non-LoS (NLoS) components, the wireless
channels in RIS-enabled systems are typically modeled as
Rician fading channels [19]. We follow this modeling in this
paper, i.e., both the channels between the BS and FIRES,
and between the FIRES and the users, exhibit Rician fading,
accounting for the LoS component and the additional NLoS
components resulting from reflections and diffraction. To this
end, hq for q ∈ {f, r, t} is defined as

hq =
√
lq

(√
Kq

Kq + 1
hq,LoS +

√
1

Kq + 1
hq,NLoS

)
, (3)

where Kq’s indicate the Rician factors for the BS-to-FIRES
and FIRES-to-users links, and hq,LoS’s are the LoS compo-
nents, while hq,NLoS’s denote the NLoS components, with
lq’s being the corresponding path-loss scaling factors. For the
LoS components, we model the channels using the azimuth
and elevation angle-of-departure (AoD) and angle-of-arrival
(AoA). For the BS to FIRES link, the LoS is expressed as

hf = af
(
ψaf , ψef , r

)
aHb (ψb) (4)

in which ψb is the AoD from the BS and ab (ψb) denotes the
transmit steering vector of the BS, defined as [ab (ψb)]k =
ej(k−1)π sin(ψb) with [·]k denoting the k-th entry of the vector
and ψaf and ψef being the azimuth and elevation AoA at
the FIRES, respectively. In addition, af

(
ψaf , ψef , r

)
is the

receive steering vector at the FIRES which is defined as[
af
(
ψaf , ψef , r

)]
m

= ej
2π
λ (xm sinψaf cosψef+ym sinψef ).

(5)

Hence, the FIRES-to-user LoS channel is expressed as

hu = au (ψau , ψeu , r) , (6)

where ψau and ψeu are the azimuth and elevation AoD from
the FIRES to user u, respectively, and au (ψau , ψeu , r) is the
steering vector for the FIRES to each user u, defined as

[au (ψau , ψeu , r)]m = ej
2π
λ (xm sinψau cosψeu+ym sinψeu ). (7)

Given the possible small distance between adjacent preset
positions, the spatial correlation between the FIRES elements
needs to be considered. For the NLoS components, we model
the spatial correlation using Jakes’ model. Specifically, as-
suming any two arbitrary preset positions ñq = F−1 (ñqh, ñ

q
v)

and n̂q = F−1 (n̂qh, n̂
q
v), with F (·) being a mapping function

converting the 2D indices to the one-dimensional (1D) ones,
the spatial correlation matrix takes the form [9], [20]

[Rq]ñq,n̂q= sinc

 2

λ

√(
|ñqh − n̂

q
h|

Lh − 1
Ah

)2

+

(
|ñqv − n̂qv|
Lv − 1

Av

)2
,

(8)
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where sinc (t) = sin(πt)
πt . The terms Lh and Lv indicate the

number of preset positions per row and column, respectively,
of the entire meatsurface, such that L = Lh×Lv =

∑M
m=1Nm

is the total number of preset positions. The spatial correlation
matrix in (8) can be written as Rq = UqΛqU

H
q , where Uq is

the unitary matrix containing Rq’s eigenvectors and Λq is the
diagonal matrix containing its eigenvalues. As such, the NLoS
component is expressed as hq,NLoS = Λ

1/2
q U

1/2
q hq , where

hq denotes the uncorrelated small-scale fading component,
modeled as independent identically distributed (i.i.d.) zero-
mean complex Gaussian variables with unit variance.

III. PROBLEM FORMULATION

We focus on the maximization of the effective rate of the
proposed FIRES-enabled communication system. The achiev-
able rate for user u is Ru = log2 (1 + γu). Consequently,
the effective rate under the ES protocol is defined as Reff ,
min{Rr, Rt} [4]. To reach the maximum, each fluid element
must be assigned a phase shift that precisely counterbalances
the total phase shift over both the first and second hops, i.e.,

Φm∗u =
√
βue−j(∠[hf ]

m
+∠[hu]m), (9)

and thus, the achievable rate for user u is rewritten as

Ru = log2

1 +
P
∣∣∣∑M

m=1 |[hf,m]| |[hu,m]|
∣∣∣2

σ2

 . (10)

Hence, we have

(P1) : max
r

Reff (11a)

s.t. rm ∈ Sm,∀m, (11b)
‖rm − rm′‖2 ≥ D,∀m 6= m′, (11c)
βr + βt = 1, (11d)
Pr + Pt ≤ P, (11e)

where r = [r1, . . . , rM ] and D indicates the minimum spacing
set between two fluid elements. Note that mutual coupling
between fluid elements in FIRES can be neglected, as the value
of D can be carefully determined by the chosen FAS tech-
nology to significantly reduce such effects. In reconfigurable
or radio-frequency pixel-based metasurfaces, dynamic control
over element positions, phase, and power splitting minimizes
coupling, rendering its impact negligible [21].

It is worth noting that (P1) is a high-dimensional and non-
convex optimization problem due to the spatially reconfig-
urable positions of fluid elements, the non-linear rate function,
and inter-element spacing constraints. The objective function
is given in (10) and (11a), and the constraints (11b)–(11e)
capture inter-element spacing, power splitting, and power
budget, respectively. To solve (P1), we adopt PSO due to its
effectiveness in handling non-convex, non-differentiable, and
mixed-variable problems.1 In the considered FIRES system,

1PSO has been widely applied in RIS- and FAS-related optimization due
to its simplicity, scalability, and good empirical performance, particularly
in high-dimensional search spaces with discrete constraints. Although PSO
does not guarantee global optimality, its iterative nature and population-based
exploration make it well-suited for capturing near-optimal solutions.

each particle in the swarm represents a candidate solution,
where the positions of the fluid elements is encoded in the par-
ticle’s position vector. The velocity of each particle represents
the direction and magnitude of movement within the solution
space. PSO iteratively updates the positions and velocities of
particles based on two factors, namely, the particle’s own best
position and the best position found by any particle in the
swarm. In particular, the velocity is updated as

v
(t+1)
i = wv

(t)
i + c1r1

(
ri,best − r

(t)
i

)
+ c2r2

(
rbest − r

(t)
i

)
,

(12)

in which w is the inertia weight that controls the balance be-
tween exploration and exploitation, c1 and c2 are the cognitive
and social learning factors, r1 and r2 are random numbers
between 0 and 1, ri,best is the best position found by the
individual particle, and rbest is the global best position found
by the swarm. The position of each particle is updated as

r
(t+1)
i = P

(
r

(t)
i + v

(t+1)
i

)
, (13)

where P (·) is the function enforcing the constraint (11c).
Incorporating the constraints into the optimization prob-

lem requires modifying the objective function by introducing
penalty terms. These penalties ensure that the positions of the
FIRES fluid elements satisfy the minimum spacing and power
budget constraints. For the power budget constraint, we define
a penalty term that is added to the fitness function whenever
the sum of Pt + Pr exceeds the power budget P , i.e.,

Bpower = max {0, Pt + Pr − P} . (14)

Moreover, for the minimum spacing constraint, a penalty term
is added when the distance between any two fluid elements
falls below the minimum spacing D so that

Bspacing =
∑

1≤m<m′≤M

1 [‖rm − rm′‖ < D] . (15)

Thus, the total penalty function is the sum of these individual
penalties, and the objective function is modified as

O
(
r

(t)
i

)
=

∑
u∈{r,t}

Ru

(
r

(t)
i

)
− τ

(
Bpower

(
r

(t)
i

)
+ Bspacing

(
r

(t)
i

))
, (16)

where τ is a large positive penalty coefficient that ensures the
constraints are strictly enforced.

The PSO algorithm proceeds iteratively, with particles ex-
ploring the solution space and updating their positions and
velocities based on the fitness evaluations and the penalty
function. The optimization process continues until the algo-
rithm converges, at a point where the positions of the FIRES
fluid elements maximize the effective rate, while the system
constraints (i.e., power budget, power splitting, and inter-
element spacing) are properly met. The proposed PSO-based
algorithm solving (P1) is summarized in Algorithm 1.
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(a) (b) (c)

Fig. 2. Illustration of examples of the optimized positions when the FIRES has (a) M = 4; (b) M = 9; and (c) M = 16 fluid elements.

Algorithm 1 PSO-Based Optimization for FIRES
1: Input: A = [Xmin, Xmax]× [Ymin, Ymax], M , D, P , T , w, and c1, c2.
2: Initialization: Partition A into valid M subareas with spacing ≥ D; precompute

h,hr , and ht; initialize correlation matrices R.
3: for each FIRES fluid element m = 1 to M do
4: Randomly initialize rpm and vpm.
5: for each iteration t = 1 to T do
6: Update Rp

m for each particle based on rpm.
7: Compute SNRs γt and γr using (2).
8: Evaluate fitness Rpm = min{log2(1 + γt), log2(1 + γr)}.
9: Update personal best ppm and global best hm.

10: Update velocities as vpm ← wvpm+c1r1(ppm−rpm)+c2r2(hm−rpm).

11: Update positions as rpm ← rpm + vpm, applying boundary constraints.
12: end for
13: Select r∗m as the best position of element m.
14: if any ‖r∗m − r∗

m′‖ < D for m′ < m then
15: Re-optimize r∗m within subarea to satisfy spacing.
16: end if
17: Append r∗m to output set,
18: end for
19: Output: Final {r∗m}

M
m=1 and corresponding Ru’s.

IV. SIMULATION RESULTS

In this section, we present simulation results to evaluate the
performance of the proposed FIRES-aided system in terms
of the effective rate performance. Unless otherwise specified,
the simulation parameters are set as follows: M = {4, 9, 16},
N = 100, A = 4 m2, σ2 = −90 dBm, Kf = 5, Ku = 5,
t = 100, i = 50, w = 0.4 c1 = 0.5, and c2 = 0.5. We denote
the distance between the BS and FIRES as df = 100 m, and
the distance between FIRES and the users as du = 200 m. The
path-loss exponent is α = 2.5. We also assume a minimum
element spacing of D = λ/2, with the carrier frequency
fc = 3.5 GHz. The AoA and AoD at both the BS and FIRES
are independent, uniformly distributed over the interval (0, π) .
Moreover, we benchmark the performance against a conven-
tional STAR-RIS-enabled communication system, where the
metasurface has the same size as the FIRES with M̂ denoting
the total number of its tunable elements.

Figs. 2(a)–2(c) illustrate the preset location options for the
FIRES with M = 4, 9, and 16 fluid elements, respectively.
The selected positions are spread across the subareas in a
way that supports performance improvement. Nevertheless, the
connection between the preset configuration and the achievable
rate is intricate and varies with the instantaneous channel
conditions. Fig. 3 examines the effective rate for different
scenarios. The convergence behavior of the proposed PSO-
based optimization algorithm is shown in Fig. 3(a). Efficient
convergence is showcased in all cases, with most rate improve-

ments occurring during the initial iterations. As expected, the
greater number of fluid elements introduces additional DoF, re-
quiring more iterations to reach optimal configurations. These
results confirm that, while the algorithm remains effective
across all configurations, larger FIRES setups necessitate more
computational effort to achieve full optimization.

Fig. 3(b) compares the effective rate of FIRES with that of
the conventional STAR-RIS for different M = M̂ ∈ {4, 9, 16}
values.2 The results demonstrate that increasing the number
of elements leads to significant rate improvements for both
schemes. More perceptibly, it is also observed that FIRES
consistently outperforms its conventional counterpart in both
modes, due to the fluid elements’ ability to dynamically adapt
their positions, enhancing signal paths and optimizing prop-
agation conditions. For instance, at 35 dBm transmit power,
FIRES achieves approximately 8 bps/Hz, while conventional
STAR-RIS attains about 4 bps/Hz, resulting in a performance
improvement of nearly twofold. These improvements stem
from the superior spatial flexibility of FIRES, which enhances
multi-user communications by providing more favorable signal
paths and increased constructive interference.

The impact of the FIRES size, A, on the effective rate is
studied using the results in Fig. 3(c). Given a fixed transmit
power of P = 40 dBm, we see that increasing A leads to
higher effective rate values, especially when the grid resolution
is high. This improvement arises because enlarging the overall
radiating surface reduces the spatial correlation among fluid
elements, thereby enhancing spatial diversity. As a result,
the channel becomes more decorrelated and distinct, allowing
the system to better exploit the available propagation paths
and improve overall performance. However, it is important to
note that this gain becomes more pronounced when the grid
resolution in the FIRES is sufficiently high, as a finer grid
allows the system to better sample the spatial variations across
the FIRES. For instance, at M = 16, increasing the FIRES
size from 1 m2 to 16 m2 leads to improvements of 37% in
the effective rate. Furthermore, a saturation effect is observed
when increasing the FIRES size while keeping the number of
fluid elements M fixed. This is because the spatial density of
fluid elements decreases, limiting the system’s ability to fully
exploit the enlarged aperture. Also, considering a larger M

2The FIRES results correspond to the best configurations found by the PSO-
based algorithm. While we refer to these as “optimal” within this context, we
emphasize that PSO provides a near-optimal solution rather than a globally
optimal one, due to the non-convexity of the underlying problem.
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(a) (b) (c)

Fig. 3. Effective rate versus: (a) number of iterations of Algorithm 1 for different numbers M of FIRES fluid elements when P = 40 dBm; (b) transmit
power P for different M ; and (c) size of FIRES A for different M when P = 40 dBm and Nm

h = Nm
v = 100. The 99% confidence interval ranges from

±0.09 to ±0.15 bps/Hz across SNR points, for both optimal FIRES and conventional STAR-RIS.

while increasing the size leads to further gains in the effective
rate, as the system benefits from both a larger radiating surface
and higher spatial resolution. But even under this joint scaling,
the rate enhancement eventually saturates due to fundamental
limitations in channel richness and the finite number of spatial
DoF. These results also reveal an important trade-off between
the number of fluid elements and the system’s complexity,
as increasing the element count improves performance but
also raises hardware cost, control overhead, and implemen-
tation challenges, highlighting the need to balance practical
constraints with performance gains.

V. CONCLUSION

This letter proposed the FIRES concept, a novel fluid-based
STAR-RIS architecture that integrates both electromagnetic
and geometric reconfigurability to faciliate highly adaptive
smart wireless environments. Given each ‘fluid’ element’s
capability of simultaneously reflecting and transmiting signals
while also dynamically repositioning in space, FIRES intro-
duces a new level of physical agility and signal control. To
fully exploit its potential under the ES protocol, we formulated
a non-convex effective rate maximization problem, jointly op-
timizing spatial positions, transmission-reflection coefficients,
and operating modes. This was effectively addressed using
a PSO algorithm tailored to the problem’s high-dimensional
and non-linear nature. Our simulation results demonstrated
that FIRES consistently outperforms conventional STAR-RISs,
establishing its promise for next-generation wireless networks.
As part of future work, we aim to incorporate user mobility,
dynamic fading, and interference into the FIRES framework
to better reflect real-world conditions.
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