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Abstract—Movable and fluid antennas (MAs/FAs) have at-
tracted significant interest due to their potential in enhancing
wireless transmission performance through dynamic adjustment
of antenna positions. However, most existing works focus on me-
chanical MAs/FAs, which rely on intricate mechanical operations
and are consequently unsuitable for rapidly varying channels.
To overcome these limitations, we propose a reconfigurable pixel
antenna-based electronic movable-antenna array (REMAA). In
the REMAA, each antenna is characterized by a set of predefined
and discretely selectable radiation positions within the radiating
region. By electronically controlling the interconnections among
pixel elements, the REMAA offers enhanced flexibility in adjust-
ing antenna positions. Furthermore, we formulate a multiuser
sum-rate maximization problem subject to the power constraint
and hardware constraints of the REMAA. We then propose a
two-loop joint beamforming and antenna selection algorithm
to address this problem. Simulation results demonstrate that
the performance of the REMAA closely approximates that of
mechanical MAs/FAs.

Index Terms—Fluid antenna, movable antennas, multiuser
communications, sum-rate maximization.

I. INTRODUCTION

With the emergence of applications such as the Internet

of Things, smart homes, and industrial automation, wire-

less communications face increasing performance demands,

including higher data rates, broader coverage, lower power

consumption, and greater adaptability [1], [2]. To meet these

demands, recent research has explored novel methods for

enabling flexible mobility of radiating elements, including the

use of movable antennas (MAs), fluid antennas (FAs) and

flexible intelligent metasurfaces (FIMs) [3]–[6]. The key ad-

vantage of MAs/FAs/FIMs lies in their ability to move freely

within a defined spatial region. Compared to conventional

fixed-position antennas (FPAs), these advanced systems allow

the joint optimization of antenna positions and beamforming,

and thereby offer significantly improved design flexibility.

Due to their significant potential, extensive theoretical

investigations have been conducted to characterize the per-

formance of MAs/FAs/FIMs [3], [4]. Besides, practical im-

plementations have also been explored across various wire-

less communication applications, such multiuser communica-

tions [7] and integrated sensing and communications [8].

Although extensive research has demonstrated the promis-

ing potential of MAs/FAs/FIMs, their practical implemen-

tation remains an open issue. Initially, MAs/FAs/FIMs rely

on mechanical methods to reconfigure the positions of the

radiating elements [3]–[6]. Although these methods enable

continuously flexible movement, their slow response times

render them unsuitable for rapidly varying channel condi-

tions. Recently, an implementation of MAs/FAs based on

reconfigurable pixel antennas (RPAs) is proposed in [9]. By

electronically controlling radio frequency (RF) components

between pixels, this method enables rapid changing of an-

tenna positions, and offers a feasible solution for the practical

realization of MAs/FAs. Another example of employing RPAs

to realize MAs/FAs is presented in [10], where a dual-

band reconfigurable antenna array is proposed. By reusing

millimeter-wave antennas to form sub-6 GHz elements and

controlling their interconnections via PIN diodes, this design

enables dynamic adjustment of the sub-6 GHz antenna posi-

tions while maintaining wireless functionality in both bands.

In this paper, we propose a reconfigurable pixel antenna-

based electronic movable-antenna array (REMAA). In the

REMAA, each antenna is characterized by a set of predefined

and discretely selectable radiation positions within the radiat-

ing region. By electronically controlling the interconnections

among pixel elements, the REMAA offers enhanced flexibil-

ity in adjusting antenna positions. Furthermore, we formulate

a multiuser sum-rate maximization problem subject to the

power constraint and hardware constraints of the REMAA.

We then propose a two-loop joint beamforming and antenna

selection (TL-JBAS) algorithm to address this problem.

Notations: Lowercase and uppercase bold symbols denote

vectors and matrices, respectively. [a]m denotes the mth entry

of a vector a. [A]:,n denote the nth column of a matrix A. �
and ⊗ denote the Hadamard product and Kronecker product,

respectively. vec{A} denotes the vectorization of the matrix

A. R{a} denotes the real part of a complex number a.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we first introduce the implementation and

model of REMAs. Building upon this foundation, we develop
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the REMAA. Then, we present the system model and problem

formulation

A. REMA and REMAA

In RPAs, the radiating surface is composed of multiple

pixel elements, where RF components, such as PIN diodes,

are employed between these pixel elements to adjust their

connections. As demonstrated in [11], by dynamically con-

trolling the states of these RF switches, the current distri-

bution across the radiating surface can be altered and thus

the radiation pattern can be modified. It is further established

in [9] that changing radiation patterns through this method is

equivalent to physically moving antenna positions. As a result,

RPAs can effectively realize MAs by electronically control-

ling the RF switches. We refer to antennas implemented in

this manner as REMAs.

Based on the implementation of RPAs, we model each

REMA as an antenna characterized by a set of predefined

and discretely selectable radiation positions within the radi-

ating region. Specifically, when an REMA selects a discrete

radiation position, it radiates from that position, which is then

regarded as a candidate antenna. In this work, the radiation

positions of candidate antennas are arranged in a uniform

planar configuration for simplicity. However, this approach

can also be extended to other practical candidate antenna

arrangements in future designs.

By combining multiple REMAs together, the REMAA is

developed. To achieve a simplified and cost-effective RF

architecture, each REMA is solely connected to a single RF

chain. Due to the connection constraints between the RF

chains and antennas, only one candidate antenna is activated

at a time for each REMA in REMAA. In other words, each

RF chain can only select one antenna from the set of candidate

antennas in the REMA it is connected to.

B. System Model

We consider a multiuser communication system, where a

base station (BS) employs an REMAA to serve K single-

antenna users. The transmit array includes Mr rows and Mc

columns of REMAs. Suppose each REMA can support Sr

rows and Sc columns of candidate antennas. As a result,

The total numbers of candidate antennas in each row and

column of the REMAA are Nc = McSc and Nr = MrSr,

respectively. Then, the total number of candidate antennas in

the REMAA is Nt = NrNc. In this work, we focus on the

design of the REMAs at the BS and the positions of antennas

at the users are assumed to be fixed.

Denote the coordinate of the candidate antenna located at

the mth row and the nth column as [xn, 0, zm]. The steering

vector for the channel path with azimuth angle ϑ and elevation

angle ϕ can be expressed as

α(Nt, ϑ, ϕ) =

√
1

Nt
ej2πx cosϕ sinϑ/λ ⊗ ej2πz sinϕ/λ, (1)

where λ denotes the carrier wavelength, x �
[x1, x2, · · · , xNc

]T, and z � [z1, z2, · · · , zNr
]T. Then,

the channel between the BS and the kth user can be

expressed as [12]

hk =

Lk∑
l=1

γ
(l)
k α

(
Nt, θ

(l)
k , φ

(l)
k

)
, (2)

where Lk denotes the number of channel paths, γ
(l)
k , θ

(l)
k

and φ
(l)
k denote the channel gain, the azimuth angle and the

elevation angle of the lth path, respectively.

C. Problem Formulation

Due to variations in channels, the dynamic selection of

candidate antennas is required to optimize communication

performance. Denote the selection matrix as T ∈ Z
Nr×Nc ,

where each entry is one or zero, i.e.,

[T ]m,n ∈ {0, 1}. (3)

If [T ]m,n is one, the candidate antenna located at the mth row

and nth column is selected for data transmission; otherwise,

it is not selected. Suppose Ns antennas are selected, we have
Nr∑

m=1

Nc∑
n=1

[T ]m,n = Ns. (4)

To avoid coupling effects between selected antennas, the

minimum row and column spacing between selected anten-

nas usually exceed λ/2, which can be easily converted to

the minimum antenna index spacing D by considering the

configurations of the REMAA. If an antenna located at the

mth row and nth column is selected, then antennas within a

square region centered at the selected antenna extending D
rows and columns in both directions, cannot be selected. This

restriction can be mathematically formulated as
m+D∑

a=m−D

n+D∑
b=n−D

[T ]a,b ≤ 1, (5)

for m = D + 1, · · · , Nr −D and n = D + 1, · · · , Nc −D.

For the REMAA, only one antenna can be selected from

the candidate antennas within each REMA, as these candidate

antennas are exclusively connected to a single RF chain. This

constraint can be expressed as
pSr∑

m=(p−1)Sr+1

qSc∑
n=(q−1)Sc+1

[T ]a,b = 1, (6)

for p = 1, · · · ,Mr and q = 1, · · · ,Mc.

To facilitate following formulations, we vectorize the se-

lection matrix T as t � vec{T }. Then the constraints in (3),

(4), (5), and (6) can be respectively expressed as

[t]p ∈ {0, 1}, for p = 1, 2, · · · , Nt, (7a)

1T
Nt

t = Ns, (7b)

STt ≤ 1Nt , (7c)

QTt = 1Mt
, (7d)

where Mt � MrMc, S and Q are auxiliary matrices en-

suring the equivalence of (5) with (7c) and (6) with (7d),

respectively.

In this work, we aim at maximizing the sum-rate of

K users by selecting Ns antennas from the Nt candidate

antennas and optimizing the multiuser beamforming, subject
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to the constraints in (7). The optimization problem can be

formulated as

max
F ,t

K∑
k=1

Rk (8a)

s.t. ‖F ‖2F ≤ P, (8b)

(7a), (7b), (7c), (7d). (8c)

In (8a), Rk represents the achievable data rate of the kth user

and is given by

Rk = log2

(
1 +

∣∣hH
k Tfk

∣∣2
σ2 +

∑K
i=1,i�=k

∣∣hH
k Tfi

∣∣2
)
, (9)

where T � diag{t}, fk � [F ]:,k, and F ∈ C
Nt×K denotes

the multiuser transmit beamforming matrix. Constraint in (8b)

ensures that the total transmit power does not exceed the

maximum allowable transmit power, P .

Note that the channel state information between the PC/FC-

REMAA and users can be obtained via channel estimation

techniques in [13]. In this work, we focus on the multiuser

beamforming and assume that the channel state information

has been obtained in advance.

III. TL-JBAS ALGORITHM.

In this section, we focus on solving (8) for the design of

multiuser beamforming and antenna selection in REMAA,

where a TL-JBAS algorithm is proposed.

A. Problem Conversion

First, we focus on the power constraint in (8b). Based

on Proposition 3 in [14], any nontrivial stationary point of

the beamforming matrix F that maximizes the sum-rate will

satisfy the power constraint with equality, which allows us to

simplify the problem by removing the power constraint from

(8b) and reformulate (8) into a equivalent form as

max
F ,t

K∑
k=1

R̃k (10a)

s.t. (7a), (7b), (7c), (7d), (10b)

where R̃k can be expressed as

R̃k = log2

⎛⎝1 +

∣∣hH
k Tfk

∣∣2
σ2‖F ‖2

F

P +
∑K

i=1,i �=k |hH
k Tfi

∣∣2
⎞⎠ . (11)

Then, we turn to the nonconvex objective in (10a). By

applying Lemma 1 from [14], we can address the objective

function in (10a) and convert (10) into an equivalent form as

min
uk,vk,F ,t

K∑
k=1

vkek − log vk (12a)

s.t. (7a), (7b), (7c), (7d), (12b)

where ek is defined as

ek=
K∑

i=1,i �=k

∣∣ukh
H
k Tfi

∣∣2+∣∣ukh
H
k Tfk − 1

∣∣2+ |uk|2σ2‖F ‖2F
P

,

(13)

and uk is the receive factor of the kth user.

To handle the binary constraint in (7a), we convert it into

an equivalent continuous formulation as

[t]p(1− [t]p) = 0, for p = 1, 2, · · · , Nt. (14)

Now the optimization contains three equality constraints and

one inequality constraint. The presence of multiple equality

constraints reduces the degrees of freedom in the optimiza-

tion, which increases the risk of converging to low-quality

solutions during iterative optimization. To address this issue,

we employ the penalty-based method to relax the equality

constraints and incorporate them into the objective. This

reformulation transforms (12) into

min
uk,vk,F ,t

L(uk, vk,F , t) (15a)

s.t. (7c), [t]p ∈ [0, 1], for p = 1, 2, · · · , Nt. (15b)

In (15a), L(uk, vk,F , t) represents a weighted sum of the

original objective function and the penalty terms for the

relaxed constraints, given by

L(uk, vk,F ,t) �
K∑

k=1

(vkek − log vk) + ρ1t
T(1Nt

− t)

+ ρ2‖1T
Nt

t−Ns‖22 + ρ3‖QTt− 1Mt
‖22, (16)

where ρ1 > 0, ρ2 > 0, and ρ3 > 0 are penalty coefficients that

control the relaxation of constraints. In this new formulation,

the inequality constraint is retained, while an additional box

constraint is introduced to further refine the feasible region.

With this reformulation in place, we now proceed to develop

the TL-JBAS algorithm to efficiently solve (15).

B. Description of the TL-JBAS Algorithm

The TL-JBAS algorithm follows a two-loop iterative frame-

work to optimize beamforming and antenna selection.

In the outer loop, the penalty coefficients ρ1, ρ2, and ρ3 are

initially set to 1 to provide a well-conditioned starting point.

These coefficients are then gradually increased by multiplying

them with scaling factors β1, β2, and β3, each of which

is greater than 1. This adjustment ensures that the equality

constraints are eventually satisfied.

In the inner loop, the penalty coefficients remain fixed, and

an alternating minimization method is employed to iteratively

optimize uk, vk, F , and t.

C. Description of the Alternating Minimization Method

1) Initialization: First, the alternating minimization

method is initialized by assuming that all antennas are se-

lected. Accordingly, the antenna selection vector t is set as

t = 1Nt
. Next, to maximize the received power for each user

at the start, the beamforming matrix F is initialized based on

the channel state information, given by F = H .

2) Optimization of uk: When optimizing uk while keeping

other variables fixed, the problem in (12) simplifies to

min
uk

ek. (17)

Setting ∂ek/∂u
∗
k = 0, we obtain the optimal solution as

ũk =
fH
k Thk∑K

i=1

∣∣hH
k Tfi

∣∣2 + σ2‖F ‖2
F

P

. (18)
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3) Optimization of vk: When optimizing vk while keeping

other variables fixed, the problem in (12) reduces to

min
vk

vkek − log vk. (19)

Differentiating the objective function with respect to vk and

setting it to zero, we obtain

ṽk = 1/ek. (20)

4) Optimization of fk: When optimizing fk while keeping

other variables fixed, the problem in (12) reduces to

min
fk

K∑
k=1

vkek. (21)

Next, we compute the gradient of the objective function with

respect to f∗
k , yielding

K∑
i=1

vi
∂ei
∂f∗

k

= Ψfk − η, (22)

where the terms Ψ and η are defined as

Ψ =

K∑
i=1

vi|ui|2
(
Thih

H
i T

T
+

σ2

P
INt

)
,

η = vku
∗
kThk. (23)

By setting
∑K

i=1 vi
∂ei
∂f∗

k
= 0, we obtain the optimal solution

for (21) as

f̃k = (ΨHΨ)−1ΨHη. (24)

By stacking all f̃k, we obtain the optimized beamforming

matrix F̃ .

5) Optimization of t: In this part, we fix other variables

and optimize t. Then, we have

L(uk, vk,F , t) ∝
K∑

k=1

vkek+ρ1t
T(1Nt

−t) + ρ2‖1T
Nt

t−Ns‖22

+ ρ3‖QTt− 1Mt
‖22,

= tTUt+ uTt, (25)

where, we define

U �
K∑

k=1

vk|uk|2
K∑
i=1

wH
k,iwk,i−ρ1INt+ρ21Nt1Nt + ρ3QQT

u � −2

K∑
k=1

vkR{ukwk,k}+ ρ11NT − 2ρ2Ns1Nt − 2Q1Mt

wk,i � hk � fi (26)

Then, (15) can be converted to

min
t

tTUt+ uTt (27a)

s.t. (7c), [t]p ∈ [0, 1], for p = 1, 2, · · · , Nt. (27b)

Note that due to the term −ρ1INT
in (26), U is not neces-

sarily positive definite and may also be non-positive definite.

If U is positive definite, (27) is a convex problem and can

be readily solved using CVX. If U is non-positive definite,

(27) is nonconvex. In this context, the nonconvex optimization

methods, e.g., interior point method, can be exploited. Since

these methods are well-established and can be implemented

using various algorithms and software, we omit the details and

refer interested readers to [15]. By solving (27), we obtain the
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Fig. 1. Comparisons of different methods in terms of the sum-rate for
varying SNRs.

solution of t as t̃.
6) Stop Conditions: We repeat the procedures from Sec-

tion III-C2 to Section III-C5 to alternately optimize uk, vk,

F , and t until the maximum number of iterations is reached

or the alternating minimization method converges.

D. Stopping Conditions of the TL-JBAS Algorithm

Since t is relaxed to take continuous values between 0 and

1, the solution of (15) may not be binary. Therefore, each

entry in t is rounded to enforce binary outcomes, and the

total number of selected antennas is subsequently computed.

We update the penalty parameters ρ1, ρ2, and ρ3 in the outer

loop and perform the alternating minimization method in the

inner loop until the number of selected antennas equals Ns

and the variations of the optimization variables fall below a

predefined threshold. Then, the coordinate descend method is

further employed to improve the performance of the TL-JBAS

algorithm by iteratively evaluating the selected antennas.

IV. SIMULATION RESULTS

Now, we evaluate the performance of the proposed RE-

MAA, using FPAs and mechanical MAs/FAs (MMAs/MFAs)

as benchmarks. The width and height of each REMA in

the REMAA are set to λ. For a fair comparison, FPAs [14]

and MMAs/MFAs [7] employ the same number of antennas

as the selected antennas in the REMAA. In addition, the

antenna spacing in FPAs is λ/2, and the transmit region of

the MMAs/MFAs is the same as the antenna panels of the

REMAA.

Fig. 1 illustrates the sum-rate performance under varying

SNRs, considering a uniform planar array configuration with

two REMAs per row and per column in the REMAA. Each

REMA contains eight candidate antennas per row and per

column. The number of selected antennas is Ns = 4, and

the system includes K = 4 users, each with Lk = 6
channel paths. From the figure, we observe that MMAs/MFAs

achieve the highest sum-rate, followed by REMAA and

FPAs. This performance order aligns with the degree of

design flexibility in these arrays. Note that we assume that
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MMAs/MFAs can move continuously within the transmit

region while REMAs can only select candidate antennas

with predefined and discrete radiating positions. In addition,

the performance gap between MMAs/MFAs and REMAA

widens gradually as the SNR increases, while the gap between

REMAA and FPAs grows more rapidly. This trend is due

to the significantly higher flexibility of REMAA compared

to FPAs in antenna position design, which allows for more

effective suppression of multiuser interference. As the SNR

increases and noise power diminishes, multiuser interference

becomes the dominant factor affecting performance, making

interference mitigation even more critical. Consequently, the

advantage of REMAA over FPAs becomes more apparent.

However, while MMAs/MFAs offer even greater flexibility

than REMAA, the additional freedom is comparatively lim-

ited, leading to a slower performance gain relative to REMAA

as the SNR increases. Moreover, the performance of REMAA

approaches that of MMAs/MFAs across different SNR levels,

demonstrating the effectiveness of the proposed approach.

Fig. 2 illustrates the sum-rate performance for varying

number of users under a uniform planar array configura-

tion. The REMAA employs three REMAs per row and two

REMAs per column, where each REMA consists of six

candidate antennas per row and column, leading to a total

of 18 candidate antennas per row and 12 candidate antennas

per column. The number of selected antennas is Ns = 6,

the SNR is set to 10 dB, and the channel of each user

contains Lk = 6 channel paths. From the figure, as the

number of users increases, the performance gap between

MMAs and REMAA widens gradually, whereas the gap

between REMAA and FPAs expands more rapidly. This is

because greater antenna position flexibility enhances sum-

rate performance, particularly in complicated scenarios with

a larger number of users. Moreover, the performance of

REMAA approaches that of MMAs/MFAs across different

numbers of users, demonstrating again the effectiveness of

the proposed approach.

V. CONCLUSION

In this paper, we have investigated REMAs for multiuser

communications. We have modeled each REMA as an an-

tenna characterized by a set of predefined and discretely se-

lectable radiation positions within the radiating region. After

that, we have proposed the REMAA. We have formulated a

multiuser sum-rate maximization problem subject to power

constraint and hardware constraints of the REMAA. To solve

this problem, we have proposed the TL-JBAS algorithm. Sim-

ulation results have demonstrated that the performance of the

REMAA closely approximates that of MMAs/MFAs. Future

research will focus on further exploring REMA applications

in wireless communications.

VI. ACKNOWLEDGMENT

This work was supported by the National Natural Science

Foundation of China under Grants 624B2035, U22B2007, and

62071116.

REFERENCES

[1] P. Yang, Y. Xiao, M. Xiao, and S. Li, “6G wireless communications:
Vision and potential techniques,” IEEE Netw., vol. 33, no. 4, pp. 70–75,
July 2019.

[2] K. Chen, C. Qi, J. Huang, O. A. Dobre, and G. Y. Li, “Near-
field communications for extremely large-scale MIMO: A beamspace
perspective,” IEEE Commun. Mag., vol. 63, no. 5, pp. 166–172, May
2025.

[3] L. Zhu, W. Ma, and R. Zhang, “Modeling and performance analysis
for movable antenna enabled wireless communications,” IEEE Trans.
Wireless Commun., vol. 23, no. 6, pp. 6234–6250, June 2024.

[4] K.-K. Wong, A. Shojaeifard, K.-F. Tong, and Y. Zhang, “Fluid antenna
systems,” IEEE Trans. Wireless Commun., vol. 20, no. 3, pp. 1950–
1962, Mar. 2021.

[5] J. An, C. Yuen, M. D. Renzo, M. Debbah, H. Vincent Poor, and
L. Hanzo, “Flexible intelligent metasurfaces for downlink multiuser
MISO communications,” IEEE Trans. Wireless Commun., early access,
2025.

[6] S. Yang, W. Lyu, B. Ning, Z. Zhang, and C. Yuen, “Flexible precod-
ing for multi-user movable antenna communications,” IEEE Wireless
Commun. Lett., vol. 13, no. 5, pp. 1404–1408, Mar. 2024.

[7] B. Feng, Y. Wu, X.-G. Xia, and C. Xiao, “Weighted sum-rate maximiza-
tion for movable antenna-enhanced wireless networks,” IEEE Wireless
Commun. Lett., vol. 13, no. 6, pp. 1770–1774, Apr. 2024.

[8] W. Lyu, S. Yang, Y. Xiu, Z. Zhang, C. Assi, and C. Yuen, “Movable
antenna enabled integrated sensing and communication,” IEEE Trans.
Wireless Commun., early access, 2025.

[9] J. Zhang et al., “A novel pixel-based reconfigurable antenna applied
in fluid antenna systems with high switching speed,” IEEE Open J.
Antennas Propag., vol. 6, no. 1, pp. 212–228, Feb. 2025.

[10] K. Chen, C. Qi, and O. A. Dobre, “DBRAA: Sub-6 GHz and millimeter
wave dual-band reconfigurable antenna array for ISAC,” IEEE Trans.
Commun., early access, 2025.

[11] S. Song and R. D. Murch, “An efficient approach for optimizing
frequency reconfigurable pixel antennas using genetic algorithms,”
IEEE Trans. Antennas Propag., vol. 62, no. 2, pp. 609–620, Feb. 2014.

[12] C. Qi, W. Ci, J. Zhang, and X. You, “Hybrid beamforming for
millimeter wave MIMO integrated sensing and communications,” IEEE
Commun. Lett., vol. 26, no. 5, pp. 1136–1140, May 2022.

[13] K. Chen, C. Qi, G. Y. Li, and O. A. Dobre, “Near-field multiuser
communications based on sparse arrays,” IEEE J. Sel. Topics Signal
Process., vol. 18, no. 4, pp. 619–632, June 2024.

[14] X. Zhao, S. Lu, Q. Shi, and Z.-Q. Luo, “Rethinking WMMSE: Can
its complexity scale linearly with the number of BS antennas?” IEEE
Trans. Signal Process., vol. 71, pp. 433–446, Feb. 2023.

[15] R. A. Waltz, J. L. Morales, J. Nocedal, and D. Orban, “An interior
algorithm for nonlinear optimization that combines line search and trust
region steps,” Math. Program., vol. 107, no. 3, pp. 391–408, July 2006.

Authorized licensed use limited to: Southeast University. Downloaded on September 09,2025 at 10:24:58 UTC from IEEE Xplore.  Restrictions apply. 


