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Abstract—This paper investigates reconfigurable pixel antenna
(RPA)-based electronic movable antennas (REMASs) for multiuser
communications. First, we model each REMA as an antenna with
a set of predefined and discrete selectable radiation positions
within the radiating region. Considering the trade-off between
performance and cost, we propose partially-connected and
fully-connected RPA-based electronic movable-antenna arrays
(PC/FC-REMAA). Then, we formulate a multiuser sum-rate
maximization problem subject to the power and hardware
constraints of the PC/FC-REMAA. To solve this problem, we
propose a two-step multiuser beamforming and antenna selection
scheme. In addition, we revisit mechanical movable antennas
(MMAs) to establish a benchmark for evaluating the performance
of REMA -enabled multiuser communications. Finally, we analyze
the performance gap between REMAs and MMAs. Based on
Fourier analysis, we derive the maximum power loss of REMAs
compared to MMAs for any given position interval. Specifically,
we show that REMAs lose at most 3.25% power relative to
MMAs when the position interval is one-tenth of the wavelength.
Simulation results demonstrate the effectiveness of the proposed
methods.

Index Terms—Fluid antenna, joint beamforming and antenna
selection, movable antennas, multiuser communications, sum-rate
maximization.

I. INTRODUCTION

ITH the emergence of applications such as the Internet
of Things, smart homes, and industrial automa-
tion, wireless communications face increasing performance
demands, including higher data rates, broader coverage, lower
power consumption, and greater adaptability [2], [3]. As a
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result, enhancing the capability, efficiency, and flexibility of
wireless communication systems has become a primary focus
of current research.

As the fundamental medium for information transmission,
wireless channels crucially influence communication perfor-
mance [3], [4]. Thus, optimizing channel usage has become a
key research focus. For example, conventional MIMO commu-
nications enhance transmission performance by exploiting the
inherent degrees of freedom of channels [5]. Specifically, spa-
tial multiplexing improves communication rates by enabling
parallel transmission of multiple data streams while spatial
diversity enhances communication reliability by exploiting the
independent transmission of multiple channel paths. To further
extend the spatial dimensions available for communication,
massive MIMO systems have been developed by substantially
increasing the number of antennas relative to conventional
MIMO [6], [7], [8], which changes the channel characteristics
and expands the flexibility available for signal design. In this
regard, beamforming is performed to adapt to the channel
characteristics and exploit this additional flexibility [9], [10],
[11]. By optimizing the utilization of channels, conventional
MIMO and massive MIMO significantly enhance communi-
cation performance.

Notably, both the conventional and massive MIMO typically
employ fixed-position antennas (FPAs), which limits their
design flexibility. Specifically, the received signal power varies
across the reception region due to the interference among
signals from multiple paths. Consequently, the antenna posi-
tions can significantly impact communication performance, as
they influence the strengths of received signal powers. In the
case of FPAs, the received power of the antennas remains
fixed under given channel conditions and cannot be enhanced
through optimization, thereby limiting their communication
performance. To address this issue, the antenna selection (AS)
has been developed [12], [13], [14]. By deploying a large
number of candidate antennas and selecting part of them
for wireless communication, AS can adapt to instantaneous
channel state information, thus overcoming the limitations of
FPAs. Despite its advantages, AS faces two main challenges.
On the one hand, to fully exploit the wireless channel, AS
requires the deployment of a large number of antennas, which
incurs significant hardware costs. Additionally, the physical
size constraints of the antennas impose a minimum spacing
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between candidate antennas, limiting AS to exploiting chan-
nels of specific discrete locations for wireless communications.

To address these challenges, recent research has explored
novel methods for achieving flexible mobility of radiating
elements, including the use of movable antennas (MAs), fluid
antennas (FAs) and flexible intelligent metasurfaces (FIMs)
[15], [16], [17], [18], [19], [20]. The key advantage of
MASs/FAs/FIMs lies in their ability to move freely within a
defined spatial region. Compared to FPAs, MAs/FAs/FIMs
provide greater design flexibility by enabling the joint opti-
mization of radiating element positions and beamforming
vectors. Compared to AS, MAs/FAs/FIMs allow more flexible
adjustment of radiating element positions, leading to greater
improvements in communication performance.

Due to the significant potential of MAs/FAs/FIMs, sub-
stantial research efforts have been dedicated to exploring
their characteristics [21], [22]. For example, in [21], the
modeling and performance analysis of one MA are investi-
gated, which reveals that the multipath channel gain exhibits
periodic behavior in a given spatial region under deterministic
channels. In [22], the authors analyze the probability density
function and cumulative distribution function of the signal
envelopes for FAs under spatially correlated Rayleigh fading
channels. Beyond these theoretical analyses, extensive research
has also explored the practical potential of MAs/FAs/FIMs in
wireless communication systems [22], [23], [24], [25], [26],
[27]. In [22], an approximate closed-form expression for the
outage probability of FA systems is derived, demonstrating
that FAs can achieve arbitrarily small outage probabilities.
In [23], the authors optimize both the transmit covariance
matrices and the antenna position vectors of users to maximize
system capacity, showing that FAs can significantly improve
the capacity of multiple access channels. In [24], a MIMO
communication system with MAs is considered, indicating that
MA systems substantially outperform FPA systems in terms
of MIMO channel capacity. In [25], multiuser communication
with MAs is investigated, revealing that the total transmit
power can be significantly reduced compared to conventional
FPA systems. In [26] and [27], considering that the motion
control of electromechanical devices is constrained by discrete
adjustments with finite precision, the authors investigate mul-
tiuser communications based on MAs with discrete positions,
highlighting the advantages of MAs in practice. In addition
to these advancements, the effectiveness of MAs and FAs
has also been validated in other systems, including wireless
sensing [28], integrated sensing and communications [29],
[30], secure wireless communications [31], and symbiotic
radio systems [32].

Although extensive research has demonstrated the promis-
ing potential of MAs/FAs/FIMs, their practical implementation
remains an open issue. Initially, MAs/FAs/FIMs are controlled
through mechanical methods, where FAs rely on liquid pump-
ing or pressure regulation to adjust the antenna positions, MAs
use mechanical devices such as motors to reposition antenna
elements within the transmission region, and FIMs use micro-
mechanical mechanisms to reconfigure the positions of the
radiating elements. While these methods enable flexible move-
ment of radiating elements, their dependence on mechanical
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adjustments results in slow position updates, which renders
them unsuitable for rapidly varying channels. Recently, an
implementation of MASs/FAs based on reconfigurable pixel
antennas (RPAs) is proposed in [33]. By electronically con-
trolling radio frequency (RF) components between pixels, this
method enables rapid changes of antenna 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 [34], where a dual-band reconfigurable antenna
array is proposed. By reusing millimeter-wave antennas to
form sub-6 GHz elements and controlling their interconnec-
tions via PIN diodes, this design enables dynamic adjustment
of the sub-6 GHz antenna positions while maintaining wireless
functionality in both bands.

In this paper, we investigate RPA-based electronic movable
antennas (REMAs), as proposed in [33], for multiuser sum-
rate maximization through joint beamforming and antenna
selection. The main contributions of this paper are summarized
as follows.

e First, we model each REMA as an antenna with a set
of predefined and discrete selectable radiation positions
within the radiating region. Considering the trade-off
between performance and cost, we propose two types of
REMA-based arrays: the partially-connected RPA-based
electronic movable-antenna array (PC-REMAA) and
fully-connected RPA-based electronic movable-antenna
array (FC-REMAA).

e Then, we investigate multiuser communications, where
the base station (BS) is equipped with either a PC-
REMAA or an FC-REMAA, while users employ FPAs.
We formulate a multiuser sum-rate maximization problem
subject to power and hardware constraints of the PC-
REMAA or FC-REMAA. To solve this problem, we
propose a two-step multiuser beamforming and antenna
selection (TS-MBAS) scheme. In the first step, we
develop a two-loop joint beamforming and antenna selec-
tion (TL-JBAS) algorithm. In the second step, we apply
the coordinate descent method to further enhance the
solution of the TL-JBAS algorithm.

e In addition, we revisit mechanical movable antennas
(MMAs) to establish a benchmark for evaluating the
performance of REMA-enabled multiuser communica-
tions, where MMAs can continuously adjust the positions
within the transmission region. We also formulate a sum-
rate maximization problem for MMA-enabled multiuser
communications and propose an alternating beamforming
and antenna position optimization (ABAPO) scheme to
solve it.

e Moreover, we analyze the performance gap between
REMAs and MMAs. Specifically, we transform the
received signal of MMAs into the discrete-time Fourier
transform (DTFT) of the channel coefficients. Based on
Fourier analysis, we derive the maximum power loss
of REMAs compared to MMAs for any given position
interval.

The rest of this paper is organized as follows. The electronic

movable antennas are introduced in Section II. The system
model and problem formulation are presented in Section III.
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Fig. 1. Illustration of an RPA and an REMA.

The multiuser beamforming and antenna selection for REMAs
are developed in Section IV. The revisit of the MMAs is given
in Section V. The performance gap analysis between REMAs
and MMAs is discussed in Section VI. The proposed methods
are evaluated in Section VII, and the paper is concluded in
Section VIIIL.

Notations: Lowercase and uppercase bold symbols denote
vectors and matrices, respectively. [A], ., [A]. n, and [A],, ,,
denote the mth row, the nth column, and the entry on the mth
row and the nth column of a matrix A. a ® b denotes the
Hadamard product of vectors a and b. [a],, denotes the mth
entry of a vector a. |- |, || - ||2, and || - ||r denote the absolute
value of a scalar, the ¢5-norm of a vector, and the Frobenius
norm of a matrix, respectively. ()T, (-)H, and (-)T denote
the transpose, Hermitian transpose, and the Moore-Penrose
inverse, respectively. C and CA/(-) denote the set of complex
numbers and the complex Gaussian distribution, respectively.
vec{A} denotes the vectorization of the matrix A. R{a}
denotes the real part of a complex number a. ® denotes the
Kronecker product.

II. ELECTRONIC MOVABLE ANTENNAS

In this section, we first introduce the implementation
of REMAs. Then, we discuss the design of antenna arrays
using REMAs and propose the PC-REMAA as well as the
FC-REMAA.

A. RPA-Based Electronic Movable Antennas

As shown on the left of Fig. 1, 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 [35] and [36], by dynamically controlling the states of
these RF switches, the current distribution across the radiating
surface can be altered and thus the radiation pattern can be
modified. It is further established in [33] that changing radi-
ation patterns through this method is equivalent to physically
moving antenna positions. As a result, RPAs can effectively
realize MAs by electronically controlling 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 with a set of predefined and discrete
selectable radiation positions within the radiating region, as
shown on the right of Fig. 1. Specifically, when an REMA
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Fig. 2. Illustration of the signal processing architecture for the PC-REMAA.

selects a discrete radiation position, it radiates from that
position, which is referred to as a candidate antenna. The
parameters of each REMA, including the sizes, positions,
numbers, and spacings of candidate antennas, are adjustable
during manufacturing, which can be achieved by designing
the RPAs with the dedicated efforts of antenna researchers.
Once manufactured and deployed, these parameters become
fixed and cannot be easily changed. In this work, the candi-
date 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.

Remark 1: Unlike conventional AS, which relies on select-
ing from a predefined set of physically separated antennas
with fixed spacing (e.g., half wavelength or larger), the
REMA achieves finer position adjustment through coordinated
reconfiguration of multiple pixel elements. Specifically, the
RPA-based REMA allows candidate antennas to be densely
arranged (e.g., 12 ports within half wavelength in [33]),
enabling sub-wavelength-level spatial resolution. This is fun-
damentally distinct from AS, as the REMA dynamically
synthesizes radiation patterns by controlling interconnected
pixel states rather than merely selecting from isolated anten-
nas. Moreover, when one candidate antenna is selected and
other candidate antennas are not, all the pixels are utilized
to synthesize the desired radiation pattern, and therefore no
hardware resources are wasted. Consequently, the REMAs
offer enhanced flexibility in exploiting spatial channel vari-
ations while avoiding the hardware complexity and physical
size limitations of conventional AS.

B. RPA-Based Electronic Movable-Antenna Arrays

In this part, we discuss the design of electronic movable-
antenna arrays with the REMAs.

A straightforward method for constructing an REMAA is to
combine multiple REMAs, as depicted in Fig. 2. To achieve
a simplified and cost-effective RF architecture, each REMA
is solely connected to a single RF chain. This configuration
is referred to as the PC-REMAA. Due to the connection
constraints between the RF chains and antennas, only one
candidate antenna is activated at a time for each REMA in
PC-REMAA. In other words, each RF chain can select only
one antenna from the set of candidate antennas associated with
its connected REMA.
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Fig. 3. Illustration of the signal processing architecture for the FC-REMAA.

To enhance the design flexibility of the PC-REMAA, a
configuration called the FC-REMAA is further proposed, as
illustrated in Fig. 3. In this architecture, the entire antenna
array is implemented using an RPA. By dynamically con-
trolling the states of RF switches between pixels, multiple
candidate antennas are selected at a time and then connected
to the RF chains. In the FC-REMAA, each RF chain has the
capability to connect to any of the selected candidate antennas.
To facilitate this flexibility, an additional switch network is
required to manage the connections between the RF chains
and the dynamically selected antennas.

Remark 2: The comparison between PC-REMAA and
FC-REMAA demonstrates distinct trade-offs in hardware
complexity, power efficiency, and system performance. PC-
REMAA offers simpler deployment and lower power con-
sumption but is limited in flexibility and performance. In
contrast, FC-REMAA provides better performance and greater
flexibility at the cost of higher design complexity and power
consumption. Specifically, FC-REMAA requires simultaneous
activation of multiple candidate antennas, which demands
careful antenna design to manage mutual coupling and main-
tain impedance matching. The addition of a switch network
to enable flexible connections between RF chains and can-
didate antennas further increases complexity, insertion loss,
and power consumption [37]. Additionally, the scalability of
FC-REMAA is challenged by the quadratic growth of switch
network complexity as the number of antennas and RF chains
increases. PC-REMAA simplifies hardware implementation by
connecting one REMA to an RF chain. The fixed one-to-one
mapping reduces circuit complexity, insertion loss, and power
consumption. However, this limits flexibility, as each RF chain
can only access one candidate antenna per REMA, reducing
spatial diversity and beamforming capabilities compared to
FC-REMAA, particularly in complex beamforming or rapid
spatial adaptation scenarios. These trade-offs suggest that
PC-REMAA is suitable for cost-sensitive deployments with
moderate performance needs, while FC-REMAA is better
suited for high-performance systems requiring flexibility and
capacity optimization.

III. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

As illustrated in Fig. 4, we consider a multiuser commu-
nication system, where a BS employs a PC-REMAA or an
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Fig. 4. Illustration of the multiuser communication system with REMAAs.

X—axis

Fig. 5. Illustration of the channel spatial angles in cartesian coordinate system.

FC-REMAA to serve K single-antenna users. Without loss of
generality, we assume the antennas of both the PC-REMAA
and FC-REMAA are arranged in a uniform planar array. If the
PC-REMAA is employed, the transmit array includes M, rows
and M. columns of REMAs. From Section II-A, by controlling
the connections between pixels, each REMA can adjust the
radiation pattern to change the radiation position for signal
transmission and thus form a series of candidate antennas.
Suppose each REMA can support S, rows and S. columns of
candidate antennas. As a result, the total candidate antennas in
each row and column of the PC-REMAA are N, = M_.S. and
N, = M..S,, respectively. Then, the total number of candidate
antennas in the PC-REMAA is N; = N,;N.. On the other
hand, if the FC-REMAA is employed, the whole antenna
array can be taken as a large-scale RPA. We assume candidate
antennas in each row and each column of the FC-REMAA are
the same as those of the PC-REMAA for simplicity. Then,
the whole FC-REMAA also includes Ny = N, N, candidate
antennas in total. The spacing between adjacent candidate
antennas for both the PC-REMAA and the FC-REMAA is
denoted as d. while the spacing between adjacent REMAs for
the PC-REMAA is denoted as d.. In this work, we focus on
the design of the REMASs at the BS and the antenna positions
at the users are assumed to be fixed.

For REMA-based multiuser communications, the channels
between the BS and the users are determined by propagation
environments and the positions of candidate antennas. To
represent the positions of candidate antennas, in Fig. 5, we
establish a Cartesian coordinate system with the antenna
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located at the N,th row and the N th column as the origin.
Denote the coordinate of the candidate antenna located at the
mth row and the nth column as [z, 0, z,,]|. The steering vector
for the channel path with azimuth angle 1) and elevation angle
 can be expressed as

/1 . . . .
Ol(Nt7'l97(,0) — ﬁtej%rmcosgosmﬁ/)\ ® 6]27rzsmgp/)\, (1)

where A denotes the carrier wavelength, x =

(1,22, -+ ,zn,]T, and z £ [z1,22,--- ,zn,])". Then,
the channel between the BS and the kth user can be
expressed as

L
hk = Zk’}’;gl)a (Nt79](€l)7 ](cl)) ) (2)
=1

where L denotes the number of channel paths, fy,(cl), 9,(:)

and (bg) denote the channel gain, the azimuth angle and
the elevation angle of the [th path, respectively. For the PC-
REMAA, z,, and z,, can be expressed as

Tpn = (Mc - q)de + (Sc - t)dcy
im = (Mr 7p)de + (Sr - s)dm (3)

where we assume that the antenna, located at the sth row and
tth column of the REMA in the pth row and gth column,
corresponds to the antenna at the mth row and nth column
of the PC-REMAA, ie., m = (p—1)S; +sand n = (q —
1)S. +t. According to the PC-REMAA settings, we have p €
{1,2,--- My}, g € {1,2,--- , M.}, s € {1,2,---,5;}, and
t € {1,2,---,S.}. For the FC-REMAA, z,, and z,, can be
expressed as

Zp = (Ne —n)d., and z,, = (N, — m)d.. )

Substituting x,, and z,, from (3) and (4) into (2), we can
obtain the channels for the PC-REMAA and FC-REMAA,
respectively.

B. Problem Formulation

Due to the interference among signals from different chan-
nel paths, both the signal strengths and phases vary across the
candidate antennas of the PC/FC-REMAA. Usually, greater
signal strength corresponds to a higher received signal-to-noise
ratio (SNR) and thus leads to better communication quality,
which indicates that selecting antennas with stronger signals
results in better communication performance. In addition, due
to variations in channel state information, the optimal antenna
configuration may also change over time. Thus, dynamic
antenna selection is required to adapt to these varying channel
conditions and optimize communication performance. Denote
the number of selected antennas and RF chains as N; and
Nrpr, respectively. To perform baseband processing, each of
the selected antennas is solely connected to an RF chain. Then,
we have Ny < Ngp, limited by the number of RF chains.
In addition, the number of selected antennas must exceed
the number of users to support independent transmission, i.e.,
N; > K.
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ZN,r X Ne¢

Denote the selection matrix as T € , where each

entry is one or zero, i.e.,
(T)m,n € {0,1}. (5

If [T, n is one, the candidate antenna located at the mth row
and nth column is selected for data transmission; otherwise,
it is not selected. Since Ny antennas are selected, we have

Ny N¢
> Y [Tlnm = N ©6)

m=1n=1

To avoid coupling effects between selected antennas, the
minimum row and column spacings between selected anten-
nas usually exceed A/2, which can be easily converted to
the minimum antenna index spacing D by considering the
configurations of PC/FC-REMAA. For example, we have
D = [)\/(2d.)] for the FC-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 n+D

Y T <1, (7

a=m—D b=n—D
foo-rm=D+1,--- Ny—Dandn=D+1,--- ,N. — D.
The constraint in (7) can be equivalently expressed in matrix

form as
N. N

ZZ[BM,,n]a,b[T]a,b S 17 (8)

a=1 b=1

where B, ,, € ZN-*Ne g defined as

By s = 1, a€[m—D,m+D]|, and b€ [n—D,n+D],
m,nja,b — O,
9

Note that B,, , characterizes the selection constraints by
marking positions within the exclusion zone with ones, while
positions outside this region remain zero.

For the PC-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

others.

pSr qSc

Z Z [T}m,n =1,

m=(p—1)S;+1n=(q—1)Sc+1

forp=1,---,M; and ¢ = 1,--- , M.. Similar to (8), (10)
can also be equivalently rewritten as

N, N.
Z Z[Cp,q]mb[T]a,b =1,

(10)

(In
a=1b=1
where C), , € ZN*Ne is defined as
1, a€(p—1)S:+1,pS,]
[Cp,q]a,b = bG [(q - 1)SC + 13 qSCL (12)

0, others.

Here, C, ; characterizes the selection constraints for the PC-
REMAA by marking the positions of candidate antennas
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within the REMA located at the pth row and gth column with
ones, while all other positions remain zero.

To facilitate following formulations, we vectorize the selec-
tion matrix T" as t = vec{T'}. Then the constraints in (5), (6),
(7), and (10) can be respectively expressed as

t], € {0,1}, for p=1,2,--- Ny, (13a)
15t = N, (13b)
STt <1y, (13c)
Q't=1y,. (13d)

In (13c), S € ZN+*Nt denotes the spacing constraint matrix
and can be expressed as

[S}:,S = VeC{Bm,n}a (14)

fors=(n—-1)Ny+m,m=1,--- N,andn=1,---  Ne.
In (13d), M; £ M, M, denotes the number of REMAS in the
PC-REMAA. Q € ZN*M: denotes the partially-connected
antenna selection constraint matrix and can be expressed as

[Q]:,s = Vec{cp,q}7 (15)

fors=(q—-1)M,+p,p=1,--- ,M,,and g =1,--- , M.
Then, we respectively denote the sets of ¢ for the PC-REMAA
and FC-REMAA as

®p = {t € Z™| (13a), (13b), (13c), and (13d)},

®p = {t € Z™| (13a), (13b), and (13c)}. (16)

In this work, we aim at maximizing the sum-rate of K
users by selecting Vg antennas from the Ny candidate antennas
and optimizing the multiuser beamforming, subject to the
constraints in (5), (6), (7), and (10). The optimization problem
can be formulated as

K
max > Ry (17a)
k=1
s.t. |[F|% < P, (17b)
te ‘I’p or q’F (170)

In (17a), Ry represents the achievable data rate of the kth user

and is given by
e |2
[RiT 4] ) as)
K e |2 ]
02+ D iy ik ‘hET.fi‘

where T £ diag{t}, f;, = [F].x, and F € CM*K denotes
the multiuser transmit beamforming matrix. Constraint in
(17b) ensures that the total transmit power satisfies the power
budget, i.e., F||§ < P, where P represents the maximum
allowable transmit power. In (17c), t belongs to different
feasible sets depending on the employed REMAA architecture:
t € ®p for PC-REMAA and t € & for FC-REMAA.

Remark 3: Note that the channel state information between
the PC/FC-REMAA and users can be obtained via channel
estimation techniques in [38], [39], and [40]. In this work,
we focus on the multiuser beamforming and assume that the
channel state information is known in advance.

Remark 4: In this work, we assume the PC-REMAA and
FC-REMAA are arranged in a uniform planar array to simplify

Ry = 10g2 (1 +
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the analysis. In practice, the array configurations may not
be uniform and planar. We then discuss the extensions of
the proposed methods. From Section III, two components
including the channels in the system model and the constraints
in the problem formulation are influenced by the antenna
configurations. From (1), the channels between the BS and
the users are determined by the antenna positions. Therefore,
once the antenna positions are obtained, the channel models
can be readily determined. From (13), four constraints are
included for the candidate antenna selection. The first two
constraints are the same for all array configurations. The
spacing constraint in (13c) and exclusive constraint in (13d)
can be obtained based on the specific geometry of the array.
Once the channels and constraints are specified, the sum-rate
maximization problem can be established for arbitrary array
configurations. Therefore, the proposed methods can also be
extended to other array configurations.

IV. MULTIUSER BEAMFORMING AND ANTENNA
SELECTION FOR REMAAS

In this section, we focus on solving (17) for the design
of multiuser beamforming and antenna selection in PC/FC-
REMAA, where a TS-MBAS scheme is proposed. In the
first step of the TS-MBAS scheme, we propose a TL-JBAS
algorithm, as elaborated from Section IV-A to Section IV-D.
In the second step of the TS-MBAS scheme, we apply the
coordinate descent method to further enhance the solution of
the TL-JBAS algorithm, as presented in Section IV-E.

A. Problem Conversion

Note that (17) involves a nonconvex objective function, as
shown in (17a), and binary constraints, as defined in (5), which
makes the problem a mixed-integer nonlinear programming
(MINLP) problem. According to [41], MINLP problems are
widely recognized as nondeterministic polynomial-time hard
and it is unlikely to achieve optimality in polynomial time.
Therefore, we turn to convert (17) into a tractable form to
efficiently find a suboptimal solution.

First, we focus on the power constraint in (17b). Based
on Proposition 3 in [42], any nontrivial stationary point of
the beamforming matrix F' that maximizes the sum-rate will
satisfy the power constraint with equality. This property allows
us to simplify the problem by removing the power constraint
from (17b). As a result, we can reformulate (17) into a more
tractable and equivalent form as

K
max kz_le (19a)
s.t. t € ®p or Pp, (19b)
where R}, can be expressed as
- hITf,|?
Ry =log, [ 1+ i T | (20)

2||F||2 K Hes o |2
- P - + Zi:l,i;ék }hk sz"

Then, we turn our attention to the nonconvex objective in
(19a). By applying Lemma 4.1 from [43], we can address the
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objective function in (19a) and convert (19) into an equivalent
form as

K
min Ve — logwv 21a
o in ; K€k g Uk (21a)
s.t. t € ®p or Py, (21b)
where ¢;, is defined as
al 2
ev= > |uhiTF,|
i=1,i%k
— ug|202|| F||?

P )
and uy, is the receive factor of the kth user.

Furthermore, we consider the antenna selection constraint
in (21b). Note that (21) adapts to both the PC-REMAA and
FC-REMAA by adjusting the constraint in (21b). From (16),
the PC-REMAA includes an additional constraint in (13d),
which makes its design more complex compared to the FC-
REMAA. Due to this added difficulty, we focus on solving
(21) for the PC-REMAA in this work. Once the algorithm is
developed, it can be directly applied to the FC-REMAA by
simply removing the additional constraint in (13d).

To handle the binary constraint in ®p, we use the equivalent
continuous formulation from [44], expressed as

[t}P(l_[t]P):Oﬂ forp:172a"' 7Nt- (23)
Using this, the feasible set ®p can be rewritten as
Pp ={t e ZN°| (23), (13b), (13c),and (13d)}. (24)

Note that ®p in (24) contains three equality constraints and
one inequality constraint. The presence of multiple equality
constraints reduces the degrees of freedom in the optimization,
which may lead to lower-quality solutions. To address this
issue, we employ the penalty-based method to relax the
equality constraints and incorporate them into the objective.
This reformulation transforms (21) into the following problem:

min  L(ug, vk, F,t) (25a)
uk,vk,F,t

st. STt <1y, (25b)

[t]PE [03 1]7 fOI‘p:1,2,~~~ 7Nt- (25¢)

In (25a), L(ug,vy, F,t) represents a weighted sum of the
original objective function and the penalty terms for the
relaxed constraints, given by

K

L(ug, vy, F,t) £ Z (vper — logvg) + prtT (1n, —t)
k=1

+ o2l 13t = Noll3 + o3l QT — 1ar, |3,

(26)

where p; > 0, po > 0, and p3 > 0 are penalty coefficients
that control the relaxation of the constraints. In this new
formulation, the inequality constraint in (25b) is retained,
while an additional box constraint in (25c¢) 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 (25).
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B. Description of the TL-JBAS Algorithm

The TL-JBAS algorithm follows a two-loop iterative
framework to optimize beamforming and antenna selection
efficiently.

In the outer loop, the penalty coefficients p;, ps, and p3 are
initially set to 1 to provide a well-conditioned starting point.
These coefficients are then gradually increased by multiplying
them with scaling factors [y, [2, and (3, each of which
is greater than 1. This gradual adjustment ensures that the
equality constraints are eventually satisfied while maintaining
numerical stability.

In the inner loop, the penalty coefficients remain fixed, and
an alternating minimization method is employed to iteratively
optimize ug, vg, 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 selected.
Accordingly, the antenna selection vector ¢ is set as

t=1y,. (27)
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. (28)

2) Optimization of ur: When optimizing u; while keeping

other variables fixed, the problem in (21) simplifies to

(29)

min ey.
U

Next, we first compute the partial derivative of ej, with respect
to ujy,, given by

K
Dey, Hrm g |2 02H1 H% Hrm
= E h,Tf.|" + —— — . Th,. (30
duy, (i_1| * fZ| P we Jihe GO

Setting the derivative to zero, i.e., Oey/Ouj = 0, we obtain
the optimal solution for (29) as

-
Uy = Fi Thy . (31)

K Hes o (2 2| F|12
e |h T f| +%

3) Optimization of vi,: When optimizing vy, while keeping
other variables fixed, the problem in (21) reduces to
min vger — logvg. (32)

Vg
To determine the optimal solution, we apply the first-order
optimality condition by differentiating the objective function
with respect to vy, and setting it to zero. Solving for vg, we

obtain

- 1
Vg = —.
€k

(33)
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4) Optimization of f,: When optimizing f, while keeping
other variables fixed, the problem in (21) reduces to

K
min E Vg€ -
Fr

k=1

Next, we compute the gradient of the objective function with
respect to 7, yielding

(34)

S0l g G3)
i=1 K2R * ’
where the terms ¥ and 7 are defined as
‘I’_K.lgf‘HfT o?
= ;vl\ul\ (Thzhi T + PINt) ,
n = vguThy. (36)

By setting fil Uig% = 0, we obtain the optimal solution
k
for (34) as

}k =¥ 'n

By stacking } i for all users, we obtain the optimized beam-
forming matrix F'.

5) Optimization of t: In this part, we optimize t while
keeping other variables fixed. The objective function can be
expressed as

(37

K
L(ug, v, F,t) < kaek + pltT(th —t)
k=1

+ p2| |15, t — N5 + p3l| @t — 1,3

where o< denotes “proportional to” indicating that terms inde-
pendent of the optimization variables are omitted. Expanding
ey, we rewrite the above function as

E(uk,vk,F,t)

K K
<3 (St Tr - Rl T,
k=1 i=1

—p1(Tt =13 t) + pa (T 1, 1 t — 2N,11 t)

+p3t"QQTt— 217, Q"¢

To facilitate further analysis, we define wy,; = hj ® f, and
rewrite the objective as

(38)

‘C(ukavka th)

K K
= Z Vk (Z |uktT'wk7¢|2 - ZR{uktka,k}>

k=1 i=1
+ tT(—,OlINt + p21n, 1]T\[t + p3QQT)t
+ (i1, — 202 N1R, — 213, Q1)

®)

= tTUt +u't, (39)

where in (a), we define

K K
U= ka |uk \22 wy wi i —prIy, +paln 1y, +03QQT
k=1 i=1
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K
us -2 Z%R{ukwm} +p1ln, — 2p2Nsln, — 2Q1yy, .

k=1
(40)
Thus, the optimization problem reduces to
min t'Ut +u't, (41a)
st. STt <1y, (41b)
[t], €10,1], Vp=1,2,..., N;. (41c)

Since U contains the term —p;Iy, in (40), it may not
necessarily be positive definite.

e If U is positive definite, (41) becomes a convex quadratic
program and can be efficiently solved using CVX.

e If U is not positive definite, (41) is nonconvex, requiring
more sophisticated optimization methods such as the
interior-point method. These methods are well established
and can be implemented using standard optimization
toolboxes. For further details, we refer the interested
reader to [45].

By solving (41), we obtain the antenna selection vector t.

6) Stop Conditions: We repeat the procedures from
Section IV-C2 to Section IV-CS5 to alternately optimize wug, vg,
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

To determine whether an antenna is selected, we introduce
a threshold 7. Specifically, if [¢],, > 7, the nth antenna is
selected; otherwise, it is not included in the final selection.

We iteratively update the penalty parameters p;, ps, and
ps in the outer loop and perform the alternating minimization
method in the inner loop, until the number of selected antennas
equals /Ny and the variations of the optimization variables fall
below a predefined threshold. The final selection vector is

7] {1’ [Z]n 2 T,

t n — . 42
g 0, otherwise. “2)

Substituting  into the original problem in (17), we reformulate
the optimization problem as

K
max Zlog2 (1 +

k=1
s.t. |[F|[Z < P.

. 2
|y diag(t) f| >
.~ 2
o? + Z;'K:Li?sk |hgd1ag(t)fi‘
43)

The optimization problem in (43) is a multiuser sum-rate max-
imization problem, which can be effectively solved using the
weighted minimum mean squared error (WMMSE) framework
[42], [43]. As WMMSE-based solutions are well-established,
we omit the detailed derivation and denote the resulting
maximized sum-rate as V.

E. Enhancement With the Coordinate Descent Method

In this part, we present the second step of the TS-MBAS
scheme, where the coordinate descent method is employed
to enhance the performance of the TL-JBAS algorithm. The

Authorized licensed use limited to: Southeast University. Downloaded on November 14,2025 at 01:42:56 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: REMAA: RECONFIGURABLE PIXEL ANTENNA-BASED ELECTRONIC MOVABLE-ANTENNA ARRAYS

core idea is to iteratively evaluate the selected antennas by
sequentially swapping each selected antenna with a candidate
antenna. Specifically, when each selected antenna is replaced
by a candidate antenna, a multiuser sum-rate maximization
problem is solved and the maximized sum-rate is calculated. If
the replacement improves the sum-rate, the swap is accepted;
otherwise, the original selection is retained. This process con-
tinues until no further sum-rate improvement can be achieved
through any single swap.

According to Section IV-D, the TL-JBAS algorithm selects
Ny antennas. We denote the index of the nth selected antenna
as I, forn =1,2,..., Ng. Then we denote the initial antenna
selection vector as o < ¢ and iteratively evaluate the selected
antennas.

1) Iterative Antenna Swapping: In the dth iteration, for d >
1, we initialize the antenna selection vector as t4 < t4_;. The
index of the antenna under evaluation is given by

n =mod(d — 1, Ns) + 1. (44)
Next, we deactivate the [,th antenna by setting
[ta]s, = 0. (45)

We then sequentially evaluate all N; candidate antennas. When

evaluating the pth candidate antenna, for p = 1,2,--- | N, the
updated selection vector is given by
[talp < 1. (46)

2) Sum-Rate Evaluation: For each selection vector £4, we
verify whether it belongs to the feasible set ®p or ®r. If so,
we substitute ¢ in (43) with t4 and solve it using the WMMSE
approach. The resulting sum-rate for this evaluation is denoted
as Vp. If the selection is infeasible, we set Vp 0.

The index of the antenna yielding the maximum sum-rate
for the evaluation of the nth antenna in the dth iteration is
determined as

ﬁfin) = arg max Vp.

p=1,2,...,N “47)

The corresponding sum-rate for the dth iteration is denoted as
V4. The index of the nth selected antennas, I, is then updated
as

—(n) )

I, <y, (48)

3) Stop Conditions: The iterative process continues follow-
ing the steps from (44) to (48) until the stopping condition

=(n) _ —(n)

Py =Dy n.» d>Ng, n=12... N, (49)

is satisfied. This condition implies that the selected antennas
remain unchanged compared to those chosen NNy iterations
earlier, indicating that no further improvement can be achieved
through any single swap.
4) Final Optimization Outcome: Upon convergence, the
optimized sum-rate after enhancement is obtained as
Vo Vg, (50)
which completes the enhancement procedures.
Finally, we summarize the TS-MBAS scheme, including
the TL-JBAS algorithm in the first step and the enhancement
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Algorithm 1 Two-Step Multiuser Beamforming and Antenna
Selection (TS-MBAS) Scheme
1 Il’lpllt: Nr, Nc, N‘m Srv Sc, Qr: Qc, P, K, T, and hk.

2 Initialization: p; < 1, p3 + 1, and p3 < 1.

3 [*Step 1: The TL-JBAS Algorithm*/

4 while conditions in Sec. IV-D are not satisfied do

5 p1 < p1Pr, p2 < p2Pa, and p3 < p3fs.

6 [*The Alternating Minimization Method*/

7 while conditions in Sec. IV-C.6 are not satisfied do
8 Initialize ¢ and F' via (27) and (28), respectively.
9 Obtain uy, via (31).

10 Obtain vy, via (33).

11 Obtain f, via (37).

12 Obtain ¢ via (41).

13 end while

14 end while

15 Obtain ¢ via (42).

16 [*Step 2: Enhancement™/

17 Ty < t and d < 0.

18 while conditions in (49) are not satisfied do
19 d<+d+1.

20 Obtain n via (44).

21 Obtain p"” via (47).

22 Obtain V; by solving (43).
23 end while

24V V4

25 Output: V.

Step 1: TL-JBAS algorithm

Initialization

top condition
n Sec. [V-D are
atisfied?

No

top condition
in Sec. IV-C6 are
satisfied?

Step 2: Coordinate descent
method

Output selected
antennas

Y
Iterative antenna )

swgppmg

( Sum-rate evaluation

top condition
in Sec. IV-E3 are
satisfied?

Fig. 6. Illustration of the flow chart of the TS-MBAS scheme.

using the coordinate descent method in the second step, in
Algorithm 1.

For a clear understanding of the TS-MBAS scheme, we
include a flow chart in Fig. 6 to show its key procedures.
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In this scheme, the TL-JBAS algorithm is performed in the
first step and the coordinate descent method is performed in
the second step. The TL-JBAS algorithm includes two loops,
where the penalty coefficients including p;, p2, and p3 are
increased in the outer loop and variables including uy, v, F,
and t are iteratively optimized in the inner loop. When the
stop conditions of the outer loop are satisfied, the TL-JBAS
algorithm outputs the selected antennas. Then, the coordinate
descent method iteratively evaluates the selected antennas by
sequentially swapping each selected antenna with a candidate
antenna. When the stop conditions of the coordinate descent
method are satisfied, the final selected antennas can be deter-
mined and the corresponding sum-rate can be obtained.

Now we evaluate the computational complexity of the
proposed TS-MBAS scheme. Since the optimizations of wuy,
v, and F' can be computed in closed form, their computational
complexity is negligible. The optimization of ¢ may involve
solving a nonconvex quadratic programming problem. Sup-
pose the interior-point method with Aj iterations is employed.
The computational complexity of optimizing t is O(A;N2).
Denote the number of loops for the TL-JBAS algorithm as Ay,.
Then the computational complexity of the TL-JBAS algorithm
is O(ALA;N?). In each evaluation of the coordinate descent
method, a sum-rate maximization problem in (43) is solved
with the WMMSE, which has a computational complexity of
O(Ny) [42]. Suppose the number of iterations for the coordi-
nate descent method is Ac. Each iteration involves fewer than
N; times of evaluation. Then, the computational complexity
of the coordinate descent method is O(AcN;Ng). In total,
the computational complexity of the TS-MBAS scheme is
O(AcNtNS + ALAINE’)

We also discuss the convergence of the proposed TS-MBAS
scheme and the optimality of the obtained solution. The TL-
JBAS algorithm iteratively optimizes uy, vg, F', and ¢ to
minimize the objective in (25a) in the inner loop. In each
optimization step, either a closed-form solution is obtained or
an iterative algorithm is employed. Therefore, the objective
function is guaranteed to be monotonically non-increasing in
the inner loop. The TL-JBAS algorithm gradually increases
the penalty coefficients in the outer step and the enforcement
of equality constraints is progressively strengthened. As a
result, the equality constraints can be satisfied eventually
and the required antennas can be selected. The coordinate
descent method iteratively evaluates the selected antennas by
sequentially swapping each selected antenna with a candidate
antenna. If the replacement improves the sum-rate, the swap
is accepted; otherwise, the original selection is retained. In
this way, the sum-rate is guaranteed to be monotonically non-
decreasing and the coordinate descent method converges. Note
that the coordinate descent method performs iterative searches
for each variable in the quantized space. Therefore, its solution
is at least a suboptimal solution of the original problem in
(17). In summary, the TS-MBAS scheme converges to at least
a suboptimal solution.

V. THE MECHANICAL MOVABLE ANTENNAS: A REVISIT

In this section, to establish a benchmark for evaluat-
ing REMA-enabled communications, we revisit MMAs with

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 73, NO. 11, NOVEMBER 2025

continuously adjustable positions within the transmission
region. We formulate a sum-rate maximization problem for
MMA-enabled multiuser communications and propose an
ABAPO scheme to solve it.

A. System and Channel Model

For a fair comparison with REMAs, we assume that the
number of antennas in the MMA system is N;. The three-
dimensional coordinate of the nth antenna is denoted as
p, € R3, for n = 1,2,..., N,. The transmission region of
the MMAS is identical to that of the REMASs and is denoted
as C, indicating that the antenna positions satisfy the constraint
p, €C.

From (2), the channel between the kth user and the Ny
antennas can be expressed as

Ly
g:(P) =Y B (NP0 6") . 6D
=1

B (Ns, P,0,¢) denotes the channel steering vector between
the kth user and the Ny MAs, and is given by

/8 (NSaP797¢) = ﬁse:jZﬂ—P‘L7

where P £ [pf', p7, ..., px ]" is the stacked position matrix
for the Ny MMAs and i = [cos ¢ sin 6, cos ¢ cos 6, sin ¢] T is
the normalized wave vector.

(52)

B. Problem Formulation

Each of the N, antennas is connected to an RF chain. By
designing the baseband beamforming vector w; € CNs for
each user, we can mitigate multiuser interference and optimize
the multiuser sum-rate. Additionally, by adjusting the positions
of the Ny MMAs via motors or liquid metals, the multiuser
channels can be tuned to achieve appropriate coherence, thus
facilitating effective beamforming.

We aim at maximizing the multiuser sum-rate by jointly
optimizing the positions of the MMAs, p,,, and the baseband
beamforming vectors, wy. The optimization problem is for-
mulated as

K
R 53
e 2 T (53
st |[W|2 < P, (53b)
p,€C, n=1,2..., N (53c)
A
1D, — Ppll2 > 50 Ym#n. (53d)

In (53a), Ry, represents the achievable sum-rate for the kth
user and can be expressed as

- (P)Hw, 2
Ry = log, <1+ |Ig(k( Juwe] 2) . (54)
0%+ D i1 iz |95, (P)Hw;|
In (53b), W £ [wy,..., wgk] is the stack of beamforming

vectors, and its Frobenius norm is constrained by the total
transmit power P. In (53c), the position of each antenna p,,
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is restricted to lie within the predefined transmission region
C. In (53d), the spacing between any two antennas is at least
A/2 to avoid mutual coupling effects.

The optimization problem in (53) involves the optimiza-
tion of antenna positions p,, and beamforming vectors wy.
These two sets of variables exhibit different characteristics
and require distinct optimization techniques. Therefore, it is
difficult to optimize them simultaneously. To address this,
we then propose an ABAPO scheme to efficiently solve (53)
by alternately optimizing the multiuser beamforming and the
antenna positions.

C. Alternating Beamforming and Antenna Position
Optimization Scheme

Given the antenna positions p,,, the optimization problem
in (53) simplifies to

K
max E Ry,
w,

st. |[WZ<P. (55)

This is a classic multiuser sum-rate maximization problem and
can be efficiently solved using the WMMSE framework. We
omit the details and denote its solution as wj,.

Given the beamforming vectors wy, (53) reduces to

K
max ) i

k=1
st.p,€C, n=12 ..., N;,

This problem is nonconvex due to the structure of both the
objective and constraints. We then adopt the interior-point
method to solve it [45]. First, we rewrite the transmit region
constraint p, € C as E(p,) < 0 by parameterizing C.
Introducing slack variables ¢, > 0 and g, > 0, we
reformulate (56) as

mln—ZRk_lencn ,OZ Z In g p

m=1n=m+1

s.t. E(pn)—l—cnzo7 n=1,2,...,Ng,

5 - Hpm - pn||2 + Imn = 0. (57)

The optimization in (57) is then solved using Newton’s method
with backtracking line search to iteratively update p,,, c,,
and g, until the Karush-Kuhn-Tucker (KKT) conditions
are satisfied. This procedure is well-established and can be
implemented using commercial software such as MATLAB.
We omit the details and denote the solution as p,,.

We iteratively solve (55) and (57) until the maximum num-
ber of iterations is reached or the ABAPO scheme converges.
The final solutions to the nonconvex optimization in (53) are
denoted as wy, and P,,.

Remark 5: Note that MMAs can continuously adjust their
positions within the transmission region, whereas REMAs
are constrained to a set of predefined and discrete positions.
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Specifically, MMAs can be regarded as a special case of
REMAs when the position interval tends to zero. Thus,
the performance of MMAs provides a natural upper bound
for evaluating REMA designs. However, characterizing the
performance of MMAs involves solving a joint beamform-
ing and antenna positioning optimization problem, which is
typically non-convex and challenging to solve. To address
this, we propose the ABAPO scheme, which solves the
joint optimization problem with an alternating optimization
process between beamforming and antenna positioning. The
beamforming subproblem has been extensively studied in the
literature, while the antenna positioning subproblem can be
efficiently addressed using the interior-point method, which is
widely supported by commercial solvers such as MATLAB.
Owing to its flexibility, the proposed scheme is applicable
not only to multiuser communication systems but also to a
broader range of system configurations. This enables effective
performance characterization of MMAs and facilitates the
design and evaluation of REMA-related algorithms.

VI. PERFORMANCE GAP ANALYSIS BETWEEN REMAS
AND MMAS

For MMAs, antennas can move continuously within the
transmission region, whereas for REMAs, the antenna posi-
tions are restricted to discrete locations. As a result, a
performance gap arises between REMAs and MMAs, pri-
marily caused by the interval between the candidate radiation
positions. This observation leads to a fundamental question:
how fine should the position interval be for REMAs to
approximate the performance of MMAs? To address this, in
this section, we derive the maximum power loss of REMAs
compared to MMASs under any given position intervals.

A. Analysis on Power Loss of Electronic Movable Antennas

Suppose the kth user transmits a normalized signal to the
BS through the channel given in (2). The received signal at
the location [x,, 0,z ] is given by

y = Z \/> 1) ]27r I, COS qf)( ) sin 0( )+”m sin ¢(l))/

a 1 P ONOIIRNOR
@) Z /ﬁt%(cl)eﬁ (@k Q! w,,)/,\’ (58)
where we define 6() = cosgb sin 9() and Qg) £ sin gb,(cl)

in (a). With basic trigonometric properties, we have @,(f) €
[—1,1] and Q" € [~1,1]. From (58), we find that the
received signal depends on the positions along both the
z-axis and z-axis. However, the influence of position changes
along these two axes is fundamentally similar. Therefore, we
fix the position along the z-axis and focus on variations along
the x-axis. Then, we rewrite (58) as

Lk e

y= 3ol
1=1

(59)

where the effective channel coefficient 'y() is defined as

lil) £ \/%'y,gl 1272z /X Note that (59) is structurally
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similar to the DTFT but with nonuniform time-domain indices.
To convert (59) into the standard DTFT form, we uniformly
quantize the angular space [—1,1] into F' discrete samples
with the fth sample given by 1 — 2f/F. Each channel angle
@I(Cl) is then assigned to its nearest quantized angle, with the
corresponding index denoted as f;. Due to the quantization,
Gg) is not exactly equal to 1 — 2f,/F. However, as F
increases, the quantization error decreases, and @;Cl) converges
to1—2f,/F.

Next, we define an all-zero vector b € C*" and assign values
to it as [bl7 < ﬁ,gl). With this definition, (59) can be rewritten
as

F
y = Z[b]feﬂfr(l—?f/F)xn//\

f=1
F ~
_ eﬂmvn/)\ Z[b]fe—ﬁrfavn7 (60)
f=1
where we define 7,, £ ‘f\IF From (60), it is evident that y is

the DTFT of b, where Z,, represents the frequency domain.
According to Fourier analysis [46], the minimum bandwidth
of an F-point signal can be approximated using the Dirichlet
kernel

Gr(w) = (61)

sin(Fw/2) ’
sin(w/2) |’

By numerically evaluating (61), the x-dB bandwidth can
be determined as F%’i). For example, the minimum 3-dB
bandwidth of an F-point signal is approximately 1.76/F.

On the other hand, since b contains zeros at unassigned
positions, its effective length can be computed as

(@max - émin)Pﬂ
2

F:

; (62)

where O,,.x 2 max; @,gl) and O,,;, £ min @,(Cl). Addition-
ally, from (61), we observe that z,, is scaled by a factor of
F)\/4 relative to Z,,. Therefore, the k-dB mainlobe width of
y with respect to x,, is given by

B® =1Wp)/4. (63)
Since F%F") decreases as F’ increases, a larger interval between
the maximum and minimum channel angles results in a smaller
mainlobe width of y. Furthermore, B > FE}{)F)\/4 due to
F < F. Thus, the maximum x-dB mainlobe width of y with
respect to x,, is

B =1 Fa/4. (64)
Note that (64) establishes a relationship between power loss
and position interval. For instance, setting x = 3, corre-
sponding to a half-power loss, the position interval is 0.44\.
Conversely, if the position interval is set to 0.2, the maximum
power loss is computed as 12.5%. In other words, to limit
power loss to at most x dB, the position interval should not
exceed Fgf)F)\/ZL
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B. Evaluation of the Analysis

Now, we validate the analysis in Section VI-A through
simulations. We fix the z-axis and change positions along the
x-axis within [—5X,5\]. The position interval ranges from
0.5\ to 0.05X in a step of 0.05), resulting in the number
of candidate antenna positions varying from 10 to 100. The
number of channel paths is set to L;, = 20, with channel gains
following y,il) ~ CN(0,1) and channel angles distributed as
ol e [-1,1].

Using (64), we determine the position corresponding to the
maximum received power for the REMAs. Then, we refine this
position using gradient descent to obtain the optimal positions
for the MMAs and compute their corresponding maximum
received power. Subsequently, the power loss of the REMAs
compared to the MMAs can be computed directly.

In Table I, we first calculate the maximum power loss of
the REMAs compared to the MMAs using (64). Next, we
conduct 10° Monte Carlo simulations to obtain the actual
power loss of the REMAS relative to the MMAs. Additionally,
we compute the ratio of cases where the actual power loss
remains below the theoretical maximum given by (64). The
results in the table demonstrate that the maximum power loss
predicted by our analysis holds in the vast majority of cases,
which verifies the accuracy and effectiveness of our analysis
for REMAs.

VII. SIMULATION RESULTS

Now, we evaluate the performance of the proposed methods.
The width and height of each REMA in the PC-REMAA are
set to 1\.! To evaluate the REMAs, we adopt the standard
FPAs and MMAs as benchmarks. For a fair comparison, FPAs
and MMAs employ the same number of antennas as those
selected in the FC-REMAA and PC-REMAA. In addition,
the antenna spacing in FPAs is A/2, and the transmit region
of the MMAs is the same as the antenna panels of the FC-
REMAA and PC-REMAA. To evaluate the TS-MBAS scheme,
we select two benchmark methods: the flexible precoding
(FP) method from [16] and the graph-based approach (GA)
from [18]. Both methods are designed for MAs with discrete
antenna positions.

Fig. 7 illustrates the sum-rate performance of different
methods for various position intervals in a uniform linear
array configuration, where N, = 1. The number of candidate
antennas in each REMA ranges from 2 to 20, corresponding
to the position interval from /2 to A/20.> The number of
selected antennas is Ny = 4, the SNR is set to 10 dB, and
the system includes K = 4 users, each with L; = 6 channel
paths. First, we compare the REMAs with the MMAs and
FPAs. From the figure, we observe that MMAs achieve the

n [33], an RPA with dimensions of 0.67\ x 0.67\ is fabricated. By
optimizing the internal connections among pixels, it is shown to be equivalent
to a standard REMA with a length of 0.5\ and 12 ports. Following the same
design methodology, the REMA can be scaled up to 1A X 1\ by enlarging
the pixel layer and modifying the optimization objective.

2In [33], an REMA with a length of 0.5\ and 12 ports is fabricated, which
leads to a position interval of A/24. Usually, a finer position interval leads to
increased design complexity. Therefore, the REMAs with the setting position
intervals are practically realizable.
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TABLE I
EVALUATION OF THE EFFECTIVENESS OF THE POWER LOSS ANALYSIS FOR THE REMAS
Position Interval 0.5\ 0.45X 0.40X 0.35\ 0.30A 0.25X 0.20X 0.15X 0.10X 0.05A
Maximum Power Loss from (64) 59.47%  51.19%  42.772%  34.34%  2632%  18.94%  12.49% 7.19% 3.25% 0.82%
Percentage of Cases Satisfying (64)  99.96%  99.85%  99.61%  98.90%  98.51% 98.14% 97.43% 97.07% 96.41%  96.17%
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Fig. 7. Comparisons of different methods in terms of the sum-rate for varying
position intervals under the uniform linear array configuration.

highest sum-rate, followed by FC-REMAA, PC-REMAA, and
FPAs. This performance ordering aligns with the degree of
design flexibility in these arrays. Additionally, as the posi-
tion interval decreases, the FC-REMAA gradually approaches
the performance of MMAs. However, reducing the position
interval below \/8 results in only marginal improvements,
which indicates that refining the position interval beyond
A/8 offers limited practical benefit in enhancing multiuser
sum-rate. Then, we compare the TS-MBAS with the FP and
GA. From the figure, given the antenna architecture, TS-
MBAS achieves the best performance, followed by GA and
FP. Notably, FC-REMAA (FP) performs worse than FPAs
because FC-REMAA (FP) employs zero-forcing beamform-
ing, whereas FPAs use the superior WMMSE algorithm for
multiuser beamforming. TS-MBAS outperforms GA because
GA selects antennas solely based on channel gains, while
TS-MBAS jointly optimizes antenna selection and beam-
forming to maximize the multiuser sum-rate. Furthermore,
with TS-MBAS, FC-REMAA approaches the performance of
MMAs, validating the effectiveness of both FC-REMAA and
TS-MBAS.

Fig. 8 extends the analysis in Fig. 7 to a uniform planar
array configuration. The number of candidate antennas per row
and column in each REMA ranges from 2 to 9, corresponding
to the position interval from A/2 to A/9. The other system
parameters are the same as those in Fig. 7. The comparison
results of different methods in Fig. 8 are consistent with those
in Fig. 7 and therefore are omitted. Comparing the results from
Fig. 7 and Fig. 8, we find that the MMAs, FC-REMAA, and
PC-REMAA perform better in the planar configuration due to
the increased flexibility in antenna placement. In contrast, the

1/3 1/4 1/5 1/6

Position Interval (X)

177 178 179

Fig. 8. Comparisons of different methods in terms of the sum-rate for varying
position intervals under the uniform planar array configuration.
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Fig. 9. Comparisons of different methods in terms of the sum-rate for varying
SNRs under the uniform planar array configuration.

performance of FPAs remains similar in both figures because
the fixed antenna positions limit their adaptability. Further-
more, as the position interval decreases, the FC-REMAA
(TS-MBAS) can also gradually approach the performance of
MMAs in uniform planar array configurations.

Fig. 9 illustrates the sum-rate performance under varying
SNRs, considering a uniform planar array configuration with
eight candidate antennas per row and column in each REMA.
The number of selected antennas is Ny = 4, and the system
includes K = 4 users, each with L; = 6 channel paths.
The results show that the performance gap between MMAs
and FC-REMAA (TS-MBAS) widens gradually as the SNR
increases, while the gap between FC-REMAA (TS-MBAS)
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Fig. 10. Comparisons of different methods in terms of the sum-rate for varying
numbers of channel paths under the uniform planar array configuration.

and FPAs grows more rapidly. This trend is due to the signifi-
cantly higher flexibility of FC-REMAA compared to FPAs in
antenna position design, which allows for more effective sup-
pression of multiuser interference. As the SNR increases and
noise power diminishes, interference becomes the dominant
factor affecting performance, making interference mitigation
even more critical. Consequently, the advantage of FC-
REMAA over FPAs becomes more apparent. However, while
MMAs offer even greater flexibility than FC-REMAA, the
additional freedom is comparatively limited, leading to a
slower performance gain relative to FC-REMAA (TS-MBAS)
as the SNR increases. Moreover, FC-REMAA (TS-MBAS)
consistently approaches the performance of MMAs across
different SNR levels, demonstrating the effectiveness of the
proposed approach.

Fig. 10 illustrates the impact of the number of channel
paths on sum-rate performance in the uniform planar array
configuration. The number of candidate antennas per row and
column in an REMA is set to 8, the number of selected
antennas is Ny = 4, and the SNR remains at 10 dB. From
the figure, the performance of MMAs, FC-REMAA, and PC-
REMAA improves as the number of channel paths increases
because the received power fluctuates more rapidly within the
receive region. In this context, these methods can more easily
identify favorable antenna positions for multiuser communi-
cations. However, the rapid power variation also results in a
narrower mainlobe width and greater power loss for FPAs,
as analyzed in Section VI, which leads to the decline in
performance of FPAs as the number of channel paths increases.

Fig. 11 illustrates the sum-rate performance for varying
number of users under a uniform planar array configuration.
Each REMA consists of 6 candidate antennas per row and
column. The PC-REMAA employs three REMASs per row and
two REMAs per column, leading to a total of 18 candidate
antennas per row and 12 candidate antennas per column. For
fairness, FC-REMAA 1is configured with the same number
of candidate antennas as the PC-REMAA. The number of
selected antennas is Ny = 6, the SNR is set to 10 dB,
and each user has L, = 6 channel paths. The results

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 73, NO. 11, NOVEMBER 2025

20 B .-
et
18 2 r---
77 g
N 16 7 ==
s - =
= 2 ==
& =7
S 14r 74
o /’
=1 3
DFIZ’ - - -
Z10f =~
sL
—B—FPAS = %K= -PC-REMAA (FP [16])

- = ‘MMA —O— FC-REMAA (FP [16])

6 - X- -PC-REMAA (TS-MBAS) - X~ -PC-REMAA (GA [18])

—OE—FC-REMAA (TS-MBAS) —E&— FC-REMAA (GA [18])
i ;i ; :

1 2 3 4 5 6
Number of Users (K)

Fig. 11. Comparisons of different methods in terms of the sum-rate for varying
numbers of users under the uniform planar array configuration.

show that as the number of users increases, the performance
gap between MMAs and FC-REMAA (TS-MBAS) widens
gradually, whereas the gap between FC-REMAA (TS-MBAS)
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.

Note that the tuning of MMAs relies on motors and
syringes, resulting in response times ranging from milliseconds
to seconds [47]. This latency renders MMAs unsuitable for
tracking rapid channel variations and limits their practical
applicability. In contrast, REMAs use RF switches, such as
PIN diodes, enabling response times from nanoseconds to
milliseconds. These response times are much shorter than
typical channel coherence times, making REMAs suitable for
practical deployment. Furthermore, simulation results show
that the performance of FC-REMAA (TS-MBAS) closely
approaches that of MMAs under various conditions. Overall,
due to their significantly faster response, lower complexity
and comparable performance, REMAs are better suited for
practical applications than MMAs.

VIII. CONCLUSION

In this paper, we have investigated REMAs for multiuser
communications. We have modeled each REMA as an antenna
characterized by a set of predefined and discrete selectable
radiation positions within the radiating region. Considering
trade-off between performance and cost, we have proposed
two types of REMA-based arrays: the PC-REMAA and
FC-REMAA. We have formulated a multiuser sum-rate max-
imization problem subject to power constraint and hardware
constraints of the PC-REMAA or FC-REMAA. To solve this
problem, we have proposed a TS-MBAS scheme. In addition,
we have revisited MMAs with continuously adjustable posi-
tions within the transmission region to establish a benchmark
for evaluating REMA-enabled multiuser communications. We
have analyzed the performance gap between REMAs and
MMAs. Specifically, we have transformed the received signal
of MMAs into the DTFT of the channel coefficients. Based on
Fourier analysis, we have derived the maximum power loss of
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REMASs compared to MMAs for any given position interval.
Future research will focus on further exploring the applications
of REMA in wireless communications.
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