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Coupler Position Optimization and Channel
Estimation for Flexible Coupler Antenna
Aided Multiuser Communication

Xiaodan Shao

Abstract—In this paper, we propose a flexible coupler antenna
(FCA), also referred to as a reconfigurable coupler antenna (RCA),
to enhance wireless communication performance at low hardware
cost. At each FCA, there is one fixed-position active antenna and
multiple passive couplers that can move within a designated region
around the active antenna. Moreover, each FCA is equipped with
a local processing unit (LPU). All LPUs exchange signals with
a central processing unit (CPU) for joint signal processing. We
study an FCA-aided multiuser multiple-input multiple-output
(MIMO) system, where an FCA array base station (BS) is
deployed to enhance the downlink communication between the
BS and multiple single-antenna users. We formulate optimization
problems to maximize the achievable sum rate of users by jointly
optimizing the coupler positions and digital beamforming, subject
to movement constraints on the coupler positions and the transmit
power constraint. To address the resulting nonconvex optimization
problem, the digital beamforming is expressed as a function of
the coupler position vectors, which are then optimized using the
proposed distributed coupler position optimization algorithm.
Considering a structured time domain pattern of pilots and coupler
positions, pilot-assisted centralized and distributed channel esti-
mation algorithms are designed under the FCA array architecture.
Simulation results demonstrate that the distributed FCA array
achieves substantial rate gains over conventional benchmarks in
multiuser systems without moving active antennas, and approaches
the performance of fully active arrays while significantly reducing
hardware cost. Moreover, the proposed centralized channel
estimation outperforms the benchmark schemes in terms of both
pilot overhead and channel reconstruction accuracy, while the
distributed scheme provides a favorable accuracy and complexity
tradeoff by shifting computations to the LPUs.

Index Terms—Flexible coupler antenna (FCA), coupler position
optimization, distributed optimization, channel estimation, mech-
anical beamforming, mutual coupling.

I. INTRODUCTION

ULTIPLE-INPUT multiple-output (MIMO) is an impor-
M tant enabling technique for sixth-generation (6G) and
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beyond systems, since it can serve multiple mobile users on the
same resource block concurrently [1], [2], [3], [4]. For instance,
extremely large-scale MIMO can achieve significantly higher
achievable rates by using more antennas than existing massive
MIMO within a given space [5]. Passive MIMO, also known
as intelligent reflecting surfaces (IRS)/reconfigurable intelli-
gent surfaces (RIS), can enhance wireless network capacity in
a cost-effective manner [6], [7], [8], [9], [10]. An appealing
property of MIMO is that its performance gains scale with the
number of antennas. Traditional MIMO systems, however, face
two main challenges. First, higher data rates often require more
antennas and thus larger installation space. Moreover, conven-
tional MIMO typically requires a dedicated radio-frequency
(RF) chain for each antenna, which increases hardware cost,
power consumption, and transceiver size, and makes MIMO
systems costly and bulky. Second, antennas in conventional
MIMO systems are deployed at fixed positions, which limits the
ability to adaptively reconfigure or optimize the wireless channel
according to user distribution and environmental variations.

On the other hand, most existing works on MIMO systems
assume a centralized processing architecture, where a central
processing unit (CPU) is connected to all antennas [1]. In such
systems, the received signals must be collected at the CPU to
execute key tasks such as signal precoding and detection as well
as channel estimation. As the number of antennas increases, cen-
tralized processing leads to significantly higher computational
cost and complexity, together with longer processing delay,
which may hinder the practical deployment of large-scale an-
tenna arrays in future wireless networks. Moreover, centralized
algorithms typically incur large communication cost between the
antennas and the baseband processor, and they also require high
computational cost due to large-scale signal processing [11],
[12], [13], [14]. These issues call for a powerful and expensive
CPU, which may become impractical or unaffordable when the
antenna array size is large.

To overcome the above limitations, we propose in this pa-
per a new distributed flexible coupler antenna (FCA) array, as
illustrated in Fig. 1, where each FCA is equipped with a local
processing unit (LPU) to enable decentralized and parallel pro-
cessing, thereby alleviating the computational burden at the CPU
while improving communication performance. Moreover, by
dispensing with the requirement that each antenna be connected
to a dedicated RF chain, the FCA array consists of multiple
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Fig. 1. Proposed distributed FCA array for multiuser systems.

FCAs, each comprising a single active antenna connected to one
RF chain and multiple passive couplers. The passive couplers are
not directly fed and do not require dedicated RF chains. They can
be independently adjusted in position around their associated
active antenna, while the active antenna remains fixed at the
transceiver. By exploiting coupler movement and the mutual
coupling between neighboring antenna and coupler elements,
the passive couplers radiate through excitation induced by their
associated active antenna. In the proposed distributed FCA array,
all LPUs operate in a decentralized and parallel manner and
exchange signals with the CPU for joint signal processing, such
as channel estimation, precoding, and combining. The proposed
architecture leverages both the CPU and the LPUs to not only
offload computational tasks from the CPU but also alleviate the
fronthaul communication burden between the distributed FCAs
and the CPU by exploiting local computation and baseband
signal processing at the LPUs. This advantage becomes more
pronounced in large-scale deployments where fronthaul band-
width is limited or where a single central baseband processor
becomes a bottleneck. As a result, the proposed architecture
can reduce the overall processing burden and communication
overhead at the system level. Detailed hardware-level evaluation
is left for future work.

Different from six-dimensional movable antennas (6DMA)
[15], [16], [17], [18], [19], [20], which enhance communica-
tion performance by translating and/or rotating active antennas
together with their RF chains over relatively large regions,
in a distributed FCA system, only the passive couplers are
repositioned within a small local region where electromagnetic
coupling is strong, while the active antennas and their RF chains
remain fixed. This design substantially reduces transmit power
consumption and mechanical control complexity, and enables
faster and more practical position reconfiguration. Thus, the
distributed FCA array features advantages such as a compact
structure, low profile, and lightweight, which make it suit-
able for small-sized terminals and practical deployment. This
complexity-performance tradeoff is most attractive in slowly
time-varying channel conditions, or when the coupler positions
are updated on a slower timescale based on statistical channel
state information (CSI).
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The main contributions of this paper are summarized as
follows.
® We propose a distributed FCA array to enhance commu-
nication performance and reduce centralized processing
complexity by equipping each FCA with a local LPU. The
FCA array consists of multiple FCAs, each containing one
fixed-position active antenna and multiple passive couplers
that can move within a designated region around each
active antenna to enhance the multiuser communication.
The distributed FCA array features a compact structure
without moving the active antennas and their RF chains,
making it particularly attractive for large-scale antenna
deployments in small-sized devices.
¢ Based on the distributed FCA array, we formulate an opti-
mization problem to maximize the achievable sum rate of
users by determining the positions of the passive couplers
and the transmit beamforming, subject to their practical
movement and transmit power constraints. To solve this
nonconvex problem, we develop a successive convex ap-
proximation (SCA)-based distributed coupler-position op-
timization algorithm, where the LPUs update the coupler
positions in parallel via local projections and the CPU
broadcasts the required gradient information and updates
the minimum mean square error (MMSE) precoder.
® By exploiting a structured training protocol with multiple
pilot blocks and blockwise fixed coupler positions, we
develop two pilot-assisted channel estimation algorithms
under the distributed FCA architecture, namely, centralized
scheme and distributed scheme. In the centralized scheme,
the CPU stacks pilot-correlated observations across all
FCAs and performs sparse recovery to estimate the angular
support and path gains, enabling channel reconstruction
for arbitrary coupler positions. In the distributed scheme,
each LPU conveys low-overhead support information to
the CPU, which carries out lightweight fusion and path
gain estimation using low-dimensional statistics.
¢ Extensive simulations validate the effectiveness of the pro-
posed FCA array and the associated optimization and chan-
nel estimation designs. The results show that the proposed
FCA array can closely approach the achievable rate of a
fully active array while using significantly fewer active
antennas, due to the interference mitigation, mechanical
beamforming gain, and fading mitigation enabled by cou-
pler repositioning. Moreover, simulations demonstrate the
efficiency of the proposed channel estimation schemes.
The remainder of this paper is organized as follows. Sec-
tion II describes the system model. Section III formulates the
optimization problem for maximizing the achievable sum rate
through coupler position design and then presents the proposed
distributed coupler position optimization algorithm. Section IV
presents the proposed centralized and distributed channel esti-
mation algorithms for the designed FCA array. Section V pro-
vides numerical results and corresponding discussions. Finally,
Section VI concludes this work.
Notations: Boldface uppercase and lowercase letters denote
matrices and vectors, respectively, (-)*, (-)7, and (-)7 de-
note complex conjugation, conjugate transpose, and transpose,
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respectively. For scalar a, |a| denotes its magnitude. For vector
a, ||a]|, denotes the ¢, norm. For matrix A, ||A || denotes the
Frobenius norm. Operator diag(x) denotes a diagonal matrix
whose diagonal is x, [a]; denotes the j-th entry of vector a, E[]
denotes statistical expectation, [A]; ; denotes the (4, j)-th entry
of amatrix A, [A]. , and [A];, . denote the k-th column and the
k-th row of A, respectively, I, denotes the M x M identity
matrix, blkdiag{ A, ..., A} denotes a block-diagonal matrix
with diagonal sub-matrices given by Ay, ..., Ay, R and C de-
note the real and complex fields, respectively, CA(0, o) denotes
a complex Gaussian distribution with mean 0 and variance o2,
R{-} denotes the real part of a complex quantity, |Z|. denotes
the cardinality of index set Z, supp(x) denotes the support set of
vector x, tr(-) denotes the trace of a square matrix, and V f(x)
denotes the gradient of function f with respect to x.

II. SYSTEM MODEL
A. Distributed Flexible Coupler Array

As shown in Fig. 1, the proposed FCA array consists of M
FCAs. Each FCA comprises one fixed-position active antenna
and N passive couplers, which can move within a designated
region, i.e., C,, surrounding the m-th active antenna. Each
active antenna is connected to a single RF chain and serves as
the directly excited radiation source in each FCA. In contrast,
the passive couplers are not directly fed and do not require
additional RF chains. Instead, they radiate through induced
currents excited by their associated active antenna via near-field
electromagnetic coupling. The positions of passive couplers are
mechanically adjustable with the aid of actuation components
such as micro-electro-mechanical systems (MEMS), which offer
low power consumption and fast response. Moreover, each FCA
is equipped with local computing hardware, i.e., an LPU, which
carries out the necessary baseband processing tasks, such as
channel estimation and signal precoding and combining, in a
decentralized and parallel fashion, as shown in Fig. 1. Each LPU
is connected to the common CPU at the base station (BS) via
separate flexible cables, such as coaxial cables. These cables
supply power to the FCA and also facilitate control and signal
exchange between the LPU and the CPU. The users are each
assumed to be equipped with a single fixed-position antenna.
By reconfiguring only the passive coupler positions within a
small local region, the proposed FCA array enhances wireless
communication performance while avoiding the movement of
active antennas or RF chains, thereby significantly reducing
mechanical control complexity and energy consumption.

B. Channel Model

As illustrated in Fig. 1, we consider a downlink multiuser
wireless communication system where an FCA array is deployed
atthe BS. The BS serves K single-antenna users. The FCA array
can be reconfigured by mechanically adjusting the positions of
its passive couplers.

We adopt a two-dimensional Cartesian coordinate system.
The transmit array lies in the x—y plane. The M active antennas
form a uniform linear array along the y-axis. The first active
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antenna is located at origin q; = [0,0]T and the m-th active
antenna is located at

am = [0, (m — l)dy]T, m e M, (D

where M = {1,2,..., M} and d, denotes the spacing between
adjacent active antennas.

Let K = {1,2,..., K} denote the set of user indices. For user
k € IKC, we consider a narrowband geometric multipath channel
with Ly, paths. The azimuth angle of departure of the ¢-th path
from the BS is denoted by ¢y, ¢ and the corresponding complex
path gain is denoted by vy, ¢, £ = 1,2,..., Lj. Let A denote the
carrier wavelength. The steering vector of the active-antenna
array for angle ¢y, ¢ is given by

oo . T
76—]27(M—1)dy sin ¢ ¢

2

The channel vector between all active antennas and user k is

Ly
hask =Y oksay(ére) € CM 3)
(=1

The two-dimensional position of the n-th coupler associated
with the m-th active antenna is

Prm = Tnms Ynom)]” ERY, neN, meM, @)

where N = {1,2,..., N}. We collect all coupler positions into
vector

i, )

where P = [Pl P2y Pl € R2V s the position
vector of the couplers in the m-th FCA.

For user k and its ¢-th path, we denote the two-dimensional
direction vector in the x—y plane as

Ki¢ = [COS qf)k’g7 sin ¢}€’4]T c Rz. (6)

p=[pl.ps,. .

The coupler steering vector for user & on path £ is given by

T
acre(p) = [aC,k,Z(pl)T7 ac,k,e(Pz)T, cee aC,k,Z(pM)T] )
(7
where ac i ¢ (P ) denotes the coupler steering vector associated
with user k, path ¢, and the m-th FCA, and is given by
-

;8

—jziK'T PN
ack(Pm) = e 7 x ThePm

jfZWHT P
— |
eI BrPrm

which depends on the coupler-position vector. The channel
vector between all couplers and user k is

Ly,
hc x(p) = Zak,eac,k,e(p) € CMNx1, )
=1

Based on (3) and (9), the overall multipath channel vector

from the FCA array to user k is given by
hi(p) = [0, hE (p)] € CHNHT (10)

which depends on coupler positions p while the active antenna
positions are fixed. Collecting the channel vectors of all users
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yields the following multiuser MIMO channel matrix

H(p) = [hy(p),..., hg(p)] € CHUNFTM)xK an

C. Mechanical Beamforming

Letiy € CM*! denote the current vector of all active anten-
nas, and ic € CMN*! denote the current vector of all couplers.
The current vector across all active antennas and couplers is
given by

i — [-T .T]T c C(MN+M)x1.

iy,ic (12)

Similarly, let the active-antenna voltage vector be v €
CM>1 and the coupler voltage vector be vg € CMN*1 The
voltage vector across all active antennas and couplers is given
by

T]T c CMN+M)x1

v =[VA, Ve (13)

In general, the mutual impedance matrix between all couplers
and all active antennas can be denoted by Z(p) € CMN*M
[21]. We denote the mutual coupling vector between the j-th
active antenna and the IV couplers associated with the ¢-th active
antenna by z; ; € CV*!. Then, Z(p) can be written as

Z1, M
c CMNX]W. (14)

Z)\, ZN M

Let Z € CM*M denote the mutual impedance among all active
antennas and Z(p) € CMN*MN denote the mutual impedance
among all couplers. The overall mutual impedance matrix of the
FCA array is thus given by

[Z Z" (p)
Z(p) Z(p)

For practical implementation considerations, we assume that
the active antennas are physically isolated by metallic plates.
The center-to-center distance between any two active antennas
is assumed to be significantly larger than the distance between
each active antenna and its associated passive couplers, as well as
the distances among the couplers themselves. Consequently, the
mutual coupling between ports associated with different FCAs
becomes negligible and can be ignored. Under this assumption,
the overall mutual impedance matrix exhibits a block-diagonal
structure. Accordingly, we define the mutual impedance sub-
matrix corresponding to the m-th FCA as

- 5T
Z,,(pm) = [ o ?m(pm)

Zm, (pm) Zy, (pm)

where Z,, € C denotes the self-impedance of the m-th active
antenna, Z, (p,,) € CV*! collects the mutual impedances be-
tween this active antenna and its associated N couplers, and
Zm(pm) € CN*N denotes the mutual impedance matrix among
these couplers.

The entries of the mutual impedance matrix Z ,, (P )
in (16) are computed based on the thin-wire dipole model with

€ C(MN+M)x(MN+M).

Z(p) = 15)

c (C(N+1)><(N+1)’ (16)
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element length D and radius a. Let pg ., £ q ., denote the
position of the m-th active antenna. For ¢ # j, 4,7 € {0} UN,
[Z ,,,(p m)]i,; depends on the center-to-center distance d = ||p
i,m —P j,m||2, and its real and imaginary parts are given by R{[Z
m (P m)]i,j} = % [2Ci(up) —Ci(u1) —Ci(uz)] and I{[Z, (p
m))ij = —3=[2Si(uo) — Si(uy) — Si(ua)], respectively, where
u0:¥, m :%(m—i—D), Uy = %(m—
D),Si(z) = [; #2T d7,and Ci(z) = — [° T dr.Fori = j,
[Z,(Pm)]ii is independent of the coupler positions and is
computed using the closed-form self-impedance expressions
with the parameter settings specified in Section V. Under the
above block-diagonal assumption, the overall mutual impedance
matrix can be simplified to

Z(p) = blkdiag {Z(p1), ..., Zn(Pm)} -

Let X, ,, denote the load impedance at the port of the n-th
coupler associated with the m-th active antenna. The diagonal
load-impedance matrix connected to the N couplers of the m-th
FCA is given by [21]

a7)

X,y = diag{ Xy m, ..., Xnm} € CVN. (18)

Let s € C denote the transmit information symbol with zero
mean and unit variance. Antenna current vector i is adopted as
the equivalent transmit precoding (beamforming) vector, such
that the radiated signal is given by is. For the m-th FCA,
define vc,, € CN*1 as the port-voltage vector across the load
impedances at the network side, and define the load-voltage drop
along the direction of coupler current vector ic,, € CV*!. By
Kirchhoft’s voltage law [22], we have

vem = —Xpioms, meM, (19)

where M = {1,2,..., M}. Moreover, the port voltages and
currents of the linear multi-port network obey the impedance
relation [23],

v = Z(p)is. (20)

Partitioning (20) according to v = [v1, v{]T and i = [i},il]T
and using (17) yield
VCom = Zm(pm)iAm’LS + Zm(pm)ic,m57 m < Ma (2])

where ia ., is the current at the mth active antenna, and
icm € CNV*! collects the currents of the associated N couplers.
Equating (19) and (21) gives

N —1
iC,m = (Zm<pm) + Xm) Zm(pm)iAﬂn
= _Wm(pm)iA,ma (22)

where

~ -1
Win(Pm) = (Zn(P) + Xn)  Za(pm) € CV, - (23)

is the local precoding/beamforming vector of the m-th FCA.
We refer to w,,,(pPr,) as the mechanical beamforming vector,
since its beamforming weights can be reconfigured through
adjusting the coupler positions, p,,. Stacking the mechanical
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beamforming vectors of all FCAs gives the following block-
diagonal mechanical beamforming matrix,

W (p) = blkdiag {w(p1),...,war(pa)} € CMV*M_ (24)

The matrix W (p) maps the active-antenna currents to the in-
duced coupler currents through position-dependent electromag-
netic coupling.

D. Signal Model

Foruserk € K = {1,2,...,K},lets; € C denote the trans-
mit information symbol with E{|s;|*} = 1. We collect all user
symbols into the vector, s = [sy, ..., sx]"T € CK*!, which sat-
isfies E{sst} = Ig.

For a given coupler-position vector p, we use the active-
antenna current vector as the equivalent digital beamforming
vector across the M FCAs. Specifically, for user k € IC, we
define

) ) ‘ T _ ~Mxl
iak=[ia1ks - riamk] €CH, (25)

where i ., 1 is the current injected into the m-th active antenna
for user k. Stacking {ia .}, yields digital precoding matrix

U = [iag,...,iax] € CME, (26)

Next, we absorb user symbols {sk}szl into the injected cur-
rents and obtain the instantaneous active-antenna current vector
as

K

in = E iA,kSk =Use€ (CMX],
k=1

27)

which equivalently redefines the effective complex amplitude
and phase of each symbol sj,. According to (22), the correspond-
ing coupler current vector is given by

ic = —~W(p)ix = ~W(p)Us € CMN*1, (28)

Stacking the currents of all active antennas and all couplers
yields the instantaneous port current vector

T —~

o = [i5, 18] = [Ty, —~W(p)"]" Us = W(p)Us, (29)

where

W(p) = [Ty, ~W(p)"]" € CHFMNM (30
denotes the overall mechanical beamforming matrix.
Then, the received signal at user k is given by

Y = hy (p) it + 1 (31a)
=h{(p) W(p)Us + ny, 31b)

= h}(p) W (p)iaksit Z h(p) W (p)ia,;js;+ n,

I, j#k

(31¢)

where nj, ~ CN(0, 07) denotes receive complex additive Gaus-
sian noise at user k with zero mean and variance 7. Thus, hy,(p)

and W(p) jointly determine the effective channel of user k.
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Then, the signal-to-interference-plus-noise ratio (SINR) for
decoding sy, at user k is given by

b (p) W(p)iax|”
" hf(p) W(p)ia,|* + 07
jek, ik

Accordingly, the achievable downlink sum rate per hertz is given
by

(p,U) = (32)

K
R(p,U) =) log, (1 + (p,U)). (33)
k=1
III. OPTIMIZATION OF COUPLER POSITIONS
A. Problem Formulation

According to multiport circuit theory [23], the average trans-
mit power equals the expected real power

P=E{R{if v} },

where the expectation is taken over the random information
symbols involved in ijy. Using the impedance relation v, =
Z(p)iior, wWe obtain

P =E{if\ R{Z(D)} it}

(34)

— E{s"U"WH(p) R{Z(p)} W(P)Us}.  (35)
With E{ss"} = I, the transmit power simplifies to
P =u(U"B(p)U), (36)
where
B(p) = W"(p) R{Z(p)} W(P) (37)

is positive semidefinite and captures the effects of mutual cou-
pling and the movement configuration on the power consump-
tion.

Under the block-diagonal structure in (17) and the local me-
chanical beamforming vectors in (22), B(p) takes the following
diagonal form,

B(p) = diag {bi(p1),...,bm(Pm)}, (38)
where
b (Pm) = V~V7|;|1(Pm) R{Z.(Pm)} Win(Pm),

with Wy, (Pm) = [1, =W, (pp)]T € CNHDXL
Let Pax denote the maximum available transmit power. The
transmit power constraint is given by

tr(U"B(p)U) < P

(39)

(40)

We aim to jointly optimize the coupler positions and the
digital beamforming matrix to maximize the achievable sum
rate, subject to the transmit power constraint and the movement
constraints. The problem is formulated as

P1 max R(p,U (41a)

( ) {pM}%:],U (p )

s.t. tr(UHB(p)U) < PmaX7 (41b)
Prm € Cm,Vn € N,Ym € M, (41c)
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||an - pn’.,m”Z > dminavn, nl S {0} UN,

n#n',me M, (41d)

where N = {1,2,..., N} and py ,, = q, denotes the location
of the mth active antenna. Problem (P1) is nonconvex because
the sum rate in (41a) is nonconcave with respect to (p, U) and
the spacing constraints in (41d) are nonconvex. In the following,
we first derive a closed-form MMSE-based digital precoder for
given coupler positions, and then reduce (P1) to a position-only
problem that is amenable to distributed optimization.

B. MMSE-Based Digital Beamforming

For fixed coupler positions p, the received signal at user &k can

be written as
yr = g4 (p)Us + ni, (42)

where the effective channel after mechanical beamforming is

gl(p) = hi(p) W(p) € C*, (43)
and the effective channel matrix is given by
G(p) = [gi(p),....gx(P)] € CM. (44)

Using the diagonal structure of B(p) in (38), we introduce
the whitened precoder

F =B!?(p)U e CM*K| (45)
with
B'2(p) = diag {v/bi(p1), -, Vou(Par) }. (46)

Then, we have U = B~!/2(p)F, and the transmit power con-
straint (36) is equivalent to

[F||3 < Prax- (47)
Substituting U = B~!/?(p)F into (42) yields
Yr = 8 (P)F's + ny, (48)

where g}!(p) = g}!(p) B~'/*(p).

For given coupler positions p, the FCA system reduces to
a conventional downlink multiuser MIMO with precoder F
under (47) and effective channel matrix

G(p) =[&(P).--..8x(P)]" = G(p)B *(p).

We obtain F' by solving the regularized least-square (LS) prob-
lem

(49)

min [|G(p)F - L[}, + al|F[3. (50)
whose solution satisfies
= —H —, —=H -
Fanse(p) = G (p) (GP)G"(p) +alic) . (5D

where o = Ko? / Prax [24]. To enforce (47) with equality, we
further apply a scalar power loading factor

P,
B — - max ,
(p) \/ HFMMSE(P) wa

(52)
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and set Fyvuse(p) = 6(p)1*A“MMSE(p). Therefore, the MMSE-
based digital precoder is given by

Unuse (p) = B™2(p) Fuuse(p) € CY*K.

This construction guarantees

tr (UpinseB(P)Uninse) = [IFumse(P) |7 = Paax- (54)

(53)

C. Coupler Position Optimization Algorithm

Since the MMSE-based digital precoder Uyvisg (p) is avail-
able in closed form for any given p and already satisfies the
power constraint in (41b), we eliminate U from problem (P1).
Specifically, by substituting U = Upuse(p) into (32), the
SINR of user k& becomes

Ihf (p) W (p) ul™SE (p) |

JMMSE (1 Ve i ’
> hip) Wip) u)™F(p)|” + o}
JeK, j#k
(55)
where u}™SE (p) is the k-th column of Uypvsg(p). The cor-

responding achievable sum rate is
K
Ramse(p) = Y _log, (1+972™5F(p)).  (56)
k=1

This leads to the following position-only optimization problem,

(P2) max  Rwmwmse(p) (57a)
{Ppm}M_,
s.t. (41¢), (41d). (57b)

Problem (P2) is still nonconvex due to the complicated depen-
dence of Ryivsk (p) on p and the nonconvex spacing constraints
in (41d). However, the two constraints (41c) and (41d) are
separable across different FCAs, which enables a distributed
optimization algorithm.

Let

Sm = {pm ’pn,m S Cma Hpnm - pn’;rnHZ > dmina

Vn,n' € {0} UN, n#n'}, (58)

denote the local feasible set of coupler positions at the m-th FCA.
Due to the spacing constraints, S, is in general nonconvex.
To apply the SCA framework with convergence guarantees, we
construct at each iteration a convex inner approximation of S,,.
Specifically, for each pair (n, n') with n # n’, we define

dn,n’,m(pm) = Hpn,m - pn’,m”ia (59)

so that the spacing constraint is equivalent to fdnm/,m(pm) <

—d2,;.. Since —d,, n m(Pm) is concave, its first-order Taylor
()

approximation at py, yields a global affine upper bound. Denote
CFivn,n’,m (pm ) psrty,) )

D) = T )T (1 — )

(60)
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where the gradient can be obtained in closed form. At iteration
t, we approximate the spacing constraint by

Ayt (P DY) < =20,V # 0’ nyn’ € {0} UN. (61)

The resulting convex inner approximation of Sy, is

S(t {Pm | Pnm € Cma ~n n’,m(pmvpgrtl)) < d%nm?

Vn,n'E{O}UJ\/‘,n#n'}, (62)
which satisfies Sﬁ,ﬁ) C S, forall t.

For problem (P2), the feasible set is separable across the
M FCAs through {S,,}M_,, while the objective function
Ryuse(p) couples all antennas through the effective channels
and the MMSE-based digital precoder. Let

J(p) =

denote the sum-rate objective in (P2). Given p(t) at iteration ¢,
we consider a first-order approximation of .J(p) with respect to
P around pfﬁ), and add a quadratic regularization term. For

each m € M, we define the local surrogate function as

Ryivse(P) (63)

jm(pnﬁ p(t>) = J(p(t)) + (vpm‘](p(t)))-r (pm - ngtL))

N

2
where 7,,, > 0 is a design parameter no smaller than the Lips-
chitz constant of V,, J(p) to ensure monotonic improvement.
The gradient of the sum rate with respect to p,,, is denoted by

gm(p) = Vp, J(p) € R?Y,

which can be obtained by applying the chain rule to (56).
For fixed p(t) and each m, we consider the following local
strongly concave maximization problem

P — PL |3, (64)

(65)

(P3-m) max jm(pm;p(t)) (66a)
p?‘n.
st. pm €S, (66b)

By substituting (65) into (64) and dropping the constant term
J(p®), (P3-m) is equivalent to

500) (P — ) = B pw — B3 67)

Ignoring the constraint in (67) yields the following uncon-
strained maximizer

max g,
pmeSY)

uncon

1
pren = pM 4 — g (pt).

m

(68)

Then, the solution of (P3-m) is obtained by projecting p,'“°"
onto Sy(,f),

B =Py (P + -gn(®®) . (69)
where P 1) (+) denotes the Euclidean projection onto Sy, ) This
pl"O]eCthIl can be performed locally by enforcing (41c) and the
linearized spacing constraints.
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Algorithm 1: Distributed Coupler Position Optimization
Algorithm.

1: Input: Proyas {Con } . dinins {7}, {07},
tolerance ¢ > 0.

2: Initialization: Choose a feasible p(*) satisfying
(41c)—(41d); sett = 0.

3: CPU computes G (p(?) and Upyse (p(?) according to
(51)—(53), and evaluates R(*) = Rypuse(p(?).

4: repeat

5:  CPU computes g, (p'*)) for all m € M and

broadcasts {g,, (p*))}M_

6: form =1to M (in parallel) do
7. puen = pi + thg(p®).
8 pity = (p%‘con) via (69).
9: Update p(tJr ) via (70).
10:  end for
11:  CPU forms p(*+1) by stacking {p{s™"}M_,.

12: CPU recomputes G (p*+!)) and updates
Unmse (pUY) according to (51)—(53).
13:  CPU evaluates R(t1) = Rynuse(p®tY) via (56).
14: t+t+1.
15: until |R(t) R(t’l)‘/R(t’l) <eg
16: Output: p* = p) and U3;ysp = Univse (p¥).

To further improve robustness, we adopt the relaxation step

pl+D = p<t>+a<t>( (t+1) _ pSn))’ (70)

where a(t) € (0, 1] satisfies standard diminishing conditions,
ie, >, alf) = oo and Zt( (t)) < oo [25].

Algorithm 1 summarizes the distributed coupler position op-
timization procedure based on a distributed SCA scheme, where
each FCA maximizes a strongly concave local surrogate of the
global sum rate. Under standard smoothness assumptions on
J(p) and a diminishing step size sequence, the generated se-
quence {p"} yields nondecreasing sum rate J(p(*)), and every
limit point of {p(®} is a stationary solution of problem (P2).
The per-iteration computational complexity is dominated by the
computation of the MMSE-based precoder and the gradients,
and is given by O(K> M + K3 + KMN + MN?). Let Tiax
denote the number of iterations required by the stopping criterion
in Algorithm 1. The overall complexity therefore scales as
ATmax(K* M + K* + KMN + MN?)). At each iteration,
the CPU broadcasts the local gradients to all LPUs, and each
LPU uploads its updated coupler-position vector to the CPU.
Hence, the communication overhead scales on the order of M N
scalar parameters.

IV. CHANNEL ESTIMATION FOR FLEXIBLE COUPLER
ANTENNA SYSTEMS

As shown in Fig. 2, we propose a channel estimation protocol
for FCA systems. Specifically, the channel training length 7T
(in time slots) is divided into V pilot blocks indexed by v €
{1,...,V}. Atpilot block v, the m-th FCA sets the positions of
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Fig. 2. Structured pilot pattern in the time domain.

its associated N couplers to pL,U,,]. We assume that all user chan-

nels remain constant over 1. = V7, where 7 denotes the number
of time slots in each pilot block. Therefore, the coupler position
vector p%] remains unchanged during the 7 time slots of the v-th
block, and it varies across different blocks. This assumption is
primarily intended for slowly time-varying scenarios. In high-
mobility cases, it may be more practical to estimate statistical
CSI for slower-timescale coupler-position optimization. Each
user transmits a known pilot sequence [S];.. € C'*7 to the BS,
and the same pilot is repeated over the V' blocks. Let pilot matrix
S € CK*7 satisfy SSH = 71.

Based on the proposed protocol, we first develop a pilot-
assisted centralized channel estimation algorithm with high
estimation accuracy and then present a pilot-assisted distributed
channel estimation algorithm for FCA systems.

A. Centralized Channel Estimation

First, we introduce the centralized channel estimation algo-
rithm. Let

) hA.k m
hy,, 1, (ply)) = lh[ ’ ][v]

c (C(N—‘,-l)xl
c.k(Pm)

(71)

denote the local channel from user k to the m-th FCA un-
der coupler position pw, where hc_yk.(p%]) = ZKL:"I Qtk,0AC k0
(p%]) € CN*! collects the N coupler to user-k channels asso-
ciated with pw. Under the proposed pilot pattern, the received
signal at the m-th FCA is given by

yil = wh (P Hy (p)S +nfil e €7, (72)
where H., (D)) =B 1 (D), - -, By i (ph)] € CNFDXE
denotes the channel matrix between the m-th FCA and the users,
and n%] € C™7 is the received Gaussian noise vector.

In the centralized channel estimation scheme, for each pilot
block v, every FCA sends its received signal ykﬂ to the CPU.
The CPU stacks the received pilots across the M antennas as

T
YU = [T DT et @3)
Based on (73), the CPU performs pilot correlation as
~ 1
GM = —ylIgH, (74)
T
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Consequently, for each user k, we obtain the stacked effective
channel observation vector as

:
gi= @@ ec

(75)

where g} = [GIY]]. , € CM*1,
Moreover, according to (10), the effective channel from user
k to the m-th FCA at signal block v can be written as

gmx () = W) (Pl by, 1 (PY) (76a)
Ly
= ko bm(drePY), (76b)

£=1

where

bm (¢k,£; p%]) = [ay((bk’,f)]m - W;I;L (p%]) aC,k,E(¢k,E; p%])

(77)

To efficiently estimate {«y ¢} via compressed sensing, we
approximate the azimuth domain by a uniform grid G =
{b1,...,6c}, where G > Lj, denotes the number of grid
points. For candidate angle ¢ and pilot block v, we define

T y
b(g:p) = [bi(ospl™). . bar(@ipl])] € ¥, 78)

M
m=1-

A =[a($)),...,a(¢q)] € CMV*C,

where p[”] = {pw Then, the dictionary is constructed as

(79)

where
a(9) = [b(o:p!)T.....b(e:p")T] € V. (s0)

Since SSH = 71, for each user k, the stacked observation
in (75) can be expressed as the following sparse signal model

Vi = Axy + ng, 81

where n;, denotes the received Gaussian noise vector, x; €
C&*!'is L, sparse with L; nonzero elements that correspond
to the L; propagation paths between user k and the BS. In
particular, the support of x;, specifies the L, grid indices that ap-
proximate azimuth angles { ¢, ¢ } ZL:’“‘ 1»and the associated nonzero
coefficients represent the corresponding path gains.

Using orthogonal matching pursuit (OMP) [26], we perform
exactly Ly selections and obtain the support set, denoted by
Qr ={Jk.1,- -7k 1, }- The estimated angles are obtained by
mapping the selected indices to the predefined grid as

o~

¢]€,Z:¢‘7k‘g?€: 17"'7Lk7' (82)

After obtaining </Z>\k7 ¢, we estimate the path gains using the LS
technique, the resulting solution is given by

ar = (A AL) ' Allyy, € CH, (83)
where

Ak = [a((gk’]), A ,a(quSk,Lk)} S (CMVXL". (84)
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Algorithm 2: Centralized Channel Estimation for FCA sys-
tem.
L:Input S, 7, G, {Li L (RN .
2:forv=1toV do
3:  Each FCA m applies pﬁ] and receives y,[VvL] in (72).
4
5

Each FCA m uploads y%] to the CPU. R
The CPU forms Y *! in (73) and computes Gl in
(74).
: end for
: The CPU builds the dictionary A in (79) using (78).
: for each user k at the CPU do
9: Form yy, in (75). N
10: Run OMIA’ on (81) with L, selections and obtain €.
11:  Obtain {¢y ¢}, by (82).
12:  Compute o, in (83).
13: end for
14: Output {¢y, ¢, k. ¢} and G, 1 (Pm)-

o 3 O

After obtaining { (¢, 0, Q. ¢) }, the effective channel under any
coupler position p,,, can be reconstructed as

Ly

Gk (Pm) = Y _[@k]e b (dAJk,e; pm) -

=1

(85)

The main steps of the proposed centralized channel esti-
mation procedure are summarized in Algorithm 2. The com-
putational complexity of Algorithm 2 is dominated by the
OMP-based sparse recovery and scales as (’)(Zle Ly MV G),
while constructing the dictionary incurs an additional
O(MVGN) operations. Therefore, the overall complexity is
O K L, MV G+ MVGN). In terms of communication
overhead, Algorithm 2 requires each FCA to upload its length-
7 received pilot vectors {yiﬁ]}q‘}/zl to the CPU over V pilot
blocks, resulting in a communication overhead on the order of
O(MVT). The centralized channel estimation scheme provides
high estimation accuracy since the CPU jointly processes the
pilot-correlated observations stacked over all FCAs and all pilot
blocks.

B. Distributed Channel Estimation

The centralized channel estimation approach suffers from
prohibitively high computational complexity, processing cost,
and latency at the CPU, especially when the BS is equipped
with an extremely large FCA array with a large number of active
antennas M and a vast number of coupler candidate positions.
We aim to design a distributed channel estimation scheme for
the FCA array that achieves accuracy close to the centralized
baseline, while reducing the CPU computational burden.

1) Processing At Local Nodes: By applying pilot correlation
to (72), we obtain

~[v]
m,k

1
= —yp/S"ex, (86)
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where e, is the k-th standard basis vector. Stacking {@[Z] N
yields the local observation vector for user & as

(1]

.
Voo = gm,k,...,@[jﬁk} eV, 87)

Similar to the centralized channel estimation step, we dis-
cretize the azimuth domain into G > Lj grid points {¢y,
..,¢¢} and define the local dictionary at the m-th FCA as

A = [am(1), - am(dc)] € (CVXGa (88)

where [a,, ()], = b (¢ p%]) forv =1,...,V.Thus, (87)can
be expressed as the sparse model

Sf\’m,k = A'm Xm,k + Ny ks (89)

where x,, 1, € CE*! is sparse and its support encodes the az-
imuth angles of user k& on the grid. The support is common across
m since these angles are global parameters shared by all FCAs.
Moreover, n,,, x ~ CN(0, 07, Iy) denotes the effective noise
vector after pilot correlation and stacking over the V' pilot blocks,
with o, .4 = 07, /7.

To convey support information with low overhead, the m-
th FCA computes a matched-filter proxy c,, = ATHn§m7 . and

l[em, k)

2
= Tt I = Lo G
where €, > 0 avoids numerical issues when ||a,,, (¢;)]|3 is small.
It then selects a candidate support set via noise-calibrated hard
thresholding [27]:

g ={j €{l,....G}| pmc(§) = mom et} »

where 7 > 0 controls the pruning aggressiveness. Finally,
the m-th FCA uploads only the index-value pairs U, ; =
{(, pm.k(4))}jez,, . to the CPU. Since the azimuth domain
is sparse, the uploaded list is typically low-dimensional, i.e.,
|Zpn.x| < G in typical multipath channels.

2) Processing At Central Node: Since azimuth angles
{Pr.e} ZLQI are path-level geometric parameters and thus common
to all FCAs, they are global parameters shared across different
FCAs. Local index set {Z,, } provides complementary evi-
dence of this common support on the grid. Accordingly, the
CPU forms an aggregated grid score foreach j € {1,...,G} as

its normalized energy p, x(j)

(90)

M
k(i) = Y 10 € Tonk) pm ()5 = 1. ..

m=1

G, 09D

where 1(j € Z,, ;) equals 1 if j € Z,, . and equals O otherwise,
so that only the locally retained indices contribute to sy (5). Then,
the CPU estimates the support by selecting the L grid points
that yield the largest aggregated score, namely,

~

U = 92)

ar max sk(J)-
Bacp ahiai=L 7629 v

Here, Qk = {9k, 7k L, } denotes the selected indices af-
ter sorting in descending order such that sp(Jx,1) > --- >
$k(Jk,L, ). The estimated azimuth angles are then obtained by
mapping the selected grid indices to the corresponding grid
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Algorithm 3: Distributed Channel Estimation for FCA Sys-
tems.

I:Input S, 7, V, grid G, p%], 1, €n, and €.
: Processing at local nodes
forv=1toV do
For each FCA m in parallel, apply p[rﬁ] and receive y,[;i].

For each FCA m in parallel, compute EEZ] ., for all & via (86).
end for
: for each FCA m in parallel and each user k£ do
Form ¥, , via (87) and build A, via (88).

9:  Compute ¢y,  and po, (7).
10:  Compute Z,, , via (90) and upload U, j to the CPU.
11: end for
12: Processing at central node
13: for each user k at the CPU do
14:  Compute s (7) via (91) and obtain ﬁk via (92).
15:  Obtain {¢y,} via (93) and broadcast ).
16: end for
17: Post-processing at local nodes
18: for each FCA m in parallel and each user k do
19: Form A’fn’k via (94).
20: Compute (R, x, Qm, k) via (96) and upload them to the CPU.
21: end for
22: Post-processing at central node
23: for each user k at the CPU do
24:  Aggregate (Ry, gy ) via (97) and compute &y, via (98).
25: Broadcast ay,.
26: end for
27: Output {¢y, ¢, Qk ¢} and G ik (Prn)-

B AN A

points as
Gre = P50, 0=1,... (93)
3) Post-Processing At Local Nodes: The CPU broadcasts the
estimated support set, (i, to all FCAs. Given {2, the mA-th
FCA restricts its local dictionary to the columns indexed by 2y,
namely,

L.

(94)

m,k

A%, = [an(6))],cq, € TV,

where a,, (¢;) € CV>*! is the m-th local steering vector across
the V pilot blocks associated with grid angle ¢;. Then, the local
sparse recovery problem reduces to estimating the complex path
gains on the reduced support. Specifically, local stacked observa-
tiony,, € C"V>! follows the following low-dimensional linear
model,

ym,k = Ail,k} oy + N ks 95)

where oy, € Cl#x! collects the path gains aligned with the
ordering of indices in €. The reduced model allows each FCA
to contribute to estimating the path gains using only a few
coefficients, instead of processing the full G-dimensional sparse
vector.

To avoid sending the V'-dimensional observation y,, 5 from
each FCA, the m-th FCA computes and forwards the following
sufficient statistics for LS estimation to the CPU,

R, = (A% AL | e Cherle (962)
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qm.k = (Agn’k)HS’\m,k S (CLkXIa (96b)

so that the CPU can recover the global LS solution by aggregat-
ingY . Ry, rand >, k., while the uplink overhead scales
with Ly rather than V.

4) Post-Processing At Central Node: After receiving LS suf-
ficient statistics {R, &, dm, k }M_ . from all FCAs, the CPU
aggregates them as

M M
Ri=> Rok, G= Y dmk
m=1 m=1

liistimating the path gain vector, a, € CLex1 on fixed support
Q) amounts to solving normal equation Ry, = qi. To im-
prove numerical stability when Ry, is ill-conditioned, we apply
diagonal loading and estimate the path-gain vector as

97

ar = Ry + exlp,) " qp € CEXL (98)

where €, > 0 is a small constant. Note that (98) only requires
each antenna to transmit the sufficient statistics (R, &, Qm. k)
whose dimension scales with Lj rather than the pilot block
length V. N

After obtaining {€)y, ak}le from the CPU, the m-th FCA
reconstructs its effective scalar channel under any coupler po-
sition p,, as in (85). The reconstructed CSI is utilized for the
subsequent coupler position optimization and digital precoding
procedures described in Section III.

The main steps of the proposed distributed channel estimation
procedure are summarized in Algorithm 3. The computational
complexity is dominated by pilot correlation and local proxy
evaluation, and it scales as O(MVTK + KMVG + KL3).
Compared with the centralized channel estimation algorithm,
the distributed channel estimation implementation substantially
reduces the CPU-side computational burden and processing
latency, especially when array size M and candidate grid size G
are large. In terms of communication overhead, the distributed
channel estimation scheme exchanges only low-dimensional
LS sufficient statistics {R.,, , dm, i} for each user k, whose
communication load scales as O(M K L?).

V. SIMULATION RESULTS

In this section, numerical results are presented to evaluate
the performance of the proposed distributed FCA system de-
sign. The coupler movement region associated with each active
antenna is modeled as a square with side length A. In the
simulations, both the active antennas and the passive couplers
are modeled as identical thin straight-wire dipoles of length
D = A /2, aligned with the z-axis. The self-impedance entries
corresponding to ¢ = j in (16) are computed using the closed-
form expressions given in (8-60a) and (8-60b) of [28]. The
active antennas are placed with an inter element spacing of
d, = 2.2 1. Each coupler is allowed to move within a square
region of side length A = 2 A, subject to a minimum element
spacing constraint of dp,;, = 0.15A. The carrier frequency is
set to f. = 7 GHz. The load-impedance matrix X is diagonal
with identical entries 0.05 + 550 Q.
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Fig. 3. Channel power gain (dB) between the FCA array and the user with
N=1,K=1,M =5, P=30dBm,and L = 15.

A. Performance of Coupler Position Optimization

To evaluate the performance of coupler position optimization,
the proposed FCA scheme is compared with the following
baseline schemes.

® Active antenna array: The transmitter has M active anten-
nas without any coupler elements.

e Fixed-position coupler: The N couplers are fixed at uni-
formly spaced positions around the active antenna with
spacing 0.4 A, and the load impedance matrix X has con-
stant diagonal entries of 0.05 4 750 (2.

e FElectronically steerable parasitic array radiator (ES-
PAR) [29]: Closed-form optimization of load impedance
matrix X is used to maximize the sum rate while keeping
the coupler positions fixed at the same positions as in the
fixed-position coupler case.

® Fully active array: All M N + M ports are configured as
active antennas and uniformly placed at fixed positions
within each movement region.

o Translatable 6DMA: All N + 1 ports are active antennas,
each allowed to translate within a region of the same size
as the coupler movement region [30], [31].

To demonstrate the effect of coupler position optimization
on channel characteristics, Fig. 3 shows a representative real-
ization of the channel power gain in dB as a function of the
coupler position within its feasible movement region. As can be
seen, the channel power gain presents a highly irregular spatial
distribution with multiple local extrema, which implies that even
sub-wavelength coupler movements can significantly modify
the mutual-impedance-induced currents and, consequently, the
effective channel under rich multipath propagation. In particular,
starting from an initial coupler location with a gain of —99.0 dB,
the proposed algorithm steers the coupler toward a more
favorable local optimum highlighted in the figure, thereby in-
creasing the gain to —96.0 dB.

Fig. 4 plots the achievable sum rate versus maximum transmit
power Py, .x for the proposed FCA array and several baseline
schemes. As Py, increases, all schemes achieve higher rates
due to the improved effective signal-to-noise ratio (SNR). It is
observed that the proposed FCA array closely approaches the
fully active array with M' N + M RF chains while using only
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Fig.4. Achievable rate versus maximum transmit power for different schemes
with N =2, K =3, M = 15,and L), = 15.
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Fig. 5. Achievable rate versus number of users with N =2, M =10, P =
30 dBm, and L = 15.

M active antennas. This gain is achieved because coupler posi-
tion optimization provides substantial mechanical beamforming
and fading mitigation gains in rich multipath channels while
maintaining a limited RF chain cost. In contrast, the ESPAR
optimizes only the load impedances with fixed coupler locations
and therefore cannot fully exploit the spatial degree of freedom
(DoF) offered by position reconfiguration [29], [32]. Moreover,
the fixed position coupler and the active antenna array exhibit
lower rates due to their fixed geometries and the lack of a recon-
figurable aperture. Although the translatable 6DMA achieves
the highest rate among all schemes, the proposed FCA remains
close to its performance while requiring fewer RF chains [33].
In Fig. 5, we plot the achievable sum rate versus the number
of users K for the proposed FCA array and benchmark schemes.
As K increases, the sum rate improves for all schemes due to
the increased spatial multiplexing gain, while the growth grad-
ually slows down since stronger multiuser interference must be
mitigated under a fixed transmit power budget. Compared with
the ESPAR and fixed position coupler schemes, the proposed
design consistently achieves a higher sum rate. This performance
advantage becomes more pronounced at moderate and large
values of K, where MMSE based multiuser precoding is more
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Fig. 6. Optimized coupler positions obtained by the proposed algorithm with
K=2 M=4L,=15andN =2.
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Fig. 7. Achievable rate versus movement region size with K =3, M =4,
and Ly = 15.

sensitive to the conditioning of the effective channel matrix and
thus benefits more from geometry reconfiguration, whereas the
benchmark schemes with fixed geometries cannot adapt to user
induced interference coupling.

Fig. 6 shows the numerically optimized coupler positions
around each fixed active antenna. It can be observed that, due
to rich multipath propagation and multiuser transmission, the
optimal coupler constellations differ across active antennas.
Specifically, the superposition of dominant propagation paths
varies from one antenna to another, and the desired signal
and inter user interference contributions are location dependent
because of the coupled electromagnetic response. As a result,
the optimized coupler geometries and mechanical beamforming
weights jointly enhance the effective channels of the intended
users while suppressing multiuser interference through position-
dependent mutual impedance.

In Fig. 7, the achievable sum rate is illustrated as a function
of the normalized movement-region side length A/A. It can be
seen that enlarging A/X enhances the achievable rate for both
configurations, while the improvement gradually saturates as
A/ increases. This behavior suggests that near-optimal perfor-
mance can be attained with a finite movement region. For small
values of A/, the allowable coupler positions are severely re-
stricted, which constrains the effective aperture and reduces the
diversity of the position-dependent mutual impedance, thereby
weakening the resulting mechanical beamforming gain. As A/
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—e—Centralized FCA channel estimation, V=2
---@---Centralized FCA channel estimation, V=10
Exhaustive measurement, V=10

5
SNR (dB)

Fig. 8. NMSE versus SNR for different V' with K =2, M =8, N =2,
7= 13,and Ly = 3.

—H— Distributed FCA channel estimation, N=6
Exhaustive measurement, N=2

+ —©—Distributed FCA channel estimation, N=2
N —A- Exhaustive measurement, N=6

NMSE

11 14
Pilot length 7

Fig. 9. NMSE versus pilot length for different N with K = 2, M = 4, SNR
=0dB,and Ly = 3.

increases, position optimization becomes more effective in shap-
ing the induced currents and mitigating unfavorable channel
conditions, leading to improved sum rate. Moreover, the case
with IV = 3 consistently achieves a higher sum rate than N = 2
due to the additional passive elements and the resulting stronger
reconfigurability.

B. Channel Estimation Performance

Next, simulations are conducted to validate the effectiveness
of the proposed distributed and centralized FCA channel esti-
mation algorithms. The normalized mean square error (NMSE)
results are obtained by averaging over all users and 500 Monte
Carlo trials.

In Fig. 8, we plot the NMSE versus the average received
SNR for the proposed centralized FCA channel estimation with
different numbers of pilot blocks V. We adopt exhaustive mea-
surement as a high-overhead benchmark scheme, where the
coupler movement region is discretized into a large number
(E = 400) of candidate locations and the effective channel is
sequentially measured over all candidates, resulting in on the
order of M N D measurements per pilot block. From Fig. §,
it can be seen that increasing V significantly improves the
NMSE performance of all schemes, especially in the low to
medium SNR regime, since varying the coupler positions across
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—&—Centralized FCA channel estimation
—&—Distributed FCA channel estimation
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Fig. 10. NMSE comparison between the centralized and distributed channel
estimation schemes with K =2, M =4, N =2,V =4, 7 =32, and L}, =
10.

blocks generates more diversified effective channel observations
and enhances angular sparse reconstruction through stacked
measurements. Moreover, as observed from Fig. 8, exhaustive
measurement becomes more competitive at high SNR due to its
dense direct sampling with high computational complexity. In
contrast, the proposed FCA method with a larger ' achieves
lower NMSE at low SNR, since joint sparse reconstruction
across blocks provides an inherent noise-averaging effect while
requiring substantially fewer measurements.

In Fig. 9, we plot the NMSE versus the pilot length 7 for the
proposed distributed FCA channel estimation and exhaustive
measurement, under two coupler numbers N € {2,6}. It is
observed that increasing 7 improves the estimation accuracy for
all schemes, since longer pilot sequences enhance the reliabil-
ity of the pilot correlation outputs. In the short pilot regime,
the proposed distributed method achieves lower NMSE than
exhaustive measurement for both values of N, as it exploits
structured sparsity and performs fusion using low-dimensional
sufficient statistics, which provides effective noise suppression
when pilots are limited. As 7 increases, exhaustive measurement
becomes more competitive due to its dense direct sampling.
Moreover, increasing /N leads to higher NMSE for both schemes,
indicating a higher pilot requirement to maintain the same
estimation accuracy.

In Fig. 10, we compare the NMSE performance of the
proposed centralized and distributed FCA channel estimation
schemes versus the average receive SNR. Both schemes achieve
lower NMSE as the SNR increases. Moreover, the centralized
scheme consistently outperforms the distributed one over the
entire SNR range, as it can jointly exploit the sparsity structure
across all antennas and users, whereas the distributed scheme
relies on local processing at FCAs with limited information
fusion. Nevertheless, the distributed scheme provides a favorable
accuracy-complexity tradeoff by shifting computations to the
LPUs and exchanging only low-dimensional sufficient statistics.

VI. CONCLUSION

We have proposed a distributed FCA array that enables me-
chanical beamforming through passive coupler repositioning

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 75, NO. 9, SEPTEMBER 2026

around fixed active antennas, supported by a distributed archi-
tecture with local LPUs and a CPU. We have also investigated
pilot-assisted centralized and distributed channel estimation
solutions for the FCA array. Simulation results validate the
performance of the proposed FCA array and channel estimation
algorithms compared with benchmark schemes. In the proposed
FCA array, reconfigurable passive coupler positioning provides
a cost-effective way to enhance communication performance
without the need to add more RF chains. Moreover, the compact
form factor and small footprint of the FCA array make it particu-
larly appealing for devices with stringent size, weight, and power
(SWAP) constraints. For the future work, we will apply the
proposed FCA array to support diverse applications and services,
such as being mounted on unmanned aerial vehicles (UAVs)
with limited payload in the low-altitude economy. Beyond com-
munications, we will investigate FCA-enabled target sensing
to achieve a more favorable sensing-communication tradeoff in
integrated sensing and communication (ISAC) systems.
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