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ABSTRACT Most works evaluating the performance of Multi-User Multiple-Input Multiple-Output (MU-
MIMO) systems consider Access Points (APs) with fixed antennas, that is, without any movement
capability. Recently, the idea of APs with antenna arrays that are able to move have gained traction among
the research community. Many works evaluate the communications performance of Movable Antenna
Arrays (MAAs) that can move on the horizontal plane. However, they require a very bulky, complex and
expensive movement system. In this work, we propose a simpler and cheaper alternative: the utilization
of Rotary Antenna Arrays (RAA)s, i.e., antenna arrays that can rotate. We also analyze the performance
of a system in which the array is able to both move and rotate. We focus on narrowband machine-
type communications use cases in indoor scenarios, where multiple devices communicate simultaneously
with the same AP in the uplink. The movements and/or rotations of the array are computed in order
to maximize the mean per-user achievable spectral efficiency, based on estimates of the locations of
the active devices and using particle swarm optimization. We adopt a spatially correlated Rician fading
channel model, and evaluate the resulting optimized performance of the different setups in terms of mean
per-user achievable spectral efficiencies. Our numerical results show that both the optimal rotations and
movements of the arrays can provide substantial performance gains when the line-of-sight components
of the channel vectors are strong. Moreover, the simpler RAAs can outperform the MAAs when their
movement area is constrained.

INDEX TERMS MU-MIMO, Rician fading, movable antennas, rotary antennas, particle swarm
optimization.

I. INTRODUCTION

MULTI-USER Multiple-Input Multiple-Output
(MU-MIMO) technologies play a crucial role in

contemporary wireless communication networks such as 4G
LTE Advanced [1], 5G NR [2] and WiFi 6 [3]. In MU-MIMO
networks, a base station or Access Point (AP) equipped with
multiple antennas serve multiple active devices at the same
time. By utilizing beamforming techniques, MU-MIMO
provides numerous benefits, including diversity and array
gains, spatial multiplexing capabilities, and interference

suppression. These benefits collectively enhance the capacity,
reliability, and coverage of wireless networks [4].
Most of the works1 analyzing the performance of MU-

MIMO networks consider APs equipped with Fixed Antenna
Arrays (FAAs), i.e., antenna arrays with no movement

1Preliminary results of this work were published in the conference
version [5]. In that work, we only studied rotary antenna arrays. Since
the optimization problem studied in that work has only one variable (we
optimize the angular position of only a single AP), brute force search was
used instead of PSO.
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capabilities. However, the idea of antenna arrays that can
move has captured the interest of the research community [5],
[6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], [26].
The goal of moving and/or rotating antennas is to take
advantage of spatially varying channel conditions within a
confined space. By adjusting the position and/or orientation
of the antenna, better channel conditions can be achieved.
In Machine-Type Communication (MTC) use cases, devices
are usually deployed in fixed positions or exhibit minimal
mobility, while the surrounding propagation environment
changes slowly over time. Under these circumstances,
narrowband MTC provides limited time and frequency
diversity, constraining the potential to enhance data rates
and transmission reliability. In these situations, antennas
with movement capabilities offer a promising approach to
achieve greater spatial diversity gains [13], [14]. In indoor
scenarios, potential use cases include industrial IoT and
smart homes [13]. In such use cases, a large number of
devices must perform uplink transmissions to report data
to the network, which can result in multiple simultaneous
transmissions. Examples of such devices include surveillance
cameras or smart utility meters that measure parameters like
temperature, humidity, noise and carbon monoxide levels,
and energy consumption of appliances.

A. RELATED WORKS
The use of antenna arrays with movement capabilities is
not a completely novel concept. For example, the authors
in [6] introduced a Direction of Arrival (DOA) estimation
technique that employs a rotary Uniform Linear Array (ULA)
of antennas. This rotary ULA performs satisfactorily for
under-determined DOA estimations, where the number of
source signals exceeds the number of receiving antenna
elements. The performance of point-to-point Line-of-Sight
(LoS) links where both the transmitter and receiver are
equipped with a rotary ULA was studied in [7]. Their setup
is able to approach the LoS capacity at any desired Signal-to-
Noise Ratio (SNR). López et al. [8], [9] and Lin et al. [10]
investigated the use of rotary ULAs for wireless energy
transfer. Their study focused on a system where a power
beacon (equipped with a rotary ULA) continuously rotates
to transmit energy signals in the downlink to multiple
devices. These devices then capture the transmitted energy
to recharge their batteries. The authors in [11] designed
and evaluated a prototype for hybrid mechanical-electrical
beamforming in mmWave WiFi. Their experiments using a
point-to-point setup demonstrated that adjusting the antenna
array’s orientation can substantially enhance throughput in
both Line-of-Sight (LoS) and Non-Line-of-Sight (NLoS)
conditions. Newly, Wu et al. [12] studied the uplink of a
MU-MIMO system where the BS is equipped with a planar
array of rotatable directive antennas, while the served users
are equipped with fixed antennas. By jointly optimizing
the 3D orientation of each antenna, their proposed methods
noticeably improve the minimum SINR of the system

compared to the benchmark case of BS equipped with
isotropic antennas.
Recently, movable antennas, which are anten-

nas (or antenna arrays) that can move within
an one-dimensional [15], two-dimensional [18], or
three-dimensional space [19], have been studied in many
research works [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [27]. The authors in [15] investigated how the
extra degrees-of-freedom obtained with a movable antenna
array can be combined with the beamforming vector to
obtain full array gain over the desired direction and null-
steering over all undesired directions. Kang [16] studied
a multicast scenario where a BS equipped with an linear
array of movable antennas transmits a common message to
multiple users, each equipped with a single fixed antenna.
The antennas at the BS can move within a line segment, and
their positions are optimized using deep learning techniques.
Mei et al. [17] considered a MISO communication system
where the transmitter is equipped with multiple movable
antennas, while the receiver is equipped with a single fixed
antenna. Their results showed that the optimal positions
of the antennas at the transmitter significantly enhance the
received SNR when compared to the case of a transmitter
equipped with fixed antennas. In [18], the authors consider a
point-to-point wireless communication system in which both
the transmitter and the receiver are equipped with a movable
antenna. Their numerical results show that the movement
of the antennas can significantly increase the SNR of the
wireless link in comparison with fixed antennas. In [19],
the authors considered the uplink of a MU-MIMO system
in which the multiple user terminals are each equipped with
a single movable antenna, while the BS is equipped with
an FAA. They showed that the optimal antenna positions
can minimize the total transmit power of the users subject
to a minimum achievable rate requirement for each user.
Conversely, Wu et al. [20] studied the downlink of an MU-
MIMO system where the BS is equipped with multiple
movable antennas, while the each served user is equipped
with a single fixed antenna. Considering discrete positions
for the movable antennas, their results showed that the
optimal position of the antennas can reduce the total transmit
power required at the BS to ensure a minimum SINR to all
the served users. Feng et al. [21] also studied the downlink of
a MU-MIMO system, but considering a more complex setup
where the BS is equipped with multiple movable antennas,
and each served user is equipped with a single movable
antenna. Their results showed that the sum rates of the system
were considerable improved when compared to the cases of
fixed antennas at the BS and users, fixed antennas at the BS
and movable antennas at the users, and movable antennas
at the BS and fixed antennas at the users. Wei et al. [22]
showed that the performance of cognitive radio systems
can also be improved when the secondary transmitter
is equipped with an array of movable antennas. Note
that the major drawback of the movable antennas studied
in [13], [14], [15], [16], [17], [18], [19], [20], [21], [22].
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is their difficult implementation: each movable antenna
requires servo-motors, cables and slide tracks in order to
move, which represents high deployment, operation and
maintenance costs.
Shao et al. [25], [26] considered BSs equipped with 6D

movable antenna systems for both wireless sensing and
communications. Each 6D movable antenna is composed
of a set of Uniform Planar Arrays (UPAs), which can be
independently adjusted in terms of its 3D position and 3D
rotation. They can serve both terrestrial and non-terrestrial
users in outdoor settings. The results in [25] show that
the 6D movable antennas significantly enhance the DoA
estimation accuracy compared to isotropic or fixed directive
antenna radiation patterns. Similarly, the results in [26]
show that the optimal positions and rotations of the UPAs
significantly improve the network capacity when compared
to the benchmark case of BSs equipped with fixed arrays or
with movable antennas with limited/partial movability.
Unmanned Aerial Vehicles (UAVs) functioning as flying

base stations [28], [29] can also be viewed as APs equipped
with movable antennas. Their key advantage lies in their
high maneuverability, allowing them to be positioned at
any location within the coverage area, at various heights,
with easy repositioning as required. However, they face
significant limitations, including restricted load capacity,
substantial power consumption, and the frequent need for
recharging [30].

In our previous works [5], [24], we investigated rotary
ULAs in a single AP setup [5] and in different distributed
MIMO setups [24]. Both works showed that, under Rician
channels where the Rician factor is high, the optimal
rotation of the ULAs brings substantial gains on the Spectral
Efficiency (SE). However, both works did not compare the
rotary antennas with other alternatives such as the movable
antennas studied in [13], [14], [15], [18], [19].
In addition to rotary, movable, and flying antennas,

Ning et. al. [23] discussed other possible implementations
such as sliding, foldable, and even liquid antenna arrays.
They emphasized that the research field of antennas with
movement capabilities is still in its infancy, and that
there is an urgent need to explore new and cost-effective
implementations that achieves a good balance between com-
munications performance and implementation complexity.
We refer readers to [27] for a comprehensive tutorial on mov-
able antennas, covering their historical development, channel
modeling, architectures, use cases, optimization strategies,
and prototyping. Note that the most noticeable advantage of
rotary ULAs when compared to alternative approaches is the
lower deployment, operation and maintenance costs, since
they require only single servo-motor for rotation [10], [11].

B. CONTRIBUTIONS AND ORGANIZATION OF THE
PAPER
The contributions of this work are summarized as follows:

• Focusing on narrowband MTC use cases in indoor sce-
narios, we investigate the benefits of optimally moving

and/or rotating the antenna arrays in communication
systems. We consider a MU-MIMO system where an
AP is equipped with an array of antennas and serves
multiple active devices in the uplink. We adopt a
spatially correlated Rician fading channel model and
the mean per-user achievable SE as the performance
metric.

• We propose Rotary Antenna Arrays (RAAs) as a low
cost and low complexity alternative to the Movable
Antennas Arrays (MAAs) studied in the literature.
While RAAs require only one servo motor for rotation,
MAAs require two servo motors, cables and slide
tracks to move within a plane. Both setups significantly
outperform the FAA when the devices experience strong
LoS conditions. Despite their simplicity, the RAA
outperforms the MAA when the movement area of the
latter is constrained.

• We also propose the combination of both techniques
into Movable and Rotary Antenna Arrays (MRAAs),2

which have a more complex setup but always achieve
the best performance since it combines the degrees-of-
freedom from both the RAA and MAA.

• We proposed a method that relies on estimates of the
locations of the active devices and Particle Swarm
Optimization (PSO) to compute the optimal positions
and/or rotations of the antenna array. The numerical
results also show that our proposed optimization method
is robust against imperfect information about the loca-
tion of the devices. In other words, even when the
information about the location of the active devices
is poor, the system still computes an optimal position
and/or rotation for the antenna array that substantially
increases the performance.

This paper is organized as follows. Section II presents
the system and signal models, the proposed framework, the
adopted performance metric and a mathematical model for
the localization error. Section III presents the mechanism
for optimizing the movement and/or rotation of the antenna
arrays, along with the proposed location-based beamforming
method employed to determine the objective function.
Section IV presents and discusses the numerical results.
Finally, Section V concludes the paper. Table 1 lists the
acronyms used throughout this paper alphabetically.
Notation: lowercase bold face letters denote column

vectors, while boldface upper case letters denote matrices.
ai is the i-th element of the column vector a, while ai is
the i-th column of the matrix A. IM is the identity matrix
with size M × M. The superscripts (·)T and (·)H denote
the transpose and the conjugate transpose of a vector or

2Our proposed MRAA shares similarities with the 6D movable antennas
studied by Shao et al. [25], [26], which consist of multiple UPAs with
individually adjustable 3D positions and/or rotations. In contrast, our MRAA
is a simpler device designed for lower implementation and maintenance
costs, equipped with a single ULA. While [25], [26] consider outdoor
settings where the BS serves both terrestrial and non-terrestrial networks,
we focus on an indoor scenario where the AP serves only terrestrial devices.
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TABLE 1. List of acronyms.

FIGURE 1. System model: an indoor industrial scenario where multiple active MTDs
transmit data to an AP, which is equipped with an ULA that can move and/or rotate.

matrix, respectively. The magnitude of a scalar quantity or
the cardinality of a set are denoted by | · |. The Euclidean
norm of a vector (2-norm) is denoted by ‖·‖. We denote the
one dimensional uniform distribution with bounds a and b
by U(a, b). We denote the multivariate Gaussian distribution
with mean a and covariance B by N (a,B).

II. SYSTEM MODEL
We consider an indoor3 square coverage area with dimen-
sions LA × LA m2. The coverage area is served by a single
Access Point (AP) equipped with a Uniform Linear Array
(ULA) of M half-wavelength spaced antenna elements, and
placed at height hAP. The AP is located at the center of the
coverage area, i.e., pAP = (LA/2,LA/2).

3In an indoor scenario, the MAA can move on the ceiling of the coverage
area. In an alternative outdoor scenario, the MAA would be able to move
on the top or on the façade of a building.

FIGURE 2. Illustration of the movement area of the MAAs (blue square). The red dot
represents the position of the MAA.

The AP serves K active Machine-Type Devices (MTDs)
simultaneously. Let pk = (xk, yk)T denote the coordinates of
the k-th MTD, assuming for simplicity that all devices are
located at the same height hdevice [31], [32].
The AP can be equipped with one of four different types

of antenna arrays:

1) FAA: the antenna array has no movement capabilities.
2) RAA: the antenna array is able to rotate.
3) MAA: the antenna array is able to move on the

horizontal plane.
4) MRAA: the antenna array can both rotate and move

on the horizontal plane.

The system model is illustrated in Fig. 1. The MAAs
and MRAAs are able to move within a square area
with dimensions LB × LB that is inscribed on the square
coverage area, as illustrated in Fig. 2. Finally, Fig. 3 shows
illustrations of the MAA and MRAA systems. Note that the
RAA is equipped with a single servo motor, while the MAA
has two servo motors, cables, and slide tracks. The MRAA
has the same movement apparatus of the MAA, but equipped
with an additional third servo motor that rotates the array.

A. CHANNEL MODEL
All the antenna mechanisms studied in this work (FAA,
RAA, MAA, and MRAA) utilize an ULA with M antenna
elements. They differ on the capabilities to move and/or
rotate the ULA. Besides, the position and/or orientation
of the ULA are kept constant during multiple coherence
time intervals. Then, the adopted channel model describes
the vector of wireless channel coefficients (within a single
coherence interval) between an active MTD at a given
location (xk, yk) and an ULA with a given orientation
and whose mid-point is at a given position (xAA, yAA).
Consequently, the distance dk between the ULA and the
MTD and the angle φk between the boresight of the ULA
and the MTD depend on those given parameters.

VOLUME 6, 2025 2645
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FIGURE 3. Illustration of (a) RAA and (b) MRAA systems [13]. The antenna array is
an ULA of M = 8 antenna elements.

We adopt a spatially correlated Rician fading channel
model [33]. Let hk ∈ C

M×1 denote the channel vector
between the k-th MTD and the AP. It can be modeled as [34]

hk =
√

κ

1 + κ
hlosk +

√
1

1 + κ
hnlosk , (1)

where κ is the Rician factor, hlosk ∈ C
M×1 is the deterministic

LoS component, and hnlosk ∈ C
M×1 is the random NLoS

component. Note that term hNLoSk in (1) comprises the multi-
path components of the channel vector. The Rician factor κ
determines the power ratio between the LoS component and
the sum of the multi-path components.
The deterministic LoS component is given by

hlosk = √
βk

⎡
⎢⎢⎢⎢⎢⎣

1
exp(−j2π� sin(φk))
exp(−j4π� sin(φk))

...

exp(−j2π(M − 1)� sin(φk))

⎤
⎥⎥⎥⎥⎥⎦
, (2)

where βk is the power attenuation due to the distance between
the k-th MTD and the AP, � is the normalized inter-antenna
spacing, and φk ∈ [0, 2π ] is the azimuth angle relative to
the boresight of the ULA of the AP. Meanwhile, the random
NLoS component is distributed as

hnlosk ∼ CN (0,Rk). (3)

Note that

hk ∼ CN
(√

κ

1 + κ
hlosk ,

Rk

κ + 1

)
, (4)

where Rk ∈ C
M×M with Tr(Rk) = βk is the positive semi-

definite covariance matrix describing the spatial correlation
of the NLoS components.
The spatial covariance matrices can be (approxi-

mately) modeled using the Gaussian local scattering
model [35, Sec. 2.6]. Specifically, the s-th row, m-th column
element of the correlation matrix is

[Rk]s,m = βk

N

N∑
n=1

exp [jπ(s− m) sin(ψk,n)]

× exp

{
−σ

2
φ

2
[π(s− m) cos(ψk,n)]

2

}
, (5)

where N is the number of scattering clusters, ψk,n is the
nominal Angle of Arrival (AoA) for the n-th cluster, and σψ
is the Angular Standard Deviation (ASD).
To take advantage of its multiple antennas, the AP must

estimate the channel responses of the active MTDs. Channel
estimation is often performed using pilot sequences that the
UEs transmit in the uplink and are known to the AP [35]. In
practice, the channel estimates are not perfect, i.e., there is a
channel estimation error associated to them. The estimated
channel vector of the k-th MTD, ĥk ∈ C

M×1, can be modeled
as the sum of the true channel vector plus a random error
vector as [36], [37], [38]

ĥk = hk + h̃k, (6)

where h̃k ∼ CN (0, σ 2
csiI) is the vector of channel estimation

errors. Note that the true channel realizations and the channel
estimation errors are uncorrelated.
The parameter σ 2

csi indicates the quality of the channel
estimates. Let

ρ = p

σ 2
n

(7)

denote the per-antenna transmit SNR, where p ≥ 0 is the
fixed uplink transmit power (which is the same for all the
devices) and σ 2

n is the receive noise power at the APs. We
assume that there are τp orthogonal pilot sequences during
the uplink data transmission phase, such that τp ≥ K. We
also assume that the duration of the uplink pilot transmission
phase is equal to τp symbols. Then, variance of the channel
estimation errors can be modeled as a decreasing function
of ρ as [36], [37], [38]

σ 2
csi = 1

τpρ
. (8)

Note that the channel estimation error depends only on the
uplink transmit power, receive noise power and number of
orthogonal pilots, thus it is the same for all devices.
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B. PROPOSED FRAMEWORK
In this subsection, we describe our proposed framework
for the optimization of the rotation and/or position of the
antenna array and uplink data transmission. Similarly to the
frameworks adopted in [39] and [24], our framework has the
following phases:

1) Active MTDs, that is, those attempting to transmit data
to the network, transmit non-orthogonal uplink pilots
for activity detection.

2) The AP detects the set of active MTDs and uses indoor
localization techniques to estimate their locations.

3) Assuming pure LoS propagation, the AP uses the
estimated locations of the MTDs along with location-
based beamforming to calculate its optimal rotation
and/or position. After the calculation, the antenna array
is moved and/or rotated.

4) The AP broadcasts a common downlink feedback
message to assign each MTD an orthogonal pilot
sequence.

5) The MTDs transmit their orthogonal pilot sequences
along with data during multiple consecutive time slots.
The uplink orthogonal pilots are used to compute the
CSI estimates shown in (6) for each coherence time
interval, which are then used to compute the ZF receive
combining vectors in (14).

The proposed framework is depicted in Fig. 4. Phase
5 spans T time slots, where K active devices transmit
simultaneously during each time slot. Moreover, the length
of each time slot is equal to the channel’s coherence time
interval and consists of τc symbols. The first τp symbols
of each time slot are allocated for the transmission of
orthogonal pilot sequences, while the remaining τd = τc − τp
symbols are used for uplink data transmission. The numerical
results presented in this work, specifically the mean per-
user achievable SE in Section II-D, reflect the uplink
communication performance during phase 5.

C. SIGNAL MODEL
The matrix H ∈ C

M×K containing the channel vectors of the
K devices transmitting their data to the AP can be written as

H = [h1,h2, . . . ,hK]. (9)

Then, the M × 1 received signal vector can be written as

y = √
pHx + n, (10)

where x ∈ C
K×1 is the vector of symbols simultaneously

transmitted by the K devices, and n ∈ C
M×1 is the vector

of additive white Gaussian noise samples such that n ∼
CN (0M×1, σ

2
n IM).

Let V ∈ C
M×K be a linear detector matrix used for the

joint decoding of the signals transmitted from the K devices.
The received signal after the linear detection operation is
split to K streams and given by

r = VHy = √
pVHHx + VHn. (11)

Let rk and xk denote the k-th elements of r and x,
respectively. Then, the received signal corresponding to the
k-th MTD can be written as

rk = √
pvHk hkxk︸ ︷︷ ︸

Desired signal

+ √
pvHk

K∑
k′ 	=k

hk′xk′

︸ ︷︷ ︸
Inter-user interference

+ vHk n︸︷︷︸
Noise

, (12)

where vk and hk are the k-th columns of the matrices V and
H, respectively. From (12), the signal-to-interference-plus-
noise ratio of the uplink transmission from the k-th MTD is
given by

γk = p|vHk hk|2
p
∑K

k′ 	=k |vHk hk′ |2 + σ 2
n ‖vHk ‖2

. (13)

The receive combining matrix V is computed as a function
of the matrix of estimated channel vectors Ĥ ∈ C

M×K ,
Ĥ = [ĥ1, . . . , ĥK]. In this work, we adopt Zero Forcing
(ZF) combining.4 The receive combining matrix is computed
as [41]

V = Ĥ(ĤHĤ)−1. (14)

Note that the distances and angles between the K active
MTDs and the ULA change according to the adopted position
and/or rotation of the ULA. Nevertheless, during the data
transmission phase, the ULA is kept static. The system relies
on digital beamforming for data transmission: there is one RF
chain connected to each of the M antennas at the ULA, thus
up to M active MTDs can be served simultaneously. At the
beginning of each coherence time interval, the AP obtains the
CSI from the K served MTDs using orthogonal uplink pilots.
Then, the AP adopts ZF processing and compute K different
receive combining vectors, that is, one receive beamforming
vector for each MTD. Thanks to the ZF processing, when
decoding the signal transmitted by any active MTD, a
radiation pattern with a main lobe on the direction of the
MTD of interest and nulls on the direction of the interfering
MTDs is virtually created. This processing is performed for
all the K active MTDs on each coherence time interval during
the data transmission phase.

D. PERFORMANCE METRICS
We adopt as the performance metric the per-user mean
achievable uplink Spectral Efficiency (SE). The achievable
uplink SE of the k-th MTD is [41]

Rk = τd

τc
EH{log2(1 + γk)}. (15)

The expectation is taken with respect to several realizations
of the channel matrices H, which includes the effects of both
LoS and NLoS propagation.

4MMSE combining is the optimal linear receive combining scheme.
However, its implementation requires statistical knowledge of the noise
and interference [35]. Besides, the performance difference between ZF and
MMSE is negligible in the high SNR regime [40].
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FIGURE 4. Illustration of the proposed framework for optimization of the rotation and/or position of the antenna array and uplink data transmission.

Then, the per-user mean achievable uplink SE is obtained
by averaging over the achievable uplink SE of the K
devices, i.e.,

R̄ = 1

K

K∑
k=1

Rk. (16)

In this work, we assume that the MTDs are, for instance,
smart utility meters or surveillance cameras, and that the
same set of MTDs transmit data to the AP simultaneously
over a period of time that can span several time slots. Thus,
we assume that the time spent during phases 1-4 is negligible
compared to the duration of the data transmission phase, thus
we consider the achievable SE only during the phase 5 as
the performance metric. Nevertheless, both the surrounding
environment and the set of active MTDs transmitting data
may change over time, making it essential for the AP to have
an antenna array with movement and/or rotation capabilities
to adapt to such dynamic conditions and enhance the data
rates for all MTDs.

E. LOCALIZATION ERROR MODEL
The localization error model aims at modeling the imperfect
information about the location of the active devices, which
is an impairment that would be encountered in practical
networks. We adopt the same model that was utilized in our
previous works [5], [24]. Considering that all the devices are
at the same height hdevice, imperfect localization refers to the
uncertainty on the location of the devices only on the (x, y)
directions. Let p̂k = (x̂k, ŷk) denote the estimated location
of the k-th MTD. The localization error vector associated to
the k-th MTD can be modeled as

ek = pk − p̂k = (xe,k, ye,k), (17)

where

xe,k = xk − x̂k, (18)

ye,k = yk − ŷk (19)

are the x and y components of the localization error vector,
respectively.
To ensure generality and avoid introducing any additional

assumptions or biases related to indoor localization in our
system model, we model the localization error as a bivariate
Gaussian distribution. This choice is made because the
bivariate Gaussian is the least informative distribution for a
given variance [42]. The localization error has mean μ =
[0 0]T and covariance matrix � = σ 2

e I2 [43]. Then, the x
and y components of the localization error vector follow a
Normal distribution:

xe,k, ye,k ∼ N (0, σ 2
e ). (20)

Note that the localization error model does not impact the
optimization of the position and/or rotation of the antenna
array. The estimated locations of the active devices are
used to compute the optimal position and/or rotation of the
antenna array. As a result, the computed optimal position
and/or rotation slightly deviate from those that would be
obtained if the system had the perfect information about
the location of the active devices. Moreover, the localization
error does not affect the mean per-user achievable SE
directly. In the case of FAAs, the imperfect information about
the locations of the active MTDs has no effect. In the case
of RAAs, MAAs, and MRAAs, rotating and/or moving the
array to a sub-optimal orientation/position diminishes the
potential gains on the SE obtained via the spatially varying
channel conditions.

F. LOCALIZATION ACCURACY REQUIREMENTS
Let re,k = ‖ek‖, i.e., the length of the localization error vec-
tor, represent a measure of the inaccuracy of the localization.
Considering the bivariate Gaussian model, the length of the
localization error vector follows the Rayleigh distribution,
that is,

fR(r|σ 2
e ) = r

σ 2
e

exp

(
− r2

2σ 2
e

)
, r ≥ 0, (21)
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where σ 2
e is the scaling parameter. Consequently, we have

E{re,k} = σe
√
π/2, (22)

Var{re,k} = 4 − π

2
σ 2
e . (23)

In 3GPP standards, the localization accuracy requirements
are typically specified in terms of the 95%-quantile [44]. The
F-quantile of a Rayleigh distribution with scaling parameter
σe is given by

Q(F; σe) = σe
√−2 ln(1 − F). (24)

In 3GPP Rel-16, the localization accuracy requirement
specified for indoor scenarios is 3 m [45], which corresponds
to σ 2

e = 1.76 dB in our localization error model. In 3GPP
Rel-17, this requirement was further reduced to 20 cm [46],
corresponding to σ 2

e = −21.75 dB.
In indoor scenarios, current 4G and 5G systems present

localization accuracy on the order of 10 m and 1 m,
respectively [47]. Such accuracies correspond to σ 2

e =
12.22 dB in 4G and σ 2

e = −7.77 dB in 5G. The localization
accuracy for beyond-5G and 6G networks in indoor scenarios
is expected to be in the order of 1 cm [47], [48], which
corresponds to σ 2

e < −40 dB. The combination of different
measurements and techniques for localization allows such
levels of accuracy to be feasible [48].

III. OPTIMIZATION OF THE POSITION AND ROTATION
In each time slot, K distinct devices are active. For each
subset of K locations of active devices, there is a distinct
optimal rotation and/or optimal position for the antenna array.
Let (x0

AA, y
0
AA) denote the initial position of the array,

and let θAA ∈ [0, π ] denote its rotation. The initial angle
between the k-th active MTD and the boresight of the ULA
(that is, before movement and/or rotation of the array) is

φk = tan−1

(
yk − y0

AA

xk − x0
AA

)
. (25)

The position of the array after its movement can be written
as

x′AA := x0
AA +�xAA, (26)

y′AA := y0
AA +�yAA. (27)

Besides, the final angle between the array the k-th active
MTD after the movement and rotation is

φ′
k = tan−1

(
yk − y′AA
xk − x′AA

)
+ θAA. (28)

In the case of a RAA, the initial and final positions of
the array is the same, thus the final angle can be rewritten
as

φ′
k := φk + θAA. (29)

The array and its position with respect to an active MTD,
before and after its movement and rotation, is illustrated in
Fig. 5.

FIGURE 5. Illustration of the ULA of an AP and its position and rotation with respect
to one active MTD (a) before movements (b) after movements. The green circle
represents the true location of the device, and the blue circle represents the estimated
location.

The variables (x′AA, y′AA, θAA) can be jointly optimized.
The optimization problem can be written as

maximize f (x′AA, y′AA, θAA | p̂k,∀k)
subject to lB ≤ xAA, yAA ≤ uB,

0 ≤ θAA ≤ π, (30)

where f (·) is the objective function to be maximized, and
lB and uB are, the lower and upper bounds, respectively,
for the movements of the array in both x and y directions.
The mechanism utilized to obtain the objective function
is described in Section III-A. Given the estimates of the
locations of the active MTDs, p̂k ∀k ∈ {1, . . . ,K}, we aim
at obtaining the position and/or rotation of the array (that
is, the variables xAP, yAP, and θAA) that maximizes f (·).
Considering that the MAA and the MRAA can move only
within a square5 with dimensions LB × LB, inscribed on the
square coverage area with dimensions LA × LA, the lower
and upper bounds for both xAA, yAA are respectively given
by

lB = LA − LB
2

, (31)

uB = LA + LB
2

. (32)

Considering the symmetry of radiation pattern of the ULA,
the rotation of the array is bounded in the range θAA ∈
[0, π ] rad.

A. LOCATION-BASED BEAMFORMING
In this subsection, we present the mechanism utilized to
compute the objective function f (·), which is maximized
using PSO. Given the estimates of the locations of all
active MTDs, that is, p̂k, ∀k, we adopt a location-based
beamforming [49], [50], [51], [52] approach to determine
f (·) as a function of the position and rotation of the antenna
array.
We assume that the same set of active devices transmits

data over multiple consecutive coherence time intervals. In

5Note that the square movement area with dimensions LB ×LB refers to
all the possible points where the mid-point of the ULA can be positioned.
If the mid-point of the ULA is close to one of the corners of the square
movement area, parts of the ULA may be projected outside the area.
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FIGURE 6. Objective function of the RAA, for LA = 100 m, M = 16, and K = 10.

this case, the optimization is performed solely based on the
predicted LoS component of the channel vectors because it
is deterministic, that is, it is constant over several coherence
time intervals. Shadowing occurs when the LoS component
of the signal is blocked or attenuated by obstacles. The
coherence time of the shadowing depends on the mobility
of the devices and potential obstructions in the indoor
scenario, such as people, vehicles, robots or machines. For
the performance evaluations conducted in this work, we
assume that the devices and surrounding environment are
both static. In the case of low mobility, the coherence time
of the shadowing is expected to be on the order of seconds.
Such coherence time would still be sufficient for the entire
optimization process and multiple uplink transmissions to
occur. If we perform the optimization of the rotation and/or
position of the APs based on the instantaneous CSI, we
would need to do it on every coherence time interval, which
would be impractical considering the mechanical limitations
of the proposed movable and rotary systems.
Based on p̂k, ∀k, the AP computes the estimates for the

distances and azimuth angles between the antenna array and
the MTDs, i.e., d̂k and φ̂k, ∀k. Then, it computes pseudo
channel vectors assuming pure LoS propagation as

hpseudok =
√
β̂k

⎡
⎢⎢⎢⎢⎢⎣

1
exp(−j2π� sin(φ̂k))
exp(−j4π� sin(φ̂k))

...

exp(−j2π(S− 1)� sin(φ̂k))

⎤
⎥⎥⎥⎥⎥⎦
. (33)

Note that the estimated large-scale fading coefficient β̂k
is computed as a function of the estimated distances d̂k
assuming a known channel model. Receive combining
vectors are then computed as a function of the pseudo
channel vectors according to (14). Finally, the objective
function is obtained by computing the predicted mean-
per user achievable SE utilizing the pseudo-channel vectors
from (33) and the corresponding receive combining vectors
in (13), (15), and (16). The objective function corresponds

FIGURE 7. Objective function of the MAA, for LA = LB = 100 m, M = 16, and K = 10.

to the predicted mean per-user achievable SE, which is
predicted assuming full LoS propagation, versus the rotation
and/movement of the array.6

Considering a single network realization, i.e., a single set
of locations of K active MTDS, we numerically evaluate
the objective functions to be optimized. In Fig. 6, we show
the objective function for the case of a RAA, which is the
predicted mean per-user achievable SE versus the rotation
of the AP. Moreover, Fig. 7 shows the objective function for
the case of a MAA, which is the predicted mean per-user
achievable SE for all the points of the square coverage area.
Finally, Fig. 8 shows the optimal positions and/or rotations
of the different setups for different network realizations, i.e.,
sets of locations of active MTDs, considering LA = LB =
100 m and K = 10.
Note that both objective functions in Figs. 6 and 7 present

several local minimum and maximum points. Thus, it is not
possible to obtain the optimal points utilizing, for instance,
convex optimization techniques [53]. For this reason, in order
to obtain the optimal rotation and/or position of the array, we
employ PSO,7 which will be presented in the next subsection.

B. PARTICLE SWARM OPTIMIZATION
PSO [54, Ch. 16] is an optimization algorithm highly effec-
tive for tackling highly non-linear optimization problems.

6Note that this location-based beamforming approach, which relies on the
pseudo-channel vectors from (33), is utilized only to compute the optimal
rotation and/or position of the antenna array. The final performance metrics
consider channel estimates that are obtained with pilot sequences transmitted
in the uplink. The real mean per-user achievable SE is then computed using
the estimated channel vectors in (13) and (14).

7The obtained solution is not proven to be optimal, but PSO has been
used in numerous non-convex optimization problems showing near optimal
performance.
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FIGURE 8. The optimal positions and/or rotations of the different setups for different network realizations, considering LA = LB = 100 m and K = 10.

TABLE 2. Parameters of the PSO algorithm.

The algorithm begins by creating a population of candidate
solutions, referred to as agents or particles, randomly
distributed over the domain of the objective function. The
dimension of the domain is equal to the number of variables
being jointly optimized. Each particle is also initialized
with a random velocity, which determines the direction
and distance to the next position of the particle. At each
iteration, the objective function is evaluated at each particle’s
position, and the algorithm determines the own best-known
position for each particle and also the global best-known
position among all particles. Then, the algorithm computes
new velocities for each particle based on their individual
best positions and also the global best position. Finally,
the particles move to their next positions at the end of the
iteration. After multiple iterations, the swarm of particles
moves towards the optimal solution to the problem, which is
the global maximum or minimum of the objective function.
The iterations proceed until the algorithm reaches a stopping
criterion, which can be: i) the maximum number of iterations
is reached, or ii) the relative change in the value of the global
best over a predefined number of stall iterations is less than
a tolerance value. By exploring the diversity of positions and
velocities in the swarm with properly adjusted parameters,
PSO avoids converging prematurely to a local best position
instead of the global best position.
The PSO was first introduced in [55], designed to simulate

social behaviors such as the motion in bird flocks or fish
schools. It has been applied to a variety of optimization
problems in communication systems, such as optimal deploy-
ment, node localization, clustering, and data aggregation
in wireless sensor networks [56]. Additionally, it has been

utilized in antenna design to achieve a specific side-lobe level
or to determine the positions of antenna elements in a non-
uniform array [57]. It has also proven useful in computing
the optimal precoding vector to maximize the throughput of a
MU-MIMO system [58], optimizing scheduling in the down-
link of MU-MIMO systems [59], and initializing channel
estimates for MIMO-OFDM receivers that simultaneously
perform channel estimation and decoding [60].
The parameters of the PSO algorithm are listed in

Table 2. Moreover, a pseudo-code8 for the PSO algorithm
is listed in Algorithm 1. The inertial weight w controls
the particle’s tendency to continue in its current direction.
Parameters c1 and c2 are the acceleration coefficients, and
controls the influence of the personal and global best
positions, respectively. The termination criterion might be
a pre-determined maximum number of iterations, a certain
threshold of the objective function f (·), or any other criteria
related to the optimization problem.
The complexity of PSO is determined by the number of

particles, the dimensions of the problem (that is, number
of optimization variables) and the number of iterations
required to achieve convergence. Thus, the complexity of
PSO per iteration is O(|A|Nvars), where |A| is the swarm size
(number of particles) and Nvars is the number of optimization
variables [60]. Note that there exists a trade-off between
the swarm size and the number of iterations required to
achieve convergence. In the case of using only one particle,
the computationally complexity per iteration is minimized
but the number of iterations is maximized. On the other
hand, utilizing an infinite number of particles minimizes
the number of iterations but maximizes the complexity per
iteration (this case would be equivalent to an exhaustive
search) [60].

C. PSO VERSUS BRUTE FORCE SEARCH
In this subsection, we compare the average computational
time required in MATLAB to determine the optimal position
and/or rotation of the antenna array using Brute Force (BF)
search and PSO. Let δθ denote the resolution of the antenna

8In this work, the PSO algorithm was implemented using the function
particleswarm from MATLAB [61]. According to the documentation
of this function [62], it guarantees that the solution of the problem is feasible
by enforcing the bounds right after updating the positions of the particles.
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Algorithm 1 Particle Swarm Optimization for x, y, and θ
1: Initialize swarm:
2: for each particle i in the swarm do
3: Initialize position pi = (xi, yi, θi) randomly
4: Initialize velocity vi = (vxi , vyi , vθi) randomly
5: Initialize personal best position pb,i = (xb,i, yb,i, θb,i)

to the initial position
6: end for
7: Initialize global best position gb = (xgb, ygb, θgb) to the

best initial particle position
8: while Stopping criterion is not met do
9: for each particle i in the swarm do
10: for each dimension (x, y, θ) do
11: Update velocity:
12: vxi = wvxi + c1r1(xb,i − xi)+ c2r2(xgb − xi)
13: vyi = wvyi + c1r1(yb,i − yi)+ c2r2(ygb − yi)
14: vθi = wvθi + c1r1(θb,i − θi)+ c2r2(θgb − θi)

15: end for
16: Update position:
17: xi = xi + vxi
18: yi = yi + vyi
19: θi = θi + vθi
20: if xi, yi or θi is outside the bounds then
21: Set xi, yi or θi equal to the closest bound
22: if The velocity of xi, yi or θi points outside

the bound then
23: Set the velocity of the component to zero
24: end if
25: end if
26: if f (pi) is better than f (pb,i) then
27: Update personal best: pb,i = (xi, yi, θi)
28: if f (pb,i) is better than f (gb) then
29: Update global best: gb = (xb,i, yb,i, θb,i)
30: end if
31: end if
32: end for
33: end while
34: return global best position gb = (xgb, ygb, θgb)

array’s rotation, and δx,y denote the resolution of its linear
movement in the x and y directions. The results obtained
for the RAA, MAA, and MRAA with different resolution
settings are presented in Tables 3, 4, and 5, respectively.
Considering practical implementations, we assume a small
movement area with LB = 1 m for the MAA/MRAA cases.
In the case of the RAA, determining the optimal angular

position of the array requires solving a one-dimensional
optimization problem. Consequently, BF search may be
faster than PSO unless the quantization level is very high,
as shown in Table 3. For the MAA, computing the optimal
position requires solving a two-variable joint optimization
problem, while for the MRAA, determining the optimal
position and rotation involves solving a three-variable joint
optimization problem. As shown in Tables 4 and 5, PSO

TABLE 3. Average time required to compute the optimal rotation of the RAA using
different optimization strategies, for l = 100 m and K = 10.

TABLE 4. Average time required to compute the optimal position of the MAA using
different optimization strategies, for l = 100 m, LB = 1 m and K = 10.

TABLE 5. Average time required to compute the optimal position and rotation of the
MRAA using different optimization strategies, for δθ = 1◦, l = 100 m, LB = 1 m and
K = 10.

proves to be highly advantageous in optimization problems
with multiple variables, except when the quantization levels
are significantly low. It is important to note that adopting
large discrete steps for the array’s linear movement may
significantly degrade the system’s overall performance in
terms of mean per-user achievable SE, as the MAA or
MRAA may end up in a sub-optimal position.

D. SPEED OF SERVO MOTORS AND TIMING
REQUIREMENTS
After computing the optimal position and/or rotation of the
antenna array, the system needs to physically move and/or
rotate the array. The rotation of the array is performed by a
servo motor connected to the array, as shown in Fig. 3(a).
Commercial high-speed industrial servo motors can change
their angular positions within a few milliseconds with very
high precision [63], [64]. Thus, the angular position of the
array can be changed within a single or a few time slots.
On the other hand, the movement of the array within a
horizontal plane is performed using linear motion systems,
with consist on servo motors and slide tracks, as illustrated
in Fig. 3(b). Commercial high speed and high precision
linear motion systems have maximum speed on the order of
a few meters/second [65], [66]. Thus, the two-dimensional
movement of the array is much slower than its rotation.
As a consequence, the length of the size of the movement
area (i.e., LB) should not be larger than a few meters
in practice to avoid long delays in the communication.
Taking into account the speed of the commercial rotation
and movement mechanisms, the duration of Phase 3 of the
protocol illustrated in Fig. 4 is on the order of a few seconds,
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FIGURE 9. Illustration of the simulation setup and the four types of APs considered
in this work for LA = 100 m and K = 10.

thus longer than the channel coherence time (which is on
the order of a few milliseconds) and the phases 1, 2 and 4
(which span single or few time slots.)

IV. NUMERICAL RESULTS
In this section, we present Monte Carlo simulation results
to compare the performance achieved by the four different
types of APs studied in this work.

A. SIMULATION PARAMETERS
The power attenuation due to the distance (in dB) is modelled
using the log-distance path loss model as

βk = −L0 − 10η log10

(
dk
d0

)
, (34)

where d0 is the reference distance in meters, L0 is the
attenuation owing to the distance at the reference distance
(in dB), η is the path loss exponent and dk is the distance
between the k-th MTD and the AP in meters. The attenuation
at the reference distance is calculated using the Friis free-
space path loss model and given by

L0 = 20 log10

(
4πd0

λ

)
, (35)

where λ = c/fc is the wavelength in meters, c is the speed
of light and fc is the carrier frequency.
The simulation setup is illustrated in Fig. 9. Unless

specified otherwise, the simulation parameter values used in
this work are provided in Table 6. Considering the selected
values of M and hAP, the communication links between any
antenna array and any MTD experience far-field propagation
conditions (please refer to Appendix A). Additionally, the
adopted parameters for the PSO algorithm are listed in
Table 7.

The noise power (in Watts) is given by σ 2
n = N0BNF ,

where N0 is the power spectral density of the thermal noise
in W/Hz, B is the signal bandwidth in Hz, and NF is the
noise figure at the receivers. For the computation of the
correlation matrices Rk, ∀k, we consider N = 6 scattering
clusters, ψk,n ∼ U [φk − 40◦, φk + 40 ◦ ], and σψ = 5◦ [33].

TABLE 6. Simulation parameters [31], [33], [67].

TABLE 7. Values of the parameters of the PSO Algorithm used for the
simulations [61].

B. SIMULATION RESULTS AND DISCUSSIONS
We generate average performance results for networks of K
devices by averaging the per-user mean achievable SE over
multiple network realizations. In other words, the numerical
results correspond to the expected SE performance gains for
networks of K devices in the considered setup. For each
network realization, the achievable SE of the K devices
is obtained by averaging over several channel realizations,
i.e., distinct realizations of the channel matrix H. For each
network realization, the locations of the MTDs are fixed and
uniformly randomly distributed in the coverage area, i.e.,
xk, yk ∼ U [0,LA]. In the case of MAAs, we evaluate the
performance achieved with different sizes of the movement
area, i.e., different values of LB. Note that, in practice, the
movement area of the MAAs cannot be very large owing to
size and costs constraints. Moreover, moving an array over
long distances might take a considerable amount of time
(which can be longer than the coherence time of the wireless
channel,9) even when high-speed servo motors are utilized.

9In this work, we consider a static scenario where the MTDs do not
move. However, in dynamic environments where MTDs or people/objects
are moving faster than the AP movement, the coherence time of the channel
would be shorter than the moving speed of the AP.
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FIGURE 10. Mean per-user achievable SE for all the schemes studied in this work,
considering perfect and imperfect CSI, κ = 10 dB, and σ 2

e = −10 dB.

FIGURE 11. Mean per-user achievable SE versus uplink transmit power for κ = 10
dB and σ 2

e = −10 dB.

Thus, the numerical results for the case of LB = LA = 100 m,
that is, when the movement area covers the whole coverage
area, are hypothetical results that represent an ideal scenario
and are utilized here solely for benchmark purposes.
We first investigate the impact of the imperfect CSI to

the SE. The bar graphs in Fig. 10 show the mean per-user
achievable SE for all the schemes studied in this work,
considering perfect and imperfect CSI, κ = 10 dB, and
σ 2
e = −10 dB. In the case of MAA and MRAA, the figure

also shows how the achievable SE decreases as the size
of the square movement area reduces. The performance of
the FAA and RAA do not vary with LB since they do not
move. As expected, the channel estimation errors reduce R̄.
Interestingly, the impact is similar to all the antenna schemes
and does not vary with the size of the square movement
area. From now on, we consider only the case of imperfect
CSI.
The curves in Fig. 11 depict that the performance gains

obtained with the optimal movement and/or rotation of
the antenna array are observed over a wide range of
SNRs. More specifically, this figure shows the mean per-
user achievable SE in the uplink versus the fixed transmit
power p of the active MTDs for all the schemes considered

FIGURE 12. Mean per-user achievable SE versus the Rician factor κ , for
σ 2

e = −10 dB.

in this work and for κ = 10 dB, σ 2
e = −10 dB, and

different sizes of the square movement area. As expected,
the achievable SE values increase substantially with p for
all the considered setups. Nevertheless, we note that the
performance improvement of the RAA, MAA, and MRAA
over the FAA is constant over the wide range of values of p.
Thus, we set p = 0.1 W from now on [68], [69], [70].
Fig. 12 shows the mean per-user achievable SE versus

the Rician factor. In the case of an AP equipped with an
FAA or a MAA with a very constrained movement area,
we observe that the achievable SE decreases with the Rician
factor, while it increases with κ when we adopt a RAA or
a MAA with a large movement area. As shown in [71],
the correlation among the channel vectors increases with
κ , which affects the performance obtained with ZF in the
case of an FAA or MAA with a small movement area.
Nevertheless, by rotating and/or moving the antenna array
over a larger area, the AP can find an optimal position and/or
rotation that reduces the correlation among the channel
vectors. Note that the performance gains obtained with the
optimal rotations or movements become very significant
when the LoS component is very strong. As expected, the
best performance is achieved with the MRAA, since it
has three degrees of freedom for the movements. However,
it features the most complex and expensive setup. The
MAA, which has two degrees of freedom for the movement,
outperforms the RAA only when the movement area covers
the whole coverage area. It is very interesting to observe that
the RAA outperforms the MAA in the case of LB = 25 m,
which corresponds to a very large movement area.
Fig. 13 shows the mean per-user achievable SE versus the

dimensions of the movement area for κ = 10 dB, i.e., a
situation where the LoS component of the channel vectors
is very strong. When LB → 0 m, the performance obtained
with the MAA converges to the performance obtained with
the FAA, while the performance obtained with the MRAA
converges to the performance obtained with the RAA, as
expected. As we increase the size of the movement area,
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FIGURE 13. Mean per-user achievable SE versus dimensions of the movement area,
for κ = 10 dB and σ 2

e = −10 dB.

the performance gains obtained with the movement of the
antenna array becomes noticeable. We observe again that
the MRAA always presents the best performance. When
adopting the MAA, we need a considerably large movement
area (LB > 25 m) in order to achieve the same performance
that can be obtained by simply rotating the antenna array.
Note also that the performance improvement obtained by
increasing the size of the movement area is negligible for
LB ≥ 50 m.
Fig. 14 shows the mean per-user achievable SE versus

the variance of the localization error. We observe that all
the optimal rotations and movements of the antenna arrays
bring noticeable performance improvements even when the
accuracy of the localization information is poor. However,
the performance gains on the achievable SE when compared
to the case of an FAA decay rapidly for σ 2

e ≥ 10 dB.
We again observe that the best performance is achieved
by the MRAA, followed by the MAA and then the RAA.
Nevertheless, note that increasing the accuracy of the
localization information to sub-cm or mm levels do not yield
performance improvements.
Finally, Fig. 15 shows the mean per-user achievable SE

versus the dimensions of the coverage area, for M = 16
and K = 10. As expected, the achievable SE decreases with
LA for any of the considered setups due to the increased
path-losses. We also observe that rotating and/or moving the
antenna array always improves the mean per-user achievable
SE compared to the case of an FAA. Nonetheless, when the
movement area is very constrained, specifically LB = 1 m, the
performance improvement obtained bymoving the array on the
horizontal plane is very small. Therefore, a larger movement
area is essential to achieve substantial improvements in spectral
efficiency. It is noteworthy that the RAA always outperforms
theMAAswith LB = {1, 2.5, 5}m, and it can even outperform
the MAA with LB = 25 m when LA > 95 m, which
corresponds to a setup with a large movement area. This
finding demonstrates that rotating the array provides greater
improvements in the mean per-user achievable SE compared

FIGURE 14. Mean per-user achievable SE versus variance of the localization error
considering κ = 10 dB.

FIGURE 15. Mean per-user achievable SE versus dimensions of the coverage area,
for κ = 10 dB and σ 2

e = −10 dB.

to moving the array along the horizontal plane, even when
the movement area on the horizontal plane is relatively large.
Finally, note that the best performance is always achieved by
the MRAA, which has more degrees of freedom at the cost
of the most complex setup.
Overall, the numerical results show that when the active

devices experience strong LoS conditions (that is, when the
Rician factor is high), the antenna arrays with movement
and/or rotation capabilities offer better performance (in terms
of the mean per-user achievable SE in the uplink) compared to
the case of an antenna array without any movement capability.
This occurs because, under strongLoS conditions, the system’s
performance is highly dependent on the array geometry and its
relative position to the active MTDs. When the 2D movement
area is not constrained, that is, when the MAA and the MRAA
can be positioned in any point of the coverage area, the best
performance is achieved by the MRAA (which has three
degrees of freedom for movement and utilizes three servo
motors), followed by the MAA (two degrees of freedom,
two servo motors) and then by the RAA (one degree of
freedom, one servo motor). Nevertheless, the movements
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TABLE 8. Mean and variance of the execution time required for PSO to finish,
considering κ = 10 dB and σ 2

e = −10 dB.

of the arrays on the horizontal plane directions need to be
constrained in practice due to size, costs, complexity and
latency limitations. Moving the array along large distances
might induce very high latency because servo motors do not
have infinite speed in the real world. In order words, it is not
feasible to utilize large values of LB in practice. For any value
of LB, the MRAA always presents the best performance, since
it has more DoFs for movement, but at the cost of the most
complex setup. When the 2D movement area of the MAA is
constrained (i.e., when LB is kept small), the RAAoutperforms
it, while simultaneously presenting a significantly lower size,
complexity, and deployment and maintenance costs. Thus, we
conclude that the rotational capability of the antenna array is
the DoF that strikes the best balance between performance
gains and cost/complexity.

C. COMPLEXITY ANALYSIS OF PSO
The simulations ran on a personal computer having Windows
11, Intel Core i5-1340P processor and 32 GB of RAM
memory. Besides, we utilized MATLAB version R2024b.
The PSO was implemented on MATLAB using the
particleswarm built-in function [61]. Since we utilized a
built-in function ofMATLAB, it is very difficult tomeasure the
complexity of the PSO in terms of metrics such as number of
float-point operations (FLOPs). Thus, we decided to analyse
the computational complexity of our PSO solution in terms
of the mean and the variance of the required time for the
optimization algorithm to finish. This time can be measured
in MATLAB using the functions tic;toc or cputime.
The mean and variance of the execution time necessary to

compute the optimal position and/or rotation of the antenna
array can be found in Table 8. In the case ofMAA andMRAA,
weconsider different values for the dimensionof themovement
area. The PSO converges when the relative change in the value
of the objective function over a given number of “maximum
stall iterations” is less than the “function tolerance” [61].
As expected, the required execution time increases with the
numberofDoFs formovement (i.e., thenumberofoptimization
variables). The optimization task executed for the RAA is
the fastest one, followed by the optimization required for
the MAA and then by the MRAA. We also observe that the

required execution time slightly increases with the dimension
of the movement area, since the particles of the PSO algorithm
need to find the global optimum over a larger search area.
The results in Table 8 evince another advantage of the RAA
over the MAA: in addition to presenting superior performance
when the movement area is constrained, the computation of
the optimal angular position is faster than the computation of
the optimal position on the horizontal plane.
Note that the required time to compute the optimal

movement and/or rotation of the antenna array using PSO
in practical hardware would be multiple orders of magnitude
smaller than the times listed in Table 8. However, the physical
movement and/or rotation of the array requires an amount
of time that is significantly larger than the coherence time
of the wireless channel (which is in the order of a few
milliseconds,10) thus it would be unfeasible to move and/or
rotate the array in each time slot. For this reason, these tasks
must be executed before the data transmission phase such
that the position and/or rotation of the antenna array is kept
unchanged over multiple time slots. Moreover, while phases
1, 2 and 4 of the protocol proposed in Section II-B can fit
within a single or few time slots, phase 3 needs to last at
least a couple of seconds to accommodate the computation
of the optimal position and/or rotation of the array and also
the physical movement/rotation.

V. CONCLUSION
In this work, we compared the performance of MAAs,
which are able to move on the horizontal plane using two
servo motors, cables and slide tracks, with RAAs, which
are equipped a single servo motor and that can rotate on
its own axis. We also proposed the combination of both
schemes into MRAAs, which are arrays that can move on
the horizontal plane and also rotate. The optimal position
and/or rotation of the arrays is computed based on estimates
of the locations of the active MTDs and using PSO. Our
numerical results show that the MAAs outperform the RAAs
when their movement area is large enough, but at the cost of a
bulkier setup with higher maintenance and deployment costs.
When the movement area of the arrays is constrained, the
RAAs perform better and also correspond to a simpler and
cheaper system. All the proposed techniques offer significant
performance gains in terms of mean per-user achievable SE
when compared to FAAs when the LoS component of the
channel vectors is strong, and all the schemes are robust
against imperfect location estimates.

APPENDIX A
FAR-FIELD PROPAGATION CONDITIONS
The Fraunhofer distance determines the threshold between
the near-field and far-field propagation, and is given by dF =

10The coherence time of the channel can be approximated as the time
it takes to move one quarter of the wavelength λ, that is, Tc = λ/4v,
where v is the velocity of the MTD [35]. Considering fc = 3.5 GHz and
a walking speed of 1.4 m/s, the coherence time is approximately Tc = 15
ms.
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2D2/λ [72], where D is the largest dimension of the antenna
array, λ = c/fc is the wavelength, c is the speed of the light
and fc is the carrier frequency. In the case of an ULA with
M antenna elements spaced by half-wavelength, the length of
the ULA is DULA = (M − 1)λ/2.

Considering that a device can be located right bellow an AP
in an indoor setting, the minimum height of the AP required
to ensure far-field propagation conditions for all the devices
is given by

hmin
AP = dF + hdevice

= 2

λ

(
(M − 1)

λ

2

)2

+ hdevice

= λ

2
(M − 1)2 + hdevice. (36)

Considering fc = 3.5 GHz, M = 16, hdevice = 1.5 m, we
obtain DULA = 0.64 m and dF = 9.64 m. Thus, the minimum
height of the APs is hmin

AP = 11.14 m.
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