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 A B S T R A C T

Movable antenna systems offer a promising approach to enhancing wireless communications by dynamically 
adjusting antenna positions to optimize signal reception. This paper explores the performance of a movable 
antenna at the receiver side considering a multi-tap propagation scenario in both Single-Input Single-Output 
(SISO) and Multiple-Input Multiple-Output (MIMO) systems. We introduce and evaluate four distinct mobility 
patterns that dictate antenna movement. The mobility patterns are part of the exploitation phase, aimed at 
probing the achievable capacity at different antenna locations. Additionally, we account for the time required 
to physically move the antenna in the system throughput, considering the worst-case scenario where the 
transmission is temporarily paused during the antenna motion. Our analysis assesses the performance of 
mobility pattern heuristics by examining their ability to balance the tradeoff between capacity gains from 
exploring new antenna positions and the downtime due to antenna movement. Simulation results show that 
specific antenna mobility patterns can achieve up to 70% of the SISO’s optimal throughput or 77% of the 
MIMO’s optimal throughput. The results reported in this paper show that simple mobility patterns more than 
double or triple the MIMO’s or SISO’s throughput compared to a scenario where the antenna remains fixed 
in a random position, respectively, underscoring the significant potential of the antenna mobility patterns in 
enhancing the MA system performance.
1. Introduction

Over recent decades, we have witnessed the transition from Single-
Input Single-Output (SISO) systems towards the widespread adoption 
of Multiple-Input Multiple-Output (MIMO) systems, which played a 
crucial role in the advancements of wireless communications. Alongside 
MIMO, there have been numerous other significant improvements [1], 
including but not limited to more accurate channel estimation tech-
niques [2], a better understanding of interference properties and its 
management [3], full-duplex wireless systems [4], and enhanced signal 
processing algorithms and network architectures, all of which have 
contributed to the evolution of wireless networks and the delivery 
of faster and reliable communications. Despite these advances, the 
existing communication systems still face limitations regarding the full 
utilization of the wireless channel spatial variation in certain areas 
where the transmitter and receiver are located. These limitations are 
associated with the fact that the antennas (or antenna arrays) have a 
discrete arrangement positioned in fixed locations.
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To overcome these setbacks new technologies have been proposed, 
including but not limited to Movable Antennas (MAs) [5] and Fluid An-
tennas [6]. Specifically, MAs can be installed at either the transmitter 
or the receiver and are connected to radio frequency chains through 
flexible cables using stepper motors to adjust the antenna position in a 
certain region. This feature of the MAs enables an additional spatial de-
gree of freedom (DoF) since it allows for real-time configuration of the 
wireless channel. This not only allows for better connectivity but also 
enhances the reliability and efficiency of communication among the 
devices, especially when compared to the conventional fixed-position 
antennas (FPA) approach [5,7]. From a mechanical perspective, MAs 
can achieve mobility through actuators that physically move the an-
tennas along specific axes [8] or rotate them to dynamically adapt to 
changing communication conditions [5]. Alternatively, antenna arrays 
with mechanically adjustable structures [9] can be employed to alter 
their configuration as needed. On the other hand, MAs can also be 
realized electronically, bypassing the need for physical movement. This 
includes the use of dual-mode patch antennas where the phase center 
https://doi.org/10.1016/j.phycom.2025.102638
Received 27 December 2024; Received in revised form 22 January 2025; Accepted
vailable online 3 March 2025 
874-4907/© 2025 The Authors. Published by Elsevier B.V. This is an open access a
 16 February 2025

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/phycom
https://www.elsevier.com/locate/phycom
https://orcid.org/0000-0001-9181-8438
mailto:rado@fct.unl.pt
https://doi.org/10.1016/j.phycom.2025.102638
https://doi.org/10.1016/j.phycom.2025.102638
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phycom.2025.102638&domain=pdf
http://creativecommons.org/licenses/by/4.0/


P. Candeias and R. Oliveira Physical Communication 70 (2025) 102638 
is dynamically shifted [10], dense array antennas where subsets of 
elements are selectively activated to emulate movement [11], and 
reconfigurable antennas that electronically adjust their radiation pat-
tern, for example, using pin-diode-loaded parasitic elements to achieve 
virtual rotation [12]. These approaches are more deeply described 
in [13] and present trade-offs in terms of mechanical durability and 
implementation complexity, making the choice of the method highly 
dependent on the application and system requirements. The mechanical 
movement or electronic reconfiguration of these antennas, such as ro-
tation, tilting, or structural adaptation, can consume substantial energy 
depending on their speed, precision, and frequency of adjustment. Ad-
ditionally, the processing of real-time data for beamforming, alignment, 
or direction optimization often involves complex algorithms running 
on dedicated hardware, further increasing energy consumption [14]. 
Efficient energy management strategies, including low-power actuators, 
lightweight materials, and advanced power optimization algorithms, 
are essential to ensure the sustainability and reliability of movable 
antennas in energy-constrained environments. 

The integration of MAs in communication systems can enhance 
channel conditions, improve communications reliability, and reduce 
latency. MAs can mitigate interference and create or reinforce Line-
of-Sight (LoS) links in environments with multiple obstacles, or enable 
more flexible beam patterns according to the users’ distribution. Despite 
these advantages, there are also some challenges and limitations. One 
of the main challenges that MA-based systems face is channel estima-
tion [15] due to the accuracy-efficiency tradeoff, which often requires 
complex mapping techniques or compressed sensing techniques to re-
duce overhead and to cope with hardware impairments.  Furthermore, 
another challenging question is the discovery of the optimal antenna 
positioning which can be a complex and intensive task, especially if 
channel state information (CSI) is unavailable [5].

In the last few years, there have been several advances in MA 
communication systems. In [5], the authors presented an overview of 
promising applications of MA systems and their fundamentals. Further-
more, the main challenges inherent to this approach, such as channel 
estimation and antenna position optimization, were highlighted and 
some possible solutions were mentioned. The authors compared the 
typical fixed-position antennas with MA-based systems, concluding that 
MAs can improve multiple metrics such as signal power, interference 
suppression, flexible beamforming, and spatial multiplexing perfor-
mance. The work in [16] proposed a mechanical MA architecture 
and a field-response-based channel model. Additionally, the maximum 
channel gain achievable by a single MA, in both deterministic and 
stochastic channels was analyzed. In [17,18] the channel estimation 
problem was approached with different techniques such as compressed 
sensing and tensor decomposition. In [19–21], the authors have focused 
on MIMO systems based on MA and investigated how the covariance 
of the transmitted signals and the positioning of the MA at the trans-
mitter/receiver could be optimized to enhance the channel capacity. 
In [22–24] multiuser communication aided by MA was investigated and 
the results showed that the total transmit power of the users can be 
reduced by taking advantage of the fact that the MAs can adjust their 
positioning either at the users or at the base station.

MAs have also been recently adopted in pivotal technologies pro-
posed for future generation networks, particularly, intelligent reflecting 
surfaces (IRS) [25], integrated sensing and communications (ISAC)
[26], and non-orthogonal multiple access (NOMA) [27]. Movable an-
tennas can complement IRS by enabling dynamic adjustment of the 
line-of-sight (LOS) and non-line-of-sight (NLOS) paths to optimize the 
signal reflections provided by IRS [28]. By repositioning the movable 
antenna, the system can adapt to environmental changes and ensure 
the IRS operates under optimal conditions, enhancing coverage and 
signal strength [29]. Movable antennas can improve ISAC systems by 
dynamically adjusting their positions to enhance sensing accuracy and 
communication efficiency [30]. For example, in a scenario where both 
tasks need to be performed simultaneously, the antenna’s mobility can 
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help achieve better localization of targets while maintaining strong 
communication links, optimizing the tradeoff between sensing and 
data transmission [31]. Movable antennas can also facilitate NOMA by 
dynamically positioning themselves to improve the channel conditions 
of users with weaker signals [32–34]. This capability enhances the per-
formance of successive interference cancellation (SIC) and improves the 
overall throughput of the NOMA system, particularly in environments 
with heterogeneous user distributions. 

Recently, the work in [35] proposed a more complex technology, 
named six-dimensional movable antennas (6DMA). In 6DMA, the an-
tenna surface can be optimized in 3D positions and 3D rotations, being 
more flexible to explore more positions. A hybrid approach that uses 
6DMA with FPA arrays was also considered in [36]. Additionally, 
several works considering symbiotic radio communications and coordi-
nated multi-point (CoMP) reception were conducted in [37,38], show-
ing that an MA array introduces an additional spatial degree of freedom 
by allowing flexible adjustment of all antenna positions, resulting in 
a substantial performance advantage over competing benchmarks. The 
ability of the MA to improve security and secrecy performance was also 
considered in [39–41], showing significant advantages of the MA-aided 
system over conventional fixed-position antenna systems in improving 
system security.

In this paper, we conduct a performance evaluation of different 
antenna mobility patterns to assess their impact on the throughput of 
SISO and MIMO wireless communication systems when only the receiv-
ing antennas are movable. We consider that during the exploitation 
stage, the MAs move to specific locations to evaluate the achievable 
capacity, after which the receiver enters the exploration stage. During 
the exploration state, a node receives data at the best location identified 
during the exploitation phase. The contributions of this work include:

• the assumption of four mobility patterns, named solutions 𝑆2
to 𝑆5, that are used to compare the system capacity achieved 
at specific spatial positions. The knowledge about the capacity 
at specific positions is used to improve the throughput of the 
wireless system;

• a methodology to conduct multiple simulations to obtain key 
performance indicators, particularly the achieved throughput and 
the tradeoff between the exploitation and exploration stages;

• the comparison of the achieved performance,  in terms of through-
put and energy efficiency, when considering different numbers of 
spatial locations and various exploitation/exploration ratios.

To the best of our knowledge, no prior work has addressed the as-
sumption of simple yet effective mobility patterns in receiving MAs. 
The novelty of this paper relies on the proposed methodology to assess 
how different MA mobility patterns contribute to the increase of the 
system’s throughput.

The organization of this paper is as follows: Section 2 provides 
an overview of the system model. Section 3 outlines the heuristics 
governing the antenna mobility patterns. The evaluation of the various 
mobility patterns is presented in Section 4, and concluding remarks are 
given in Section 5.

Notations: A vector of 𝑘 elements is represented in lowercase bold-
face type, i.e. 𝐯 = [𝑣1, 𝑣2,… , 𝑣𝑘]. Uppercase boldface symbols, 𝐀 ∈
R𝑚×𝑛, denote a matrix of size 𝑚 × 𝑛.

2. System model

2.1. MA-enabled system

In this work, we adopt the system model proposed in [20], which 
considers a wireless MIMO system with 𝑁 transmit antennas fixed 
in specific positions and 𝑀 receive MAs that can move along a grid 
of multiple spatial positions. Taking into consideration the commu-
nication wavelength, denoted by 𝜆, we consider that the MAs can 
move to the Cartesian position [𝑥, 𝑦] of the 2-dimensional grid defined 
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by 𝐉 ∈ R𝑘𝑥×𝑘𝑦 , where 𝑘𝑥 and 𝑘𝑦 denote the number of the fixed 
grid positions for each dimension 𝑥 and 𝑦. We admit a regular grid, 
i.e., 𝑘𝑥 = 𝑘𝑦, where the positions over each dimension are defined as 
𝐩𝐱 = 𝐩𝐲 = [−𝑛𝜆𝜆, (1∕𝛿 − 𝑛𝜆)𝜆, (2∕𝛿 − 𝑛𝜆)𝜆,… , 0, (1∕𝛿)𝜆, (2∕𝛿)𝜆,… , 𝑛𝜆𝜆], 
with 2𝑛𝜆𝜆, 𝑛𝜆 ∈ Z+, representing the length of each dimension, and 
being 𝛿 ∈ Z+ the number of discrete points considered over the 𝜆
distance.

The positions of the fixed transmit antennas and receiving MAs 
can be represented by Cartesian coordinates 𝐭𝑛 = [𝑥𝑡, 𝑦𝑡] ∈ C𝑡 and 
𝐫𝑚 = [𝑥𝑟, 𝑦𝑟] ∈ C𝑟, respectively. The collection of coordinates of the 
𝑁 transmit antennas and 𝑀 MAs are denoted as 𝐭∗ = [𝑡1, 𝑡2,… , 𝑡𝑁 ] ∈
R2×𝑁  and 𝐫∗ = [𝑟1, 𝑟2,… , 𝑟𝑀 ] ∈ R2×𝑀 . The channel matrix between 
the transmitter and the receiver is denoted as 𝐇(𝐭∗, 𝐫∗) ∈ C𝑀×𝑁 . The 
symbol 𝐬 represents the transmit signal vector with covariance matrix 
defined as 𝐐 = E{𝐬𝐬𝐻}. Lastly, the received signal vector is represented 
by 
𝐲(𝐭∗, 𝐫∗) = 𝐇(𝐭∗, 𝐫∗)𝐬 + 𝐳, (1)

where 𝐳 represents the additive white Gaussian noise vector at the 
receiver given by 𝐳 ∼  (0, 𝜎2𝐼𝑀 ). 𝐼𝑀  denotes an identity matrix of 
size 𝑀 ×𝑀 .

To calculate the power achieved in each position of the grid, we 
consider the received signal 𝐲 ∈ C𝑀×1 and proceed to determine its 
absolute value. After that, we square the absolute value of each element 
to calculate its power. The total power is then obtained by summing up 
all the individual powers.

2.2. Channel model

Typically MA-enabled communication systems are assumed to op-
erate following a far-field wireless channel model, meaning that the 
size of the transmit and receive region is significantly smaller than 
the propagation distance. As such, we might consider that for each 
channel path component, all the transmit and receive regions have 
the same Angle of Arrival (AoA), Angle of Departure (AoD), and 
amplitude of the complex path coefficient, while the phase varies for 
each different position. Specifically, in the simulations conducted the 
values of the AoA and AoD are static. In this work, we assume the 
existence of 5 signal paths and the values of AoA and AoD of each path 
are [−𝜋∕3,−𝜋∕6, 0, 𝜋∕6, 𝜋∕3]. In terms of notation, the elevation and 
azimuth AoD of the transmit path are denoted as 𝜃𝑡 and 𝜙𝑡, respectively. 
As for the receive path, the elevation and azimuth are denoted as 𝜃𝑟 and 
𝜙𝑟, respectively. The number of transmit and receive paths are denoted 
as 𝐿𝑡 and 𝐿𝑟, respectively.

The difference of the signal propagation for each 𝑝th transmit path 
(𝑝 = 1, 2, . . . , 𝐿𝑡) is 
𝜌𝑝𝑡 (𝑡) = 𝑥𝑡 sin

(

𝜃𝑝𝑡
)

cos
(

𝜙𝑝
𝑡
)

+ 𝑦𝑡 cos
(

𝜃𝑝𝑡
)

. (2)

The field response vector of the transmit antenna is written as 

𝐠(𝑡) ≜ [𝑒𝑗
2𝜋
𝜆 𝜌1𝑡 (𝑡), 𝑒𝑗

2𝜋
𝜆 𝜌2𝑡 (𝑡),… , 𝑒𝑗

2𝜋
𝜆 𝜌𝐿𝑡𝑡 (𝑡)]T ∈ C𝐿𝑡 . (3)

When the 𝑁 transmit antennas are considered, the field response matrix 
is given by 
𝐆(𝐭∗) ≜ [𝑔(𝑡1), 𝑔(𝑡2),… , 𝑔(𝑡𝑁 )] ∈ C𝐿𝑡×𝑁 . (4)

In a similar way, the difference of the signal propagation distance for 
the q-th transmit path (q = 1, 2, . . . , 𝐿𝑟) is 
𝜌𝑞𝑟 (𝑟) = 𝑥𝑟 sin

(

𝜃𝑞𝑟
)

cos
(

𝜙𝑞
𝑟
)

+ 𝑦𝑟 cos
(

𝜃𝑞𝑟
)

, (5)

and the field response vector of the receiving MA is given by 

𝐟 (𝑟) ≜ [𝑒𝑗
2𝜋
𝜆 𝜌1𝑟 (𝑟), 𝑒𝑗

2𝜋
𝜆 𝜌2𝑟 (𝑟),… , 𝑒𝑗

2𝜋
𝜆 𝜌𝐿𝑟𝑟 (𝑟)]T ∈ C𝐿𝑟 . (6)

Similarly to the transmit antennas, the field response matrix that con-
siders all the M-receiving MAs is defined as 
𝐅(𝐫∗) ≜ [𝑓 (𝑟 ), 𝑓 (𝑟 ),… , 𝑓 (𝑟 )] ∈ C𝐿𝑟×𝑀 . (7)
1 2 𝑀
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In scenarios where multiple antennas are used, they are positioned 
slightly apart to simulate a realistic antenna array. For example, when 
considering 𝑁 transmit antennas, we admit that each antenna is sepa-
rated by a distance of 𝜗 = 0.01𝜆 along the 𝑥 and 𝑦 directions from its 
adjacent antennas. This separation affects the calculation of the field 
response vectors as follows 

𝐠(𝐩) = 𝑒𝑗
2𝜋
𝜆 [(𝑡(1)+(𝑛−1)𝜗) sin(𝜃𝑡(𝑝)) cos(𝜙𝑡(𝑝))]𝑒𝑗

2𝜋
𝜆 [(𝑡(2)+(𝑛−1)𝜗) cos(𝜃𝑡(𝑝))], (8)

where 𝑡(𝑛) denotes the position of the 𝑛th transmit antenna.
Similarly, for the receive antennas we have 

𝐟 (𝐪) = 𝑒𝑗
2𝜋
𝜆 [(𝑟(1)+(𝑚−1)𝜗) sin(𝜃𝑟(𝑞)) cos(𝜙𝑟(𝑞))]𝑒𝑗

2𝜋
𝜆 [(𝑟(2)+(𝑚−1)𝜗) cos(𝜃𝑟(𝑞))], (9)

where 𝑟(𝑚) denotes the position of the 𝑚th receive antenna.
Moreover, the path response matrix between the origin of the trans-

mit region and the origin of the receive region is defined as 𝚺 ∈ C𝐿𝑟×𝐿𝑡 . 
Then, the response between the 𝑝th transmit path and the q-th receive 
path is represented by 𝚺[𝑞, 𝑝]. This matrix is considered to be diagonal 
with 𝚺[1, 1] ∼  (0, 𝜅

(𝜅+1) ) and 𝚺[𝑝, 𝑝] ∼  (0, 1
(𝜅+1)(𝐿𝑟−1)

). 𝜅 represents 
the ratio between the average power of Line of Sight (LoS) paths and 
Non-Line of Sight (NLoS) paths and in this case is considered to be 1.

Therefore, the channel matrix between the transmitter and the 
receiver is written as 
𝐇(𝐭∗, 𝐫∗) = 𝐅(𝐫∗)H𝚺𝐆(𝐭∗). (10)

Each realization of (10) determines the channel gains for the multiple 
locations of 𝐆, which is taken into account in (1) to compute the SNR 
of the received signal at the multiple locations of the grid 𝐉.

3. Antenna mobility heuristics

In total, five solutions were considered to analyze the performance 
of MA-based systems. The capacity for a specific position is given by 
𝐶 = 𝐵 log2 (1 + 𝜚) , (11)

where 𝐵 is assumed to be 1 Hz, and 𝜚 represents the SNR at the 
receiver. The performance achieved by these solutions assumes a worst-
case scenario, where the antennas do not receive any data while in 
motion. As such, we designate the period during which the antennas 
are stationary and receiving data as the ‘‘receiving time’’.

3.1. Solution 𝑆1: Blind

The first solution, 𝑆1, uses a simple and random approach repre-
senting the performance baseline. The MAs start by randomly selecting 
a single location in the grid. The capacity at this location is then 
calculated for 100,000 different realizations of the model proposed in 
Section 2.1 at that location. For comparison purposes, we consider the 
average of the capacities computed through (11). This solution consid-
ers no mobility and allows the definition of a benchmark regarding the 
throughput achieved at a point without ever changing the position of 
the antenna. Due to the lack of related work regarding mobility in these 
types of systems, we cannot establish a comparison between our results 
and those of other authors. Therefore, this conservative approach serves 
as a baseline for comparison purposes.

3.2. Solution 𝑆2: Blind random

In 𝑆2, we first consider a realization of the model in Section 2.1. 
The MAs can move to 12, 24, or 36 points randomly chosen from the 
grid 𝐉. It is important to note that no mechanism is implemented to 
avoid selecting the same point multiple times. In this approach, the 
total time interval considered on each simulation stage, represented by 
𝑇𝑆 , is equally divided by all points. For 12 points, this means that the 
MAs move to a different position and remain at that location receiving
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Fig. 1. Representation of 𝑇𝑆 division for Solution 𝑆2.

Fig. 2. Representation of 𝑇𝑆 division for Solutions 𝑆3, 𝑆4 and 𝑆5.

data for 𝑇𝑆∕12 s, which includes the time needed to commute to that 
location, denoted as 𝑇𝑀 . After elapsing 𝑇𝑆 , the process is repeated 
considering a new realization of the model in Section 2.1 for each 
of the additional 999 simulation stages. This approach allows us to 
obtain the throughput when the antenna probes and receives data 
during a period on each of the considered locations, admitting that the 
simulation time is fairly divided by all considered locations (e.g., 𝑇𝑆∕12
s per location when 12 points are considered). To better understand 
how the total time interval, 𝑇𝑆 , is divided equally through all points, a 
visual representation is presented in Fig.  1, where 𝑁𝑝 = 12 represents 
the number of different points the antenna moves to, 𝑇𝑀𝑥 represents 
the time needed to move the antenna to the 𝑥th point, 𝑇𝑋 represents 
the transmission time, and 𝑇𝑝 = 𝑇𝑀𝑥 + 𝑇𝑋 represents the time to move 
to a specific point plus the time transmitting information at that point.

3.3. Solution 𝑆3: Split phase - random

This solution is similar to the Blind Random algorithm since MAs 
also select random points from the grid 𝐉 but include a constraint to 
prevent selecting the same point more than once. After selecting and 
consecutively moving to the 12, 24, or 36 points, and calculating the 
capacity for each, the one with the highest value is selected. Differently 
from the previous solution, where the MAs move to the points and the 
moving plus receiving time is equal to all points, in this approach, the 
exploitation is done first for all points, which takes a certain amount 
of time, 𝑇𝑀 , due to the time required to move the antenna to the 
different points. Once the point with the highest capacity from the 12, 
24, or 36 visited points is identified, the antenna is moved to that point 
and receives data during the remaining simulation time, i.e., 𝑇𝑆 − 𝑇𝑀 , 
identified in Fig.  2 by the green time period. Considering this approach, 
the antenna only receives data at the location that achieves the highest 
capacity, but since the visited points are randomly selected, the time 
spent commuting between points can eventually lower the throughput. 
As in solution 𝑆2, 1000 simulation stages are performed considering 
independent realizations of the model in Section 2.1. A representation 
of the 𝑇𝑆 division for 𝑆3 is illustrated in Fig.  2. It is important to 
note that this type of structure, where the capacity of the different 
locations is first evaluated before the transmission stage, is also applied 
to solutions 𝑆4 and 𝑆5.

3.4. Solution 𝑆4: Split phase - brute force

The fourth solution, 𝑆4, is a split-phase brute force where the 
pattern of locations is predefined. There is a first phase of exploita-
tion in which a first point is selected randomly and its capacity is 
4 
Fig. 3. Exploitation movement pattern of Solution 𝑆4.

Fig. 4. Exploitation movement pattern of Solution 𝑆5.

calculated and stored. From there, the adjacent points are traversed 
clockwise and their respective capacity is determined and saved as 
well. A representation of the described exploitation movement pattern 
is present in Fig.  3. When all the adjacent points are considered the 
radius from the initial point is increased and the points are covered 
clockwise once again while calculating and storing their capacity as 
represented by the motion pattern in Fig.  3. Once 12, 24, or 36 points 
are evaluated, the optimization phase begins in which the antenna 
is moved to the point previously identified as having the highest bit 
rate. This process is repeated for 999 simulation stages, considering 
independent realizations of the model in Section 2.1. Similarly to 
the previous solution, 𝑆3, the exploitation phase is conducted at the 
beginning of the process and takes a certain amount of time, 𝑇𝑀 . Then, 
the antenna receives data in the position in which the highest capacity 
was determined during the remaining time 𝑇𝑆 − 𝑇𝑀 . This approach 
has the upside that all the points considered are very close to each 
other and the commuting time 𝑇𝑀  has a smaller influence on the final 
throughput when compared to 𝑆3.

3.5. Solution 𝑆5: Split phase - hierarchical

The last solution is also a split-phase and follows a hierarchical 
approach. Fig.  4 presents an illustration of how this solution is applied 
with regards to the subsequent division of the grid 𝐉 in quadrants. 
The approach starts with the exploitation phase in which the grid is 
divided into four quadrants and the capacity of the center point of 
each quadrant is calculated. The four capacity values obtained in each 
quadrant are then compared and the quadrant with the highest capacity 
is then selected. The described process is then repeated for the selected 
quadrant. The quadrant is divided again, with the previously identified 
best point becoming the center of the new quadrants. This procedure is 
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Table 1
Throughput mean values and confidence intervals for different solutions and configu-
rations - SISO scenario with 𝐿𝑡 = 𝐿𝑟 = 3.
 Solution # of points 𝑇𝑆 (s) 𝑆 (bps/Hz) 𝑆 - confidence int.  
 𝑆1 – – 2.0443 [2.0344, 2.0543]  
 𝑆2 12 60 1.7862 [1.7611, 1.8114]  
 𝑆2 12 30 1.5514 [1.5292, 1.5736]  
 𝑆2 24 60 1.5199 [1.5039, 1.5359]  
 𝑆2 24 30 1.0114 [0.99932, 1.0235]  
 𝑆2 36 60 1.2735 [1.2621, 1.2849]  
 𝑆2 36 30 0.49195 [0.48222, 0.50169] 
 𝑆3 12 60 4.4803 [4.4092, 4.5514]  
 𝑆3 12 30 3.8268 [3.7659, 3.8877]  
 𝑆3 24 60 4.3488 [4.2949, 4.4027]  
 𝑆3 24 30 2.8196 [2.7796, 2.8596]  
 𝑆3 36 60 3.8471 [3.8063, 3.888]  
 𝑆3 36 30 1.356 [1.3266, 1.3855]  
 𝑆4 12 60 5.1879 [5.1071, 5.2687]  
 𝑆4 12 30 5.1656 [5.0836, 5.2476]  
 𝑆4 24 60 5.8503 [5.7809, 5.9197]  
 𝑆4 24 30 5.7219 [5.656, 5.7877]  
 𝑆4 36 60 6.225 [6.1595, 6.2905]  
 𝑆4 36 30 6.0743 [6.0149, 6.1338]  
 𝑆5 12 60 3.5391 [3.4512, 3.6269]  
 𝑆5 12 30 3.2459 [3.1652, 3.3265]  

Table 2
Throughput mean values and confidence intervals for different solutions and configu-
rations - MIMO scenarios with 𝐿𝑡 = 𝐿𝑟 = 5.
 Solution # of points 𝑇𝑆 (s) 𝑆 (bps/Hz) 𝑆 - confidence int. 
 𝑆1 – – 3.945 [3.932, 3.9581]  
 𝑆2 12 60 3.4575 [3.4227, 3.4923]  
 𝑆2 12 30 2.9686 [2.9387, 2.9986]  
 𝑆2 24 60 2.9429 [2.922, 2.9638]  
 𝑆2 24 30 1.9582 [1.9396, 1.9768]  
 𝑆2 36 60 2.4406 [2.4248, 2.4564]  
 𝑆2 36 30 0.92933 [0.9121, 0.94656]  
 𝑆3 12 60 6.6237 [6.5562, 6.6911]  
 𝑆3 12 30 5.6009 [5.5404, 5.6614]  
 𝑆3 24 60 6.1738 [6.1222, 6.2255]  
 𝑆3 24 30 3.9303 [3.888, 3.9725]  
 𝑆3 36 60 5.2996 [5.2568, 5.3425]  
 𝑆3 36 30 1.8732 [1.8341, 1.9124]  
 𝑆4 12 60 7.6536 [7.5789, 7.7284]  
 𝑆4 12 30 7.534 [7.4566, 7.6114]  
 𝑆4 24 60 8.2082 [8.1432, 8.2733]  
 𝑆4 24 30 8.1458 [8.0806, 8.211]  
 𝑆4 36 60 8.5502 [8.4909, 8.6094]  
 𝑆4 36 30 8.3411 [8.2813, 8.4009]  
 𝑆5 12 60 5.7267 [5.6321, 5.8214]  
 𝑆5 12 30 5.2514 [5.1646, 5.3382]  

repeated once more, changing the search area again. Due to the adopted 
method, this solution considers only 12 points of exploitation (4 points 
in each of the 3 quadrants). When the point with the highest capacity is 
identified, its capacity is considered for the rest of the stage simulation 
time (𝑇𝑆 ). This process is repeated for additional 999 simulation stages, 
considering independent realizations of the model in Section 2.1. We 
highlight that the commuting time during the exploitation phase is 
considered and the antenna only receives data at the point that achieves 
the highest capacity during the exploitation phase. This approach is a 
bit more restrictive in terms of which points can be considered, which 
might inhibit the solution from achieving higher values of capacity. 
However, this restriction also means that the time spent transitioning 
between points is constant due to the fixed pattern of locations, which 
can be an advantage when compared to the random selection of the 
points considered in the exploitation phase of solutions 𝑆  and 𝑆 .
2 3
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3.6. Final remarks

In this work we do not focus on analyzing the additional com-
putational and signaling overhead associated with real-time channel 
state estimation and antenna positioning. However, we acknowledge 
the practical significance of channel estimation and its integration 
into the system’s operation. In the proposed solutions, we explicitly 
account for the time required to move the antenna, as this is a critical 
factor affecting system performance. Notably, the time scale of antenna 
movement is relatively slow compared to the time needed for channel 
estimation in most practical scenarios. Therefore, the time allocated 
for antenna movement can inherently accommodate the time required 
for channel state estimation without significantly impacting the overall 
system performance and is an important aspect of the exploitation stage 
in all the proposed solutions, because an accurate estimation of the 
channel state at each exploitation location is required to determine the 
capacity 𝐶 achieved in that position. 

4. Performance evaluation

In this section, we present the simulation results to assess the per-
formance of the solutions proposed in Section 3. The section evaluates 
the throughput performance and energy efficiency.

4.1. Throughput performance

The throughput performance is evaluated through simulation. In the 
simulation, the transmission frequency is assumed to be 1 GHz and the 
wavelength (𝜆) is 30 cm. The grid considered has 40 × 40 discrete 
points, totaling 1600 points, considering 𝑛𝜆 = 2 and 𝛿 = 10. The 
simulation assumes 2 different scenarios. The first scenario considers 
a SISO communication system with a single fixed transmit antenna 
at the position [0, 0] and a single MA receive antenna that moves 
according to the different movement patterns of the proposed solutions. 
In this scenario, the number of transmit and receive paths are the same, 
i.e., 𝐿𝑡 = 𝐿𝑟=3. The second scenario is a MIMO communication system 
with 2 fixed transmit antennas in the positions [0,0] and [0+𝜗, 0+𝜗] 
and 2 MA receive antennas that also move according to the solutions 
presented in Section 3. The number of transmit and receive paths are 
the same, i.e., 𝐿𝑡 = 𝐿𝑟=5. The noise is generated considering 𝜎 = 1.

In solutions 𝑆2, 𝑆3, and 𝑆4, the number of exploitation points is 
assumed to be 12, 24, and 36. We highlight that in solution 𝑆5 only 
12 exploitation points are considered due to the hierarchic exploitation 
search. For the solution 𝑆1 only a single location is considered, as the 
receiver is always fixed at that location. We consider two different 
values for the duration of each simulation stage, i.e., 𝑇𝑆 lasts 30 s or 
60 s, to assess the influence of the exploitation commuting time on the 
duration of the simulation stage. During the 𝑇𝑆 period, the receiver 
halts the reception while commuting to a different location, and the 
throughput, 𝑆, considers the capacity achieved at the locations of the 
MAs when not moving. The throughput incorporates the amount of 
weighted time that MAs receive data, i.e., the capacity is weighed by
𝑇𝑆 − 𝑇𝑀

𝑇𝑆
, 𝑇𝑀 < 𝑇𝑆 ,

where 𝑇𝑀  represents the time commuting to the different exploitation 
locations. 𝑇𝑀  is computed considering the physical distance between 
the transitioned points and admits that the antenna moves at a speed 
of 1 m/s.

The throughput values for the first and second scenarios are pre-
sented in Table  1 and Table  2, respectively, for the different solu-
tions, number of exploitation points, simulation time, and average and 
confidence interval at 95% of the confidence level of the throughput.

The same results are plotted in Fig.  5 and Fig.  7 for the SISO 
and MIMO scenarios respectively. These figures present the maximum 
achievable throughput of 8.38322 bps/Hz for the SISO scenario and 
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Fig. 5. Comparison of the average throughput, 𝑆 (in bps/Hz), for different solutions and configurations for the SISO scenario.
Fig. 6. Comparison of receiving time (in seconds), 𝑇𝑆 − 𝑇𝑀 , for the different solutions and configurations shown in Fig.  5.
11.1089 bps/Hz for the MIMO scenario. These maximum values were 
computed considering that the MAs were positioned during the entire 
simulation period 𝑇𝑆 at the location of the grid where the maximum 
capacity is achieved and for 1000 independent realization of the model 
in Section 2.1.

Regarding the results plotted in Figs.  5 and 7, we observe that main-
taining the MAs at a random fixed position during the entire simulation 
(𝑆1) can perform better than adopting the random exploitation points 
according to the solution 𝑆2. The cause of underperformance of 𝑆2 is 
mainly due to the time commuting to the multiple random locations, 
which limits the receiving time, as shown in Figs.  6 and 8. In 𝑆2, 
the results in Fig.  6 show that the receiving time decreases as more 
exploitation points are considered, lowering the achieved throughput, 
as plotted in Fig.  5. The results regarding the MIMO scenario also show 
the same behavior.

When comparing solutions 𝑆2 and 𝑆3, we conclude that the through-
put achieved by 𝑆3 is significantly higher, showing the advantage of 
only starting the reception on the location that achieves the highest 
capacity during the exploitation stage. Although the results for both 
scenarios show that 𝑆  and 𝑆  achieve similar receiving times, 𝑆
2 3 3
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benefits from receiving at the optimal location from the ones probed 
during the exploitation, which increases the throughput of the sim-
ulated scenarios of least 88%. In both 𝑆2 and 𝑆3, the throughput 
decreases if a shorter simulating stage is assumed, i.e., 𝑇𝑆 = 30 s instead 
of 𝑇𝑆 = 60 s, due to the influence of a similar commuting time in a 
shorter simulation stage period.

In Fig.  5, we observe that solution 𝑆4 achieves the highest through-
put. As can be seen from the results in Fig.  6, this advantage is mainly 
due to the low commuting time due to the proximity of the exploited 
locations, which allows the MAs to receive data for a longer period 
when compared to the other solutions. For 𝑆4, we also observe a slight 
increase in the throughput with the number of exploited points, which 
is explained by the larger diversity of locations probed during the 
exploitation stage. Regarding the results achieved in 𝑆5, the throughput 
is slightly lower than the throughput achieved by 𝑆3, and although this 
solution achieves a higher receiving time, the mobility pattern during 
the exploitation stage is not so efficient as the one adopted in 𝑆3 or 𝑆4. 
Once again, the same conclusions can be drawn for the MIMO results.

We highlight that both 𝑆3, 𝑆4, and 𝑆5, achieve higher throughput 
than a randomly chosen fixed location, as adopted in 𝑆 , and in the best 
1
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Fig. 7. Comparison of the average throughput, 𝑆 (in bps/Hz), for different solutions and configurations for the MIMO scenario.
Fig. 8. Comparison of receiving time (in seconds), 𝑇𝑆 − 𝑇𝑀 , for the different solutions and configurations shown in Fig.  7.
case, the solution 𝑆4 can effectively double the throughput achieved 
by 𝑆1 and achieve approximately 77% of the optimal throughput in 
both cases. Additionally, we show that in our study, which considers a 
SISO and a MIMO scenario with different numbers of transmit paths, 
the trend of the performance of all the solutions is equivalent for both 
cases, meaning that the only advantage of a more complex system, 
like MIMO, and considering more transmit paths is that this system 
can achieve higher capacity values but it does not affect the overall 
performance of the proposed antenna mobility solutions.

Finally, we outline that while the proposed mobility solutions are 
solely focused on the motion aspect and do not inherently adapt to en-
vironmental changes such as obstacles or interference, the exploitation 
plus exploration time, 𝑇𝑆 , can be shortened to enable more frequent 
sampling of multiple positions. By doing so, the proposed solutions 
can indirectly account for signal degradation at specific locations by 
revisiting them more often. It is important to note, however, that this 
approach introduces a tradeoff: on one hand, performance may improve 
due to more frequent exploration and adaptation to environmental 
conditions. On the other hand, the mobility overhead increases as a 
result of more frequent exploration. This tradeoff needs to be carefully 
evaluated based on the specific application and deployment scenario. 
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4.2. Energy efficiency

Energy efficiency is an important aspect of MA systems, particularly 
in the context of modern wireless networks where sustainability and en-
ergy conservation are key considerations. MA systems consume energy 
primarily for their repositioning mechanisms and data transmission. To 
ensure energy efficiency, it is essential to balance the energy spent on 
antenna movement with the gains achieved in communication perfor-
mance. In our work, the mobility patterns are designed as heuristics and 
some of them avoid unnecessary movement, thereby reducing energy 
overhead while improving the communication performance.

The movement of the antenna introduces a tradeoff between the 
energy consumed for mobility and the potential gains in communica-
tion performance. While static antenna systems avoid mobility energy 
costs, they may require higher transmission power to compensate for 
suboptimal positioning, especially in dynamic environments. Movable 
antennas, by adaptively optimizing their positions, can achieve im-
proved energy efficiency in the long run by reducing the transmission 
power required to maintain link quality.

We evaluate the energy consumption associated with communica-
tions and antenna mobility. The power required for communications is 
denoted by 𝑃 . The power required for antenna mobility is represented 
𝐶
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Fig. 9. Energy consumption, 𝐸𝑀 , for the MIMO scenario considered in Fig.  7 and for 𝑃𝑀 = 2𝛥𝑊  W and 𝑇𝑆 = 60 s.
by 𝑃𝑀 . To generalize, we consider that 𝑃𝐶 and 𝑃𝑀  are given in 𝛥𝑊
units of power. The ratio of antenna mobility power to communication 
power is given by 

𝛾 =
𝑃𝑀
𝑃𝐶

. (12)

The energy consumption due to communications is expressed as 
𝐸𝐶 = 𝑃𝐶 (𝑇𝑆 − 𝑇𝑀 ), (13)

where 𝑇𝑆 and 𝑇𝑀  are the durations defined for each solution in 
Section 3. The energy consumption due to antenna mobility is given 
by 
𝐸𝑀 = 𝑃𝑀𝑇𝑀 . (14)

The energy efficiency of the system is defined as the ratio of the 
achievable communication capacity 𝐶 to the total energy consumption 
𝐸𝐶 + 𝐸𝑀 , and is written as 

𝛤 = 𝐶
𝐸𝐶 + 𝐸𝑀

. (15)

This metric provides a quantitative measure of the system’s ability to 
balance communication performance with energy usage.

The results in Fig.  9 illustrate the energy consumption due to 
mobility, 𝐸𝑀 , for the MIMO scenario considered in Fig.  7, assuming 
that the power required for antenna mobility is 𝑃𝑀 = 2𝛥𝑊 . The results 
are provided for solutions 2 to 5, as solution 1 is excluded since it 
represents the case of a fixed antenna without mobility. Furthermore, 
the results include the different exploitation points adopted in solutions 
2, 3, and 4. In general, it is observed that solution 3 slightly consumes 
more energy for antenna mobility than solution 2, whereas solution 4 
achieves the lowest energy consumption. This behavior is primarily due 
to the closeness of the points to which the antenna moves in solution 
4, which reduces the energy required for mobility.

The results in Fig.  10 illustrate the energy efficiency, 𝛤 , for the 
MIMO scenario considered in Fig.  7, assuming that the power required 
for antenna mobility can be 2 or 4 times the power required for 
communication, i.e., 𝛾 = 2 or 𝛾 = 4, respectively. The results indicate 
that solution 2 is always less efficient than maintaining the antenna in 
a fixed position. This observation also holds true for solution 3 with 
4 and 36 exploitation points, as the energy consumed to move the 
antenna strongly penalizes the energy efficiency. However, for solutions 
4, 5, and solution 3 with 12 exploitation points, the gain in throughput 
combined with the low energy consumption due to antenna mobility 
makes them more energy efficient. These results show that MAs can 
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simultaneously improve throughput and energy efficiency compared to 
fixed antenna solutions. Nevertheless, we emphasize the importance of 
selecting mobility patterns that minimize the distance the antenna must 
move to identify locations where capacity is effectively increased.
5. Conclusions

This paper has showed the potential benefits of using movable 
antenna systems to enhance the performance of SISO systems and 
multi-tap MIMO systems. By introducing and evaluating four distinct 
antenna mobility patterns, we have provided insights into how dynamic 
antenna positioning can improve system capacity. Our results show 
that by carefully selecting mobility patterns, up to 77% of the system’s 
optimal throughput can be achieved, highlighting the importance of 
exploiting spatial diversity through antenna movement. Additionally, 
we have shown that even simple mobility patterns can significantly im-
prove performance, more than doubling system throughput compared 
to a static antenna setup. However, we also acknowledged the tradeoff 
between throughput gains and the downtime associated with antenna 
movement, which needs to be carefully balanced in practical implemen-
tations.  Regarding the practical feasibility of the proposed solutions, 
we highlight that the implementation of the different solutions requires 
a movable antenna system, but as simple heuristics, they do not necessi-
tate additional hardware beyond the mobility mechanisms, resulting in 
no added hardware costs. Additionally, these heuristic-based solutions 
avoid complex optimization processes, reducing system complexity 
compared to optimal schemes that require extensive environmental 
information and computational resources. This simplicity enhances the 
practical feasibility of the approach, particularly in scenarios where 
cost-effectiveness and reduced complexity are essential.

Future research could focus on integrating movable antenna sys-
tems with advanced network architectures, such as IRS, ISAC, and 
NOMA. This integration has the potential to optimize coverage, capac-
ity, and spectral efficiency, especially in 5G and beyond. Additionally, 
while our goal in this work is focused on predefined mobility pat-
terns, future work could investigate adaptive mobility patterns that 
dynamically respond to real-time environmental factors like obstacles, 
interference, and user mobility. This direction would benefit from the 
incorporation of machine learning algorithms for environment-aware 
decision-making. Energy consumption remains a critical challenge, and 
exploring energy-efficient mobility mechanisms, along with assessing 
their impact on network performance, could pave the way for more 
sustainable deployments. Finally, extending movable antenna systems 
to emerging use cases, such as unmanned aerial vehicles (UAVs), 
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Fig. 10. Energy efficiency, 𝛤 , for the MIMO scenario considered in Fig.  7 and for 𝑃𝑀 = 𝛥𝑊  W, 𝑇𝑆 = 60 s, and different 𝛾 values.
autonomous vehicles, and industrial IoT, where dynamic mobility is 
essential for reliable communications, could significantly enhance the 
practical applicability of these systems.
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