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Polarization Aware Movable Antenna

Runxin Zhang, Yulin Shao, Yonina C. Eldar

Abstract—This paper presents a polarization-aware movable
antenna (PAMA) framework that integrates polarization effects
into the design and optimization of movable antennas (MAs).
While MAs have proven effective at boosting wireless commu-
nication performance, existing studies primarily focus on phase
variations caused by different propagation paths and leverage
antenna movements to maximize channel gains. This narrow
focus limits the full potential of MAs. In this work, we introduce
a polarization-aware channel model rooted in electromagnetic
theory, unveiling a defining advantage of MAs over other wireless
technologies such as precoding: the ability to optimize polariza-
tion matching. This new understanding enables PAMA to extend
the applicability of MAs beyond radio-frequency, multipath-rich
scenarios to higher-frequency bands, such as mmWave, even with
a single line-of-sight (LOS) path. Our findings demonstrate that
incorporating polarization considerations into MAs significantly
enhances efficiency, link reliability, and data throughput, paving
the way for more robust and efficient future wireless networks.

Index Terms—Movable antenna, fluid antenna system, polar-
ization, mmWave, MU-MISO.

I. INTRODUCTION

The relentless pursuit of high-speed and reliable wire-
less communication has become a cornerstone of modern
technological advancement. Emerging applications such as
autonomous vehicles, the artificial intelligence of things, and
augmented reality demand seamless connectivity with un-
precedented data rates and minimal latency [1]-[3]. These
evolving requirements are pushing the boundaries of exist-
ing wireless communication systems, necessitating innovative
solutions to address challenges like spectrum scarcity, signal
degradation, and dynamic environmental conditions.

One promising technique that has emerged to meet these
challenges is the use of movable antennas (MAs) [4]-[7],
also known as fluid antenna systems (FAS) [8]-[12]. By
dynamically adjusting the position and orientation of antennas,
it is possible to achieve enhanced signal-to-noise ratio (SNR),
wider coverage, and adaptability to changing environments and
user locations, without solely relying on traditional methods
like increasing transmission power, beamforming, or deploying
additional infrastructure [13]-[19].

Previous research has explored the applications of MAs and
FAS in radio frequency bands characterized by rich multipath
environments [4], [8]. In these settings, antenna movement is
leveraged to exploit spatial diversity arising from amplitude
fluctuations caused by multipath propagation.

In [8], the authors propose FAS that allows the receiving
antenna to move to positions to capture the strongest sig-
nal. Analysis of outage probability demonstrates that, within
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Fig. 1: Movable antennas with the capability for 3D translation
and rotation.

a movement range of 0.2)\, FAS can achieve performance
comparable to a maximal ratio combining system with five
antennas spanning 2. This flexibility in antenna positioning
offers significant advantages, especially in scenarios requiring
massive connectivity. It allows each user to find an optimal
position where instantaneous interference is minimized, effec-
tively creating deep nulls. This spatial multiplexing gain facili-
tates multi-user access, a concept introduced as Fluid Antenna
Multiple Access (FAMA) in [9]. Building upon this concept,
[10] extends FAS to a two-dimensional (2D) implementation
and discusses reconfigurable pixel technologies as a practical
approach for realization. Additionally, [20] introduces a con-
tinuous FAS (CFAS) architecture, demonstrating that CFAS
outperforms discrete FAS with limited ports, particularly at
medium to high threshold levels.

The MA system presented in [4], [18] exhibits additional
phase variations due to antenna translation, surpassing fixed-
position antennas in both deterministic and stochastic chan-
nels. The system’s performance further improves with in-
creased positioning accuracy, larger movement ranges, and
enhanced multipath effects. Building on MA system, ad-
vancements in six-dimensional (6D) systems, such as those
discussed in [5], [21], enable simultaneous three-dimensional
(3D) translation and rotation, enhancing the system’s direc-
tional capabilities. By imposing spatial constraints on surfaces
equipped with 6D movable antennas (6DMA), user inter-
ference is reduced, improving the signal-to-interference-plus-
noise ratio (SINR). In [6], the 6DMA model is simplified
by integrating conventional fixed-position antenna arrays with
6DMA surfaces capable of rotating along a circular path. By
limiting the degrees of freedom for surface movement to the
azimuth angle along the circular track, computational com-
plexity is significantly reduced while enhancing the system’s
maximum capacity.

Despite these advancements, the impact of polarization
changes due to antenna movement and rotation has been
largely overlooked. Polarization is a fundamental characteristic
of electromagnetic waves, describing the orientation of the
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electric field vector as the wave propagates through space
[22]-[26]. In wireless communication systems, proper align-
ment of polarization between transmitting and receiving anten-
nas is crucial for efficient signal transmission and reception.
When polarizations are properly aligned, the receiving antenna
can maximally capture the transmitted energy, resulting in
stronger signal strength, improved SNR, and enhanced overall
system performance. Conversely, polarization mismatch occurs
when there is a misalignment between the polarization ori-
entations of the transmitting and receiving antennas, leading
to significant signal attenuation as the misaligned component
of the electromagnetic wave is effectively lost. Neglecting
polarization effects can lead to incomplete system models
and suboptimal performance assessments, hindering a full
understanding of the impact and advantages of MAs.

This oversight is particularly critical as communication
systems move towards higher frequency bands, such as the
millimeter-wave (mmWave) spectrum [27], [28]. At these
higher frequencies, signal propagation becomes more direc-
tional with reduced diffraction around obstacles, often result-
ing in a single line-of-sight (LOS) link between transmitter
and receiver [29]. Previously, it was believed that MAs offer
no gains in such LOS scenarios due to the lack of multipath
diversity [4], [8]. However, our formulation incorporating
polarization effects indicates otherwise — MAs can achieve
significant performance gains even in LOS scenarios by facil-
itating polarization matching. As such, there is a clear gap in
current research: the need to incorporate polarization effects
into the design and optimization of MA systems, especially as
the wireless industry advances towards higher frequency bands
to achieve greater bandwidths and data rates.

To fill the gap, this paper makes the following main contri-
butions:

e We introduce a polarization-aware movable antenna
(PAMA) framework, which incorporates polarization ef-
fects into the design and optimization of antenna movement
and rotation. PAMA uncovers a previously overlooked,
but defining benefit of antenna movement — facilitating
optimal polarization matching between the transmitter and
receiver. By accounting for the impact of polarization
changes due to movement and rotation, PAMA provides a
more refined system model and deepens our understanding
of the dynamic capabilities of MAs.

 Building upon the electromagnetic theory, we develop a
polarization-aware channel model that describes the impact
of 3D movement and rotation of antennas on the channel
gains. Grounded in Maxwell’s equations, this model allows
for precise characterization of how antenna positioning and
orientation affect polarization alignment and, consequently,
signal reception quality. By integrating these factors into
the system design, we enable the optimization of antenna
movements to maintain polarization alignment, thereby
maximizing the sum rate of the communication system.

o Contrary to prior beliefs that MAs are more effective in
low-frequency, multipath-rich environments, our PAMA
framework demonstrates that MAs are highly effective in
higher frequency bands such as the mmWave band, even
with a single LOS link. The smaller size of antennas at
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Fig. 2: The two coordinate systems and their unit vectors.

higher frequencies makes them easier to move and rotate,
facilitating practical implementation of PAMA systems in
these bands. This new understanding extends the potential
and application of MA to next-generation wireless com-
munication systems that demand higher bandwidths.

Organization: The remainder of this paper is structured as
follows. Section II introduces the system model and essential
geometric concepts used throughout the work. Section III
presents our PAMA framework and the polarization-aware
channel model. Section IV explores the impacts of 3D antenna
translation and rotation on the PAMA channel gains. Section V
demonstrates the potential of PAMA through a sum-rate opti-
mization problem. Finally, Section VI concludes the paper.

Notations: We use boldface lowercase letters to denote
column vectors (e.g., h, w) and boldface uppercase letters
to denote matrices (e.g., H, P). For a vector or matrix, (-)
denotes the transpose, (-)* denotes the complex conjugate, and
()" denotes the conjugate transpose. C stand for the sets
of complex values. The imaginary unit is represented by j.
The Euclidean norm of a vector p is denoted by |p|. For two
vectors @ and b, (a,b) denotes the angle between them, and
a - b denotes their inner product.

II. SYSTEM MODEL

We consider a mobile edge network within a 3D envi-
ronment. The network comprises a base station (BS) and
K mobile users distributed within the 3D space. The BS is
equipped with L half-wave dipole antennas, and each mobile
user is equipped with a single half-wave dipole antenna. We
focus on the downlink transmission from the BS to the users,
operating in the mmWave frequency band. Both the antennas
at the BS and mobile users are movable.

Definition 1 (Movable Antennas). A movable antenna is
capable of performing 3D translations and 3D rotations,
allowing it to navigate through and orient within 3D space,
as depicted in Fig. 1.

Translation typically requires larger operational spaces, of-
ten spanning tens of wavelengths, whereas rotation can be
accommodated within a more compact area, approximately
the size of a half-wavelength sphere, as shown in Fig. 1.
In this work, we assume that the antennas on mobile users
are restricted to 3D rotation, due to the spatial constraint.
In contrast, the L antennas at the BS can perform both 3D
rotation and translation independently within a designated



TABLE I: Conversion formulas between the unit vectors of
CCS and SCS.

Dot products 1 7 k
v sinfcos¢  sinfsin¢ cos 6
4 cosfcos¢p cosfsing —sinf
") —sinf cos ¢ 0

region. The extension of this model to include translatable
antennas for mobile users is straightforward.

In this work, we consider the far-field scenario, which
implies the following:

« Plane wave. The waves received by the users can be treated
as plane waves because the propagation distance is much
greater than the wavelength and the dimensions of the
movable regions.

o Point representation of antennas. The physical sizes of
the transmitting and receiving antennas are negligible
compared to the propagation distance, allowing us to
represent their positions as points specified by their center
coordinates.

To mathematically represent the network and the positions
of the antennas, we establish two coordinate systems: the
Cartesian Coordinate System (CCS) and the Spherical Coor-
dinate System (SCS), as depicted in Fig. 2.

Definition 2 (Coordinate Systems). We define a CCS to de-
scribe the positions of the transmitting and receiving antennas,
with three orthogonal unit vectors denoted as 1, j, and k.

Correspondingly, an SCS is established with its origin at
point o = (0,0,0) in the CCS, and the direction of k serving
as the reference axis. The SCS has three unit vectors: the
radial unit vector v, the polar angle unit vector 9, and the
azimuthal angle unit vector .

Table I provides the conversion formulas between the unit
vectors of the two coordinate systems. For instance, the radial
unit vector v in the SCS can be expressed in terms of the CCS
unit vectors as v = sin(6) cos(¢)i+sin(0) sin(¢)j + cos(9)k.

Given the two coordinate systems, we introduce several
definitions regarding the antennas’ positions and orientations.

Definition 3 (Positions of the Antennas). In the far-field
scenario, the position of an antenna can be represented by its
center coordinates. We denote the center coordinate of the {-th
transmitting antennas at the BS by pt ¢ = (Tt 0, Yt.0, 21.0), L =
1,2,..., L. Similarly, the center coordinate of the receiving
antenna at the r-th user is denoted by P, . = (Tr.x, Yr,xs Zrx)
for k =1,2,... K.

Definition 4 (Directions of Antennas). The direction of an
antenna, characterized by a unit vector n, is the orientation in
which the antenna is pointed. We denote the direction (for the (-
th transmitting antenna at the BS by n; = (mg?, yt?, zt(?)
and for the receiving antenna at the k-th user by’ Ny =
(x(n) y( n) z("))
™Ky YT,K Hy #T,K

Definition 5 (Polar and Azimuthal Angles of Antennas). The
polar angle of an antenna, denoted by 0™ € [0, 7, is the an-

gle between k and the direction of the antenna. The azimuthal

(a) ¢-th transmitting antenna

¢ (n) "5

(b) k-th receiving antenna

Fig. 3: Illustration of the polar and azimuthal angles, along
with the geometric representation of the propagation link
between the ¢-th transmitting antenna and the k-th receiving
antenna.

angle of an antenna, denoted by ¢™ € [0,27), is the angle
measured counterclockwise from i to the projection of the
antenna onto the xoy plane. For the (-th transmitting antenna,
these angles are denoted by HETE) and qi)gz), respectively. For
the receiving antenna at the k-th user, they are denoted by
Gm and ¢£7,2, respectively.

The polar and azimuthal angles are illustrated in Fig. 3. A
summary of the definitions and their geometric relationships
is given in Tab. II.

Lemma 1. The direction of an antenna in the CCS can be
represented by its polar and azimuthal angles. For the (-th
transmitting antenna, we have

ea = (02, 47)

= (81119”, cos QSM ,sme((; sin ngt ¢ »COS 9(:;)) . (D

The CCS representation facilitates mathematical operations
such as dot products, providing computational simplicity. In
contrast, the SCS representation offers a clearer depiction of
the relationship between channel gains and antenna orienta-
tion.

III. THE PAMA FRAMEWORK

Building upon the system model, this section presents our
PAMA framework. At the core of wireless communication is
the interaction between transmitting and receiving antennas
through electromagnetic fields. An alternating current in the
transmitting antenna generates electromagnetic waves, creating
an electromagnetic field that propagates through space to the



receiver. The receiving antenna interacts with this field, specif-
ically sensing the electric field component, which induces a
current within the antenna used to recover the transmitted
signal. This fundamental interaction is governed by Maxwell’s
equations, which describe how electric and magnetic fields are
generated by charges and currents, and how they propagate in
space.

In this section, we begin by modeling the radiation of
the electric field from movable transmitting antennas, char-
acterizing how movements — 3D translations and rotations —
affect the spatial distribution and polarization of the emit-
ted electromagnetic waves. We then explore how movable
receiving antennas detect and interact with the electric field.
Ultimately, the analysis leads to a polarization-aware channel
representation for movable antennas.

A. Electric field radiation

Given that the electric field at the receiver is a superposition
of waves from all transmitting antennas, we can focus on
the radiation analysis of a single antenna. To facilitate the
exposition, we introduce the emission angle of a transmitting
antenna.

Definition 6 (Emission Angle). The emission angle 6le) e
[0, 7] is the angle between the direction of the transmitting
antenna and the propagation direction of the electromagnetic
wave from the antenna to an observation point p. The emission
angle of the (-th transmitting antenna can be written as

0 2 (p— promie), ®)

ple) _
where cos Gz’p = To=pe I medl”

Theorem 2 below summarizes the main result of this section.

Theorem 2 (Electric Field Radiation). Consider the (-th trans-
mitting antenna located at p; ; and oriented in the direction
Ny ¢. Suppose the transmitted signal at {-th antenna is sg. At
any observation point p in space, the electric field induced by
this antenna is given by

A
Evp=CEipne, (3)
. (e)

' o33 |p| COS (g cos Hl’p PP

Evp =2jcpise Tip| — el X TRl
p sin QZ’T,

nee = (rue ) &
ng(,p = P » )

‘nt,e - (Tlt,e : m) ol

where &, denotes the complex amplitude of the induced
electric field, incorporating both magnitude and phase; ng, ,
denotes the polarization direction of the electromagnetic wave
at point p; c is the speed of light; |1 is the magnetic
permeability of air, \ is the wavelength.

Proof. We start by considering a reference scenario where the
dipole antenna is stationary, located at the origin p;, = o,
and oriented along the direction n, = k. When transmitting

signal sy, the current density J applied to the dipole can be
written as [22]

2
J = Iysysin (;\T (2 — |z>)kz, |z| < % )

where [ is the maximum current. Without loss of generality,
we set Ip = 1.

In the mmWave band, signal diffraction and scattering are
minimal, making non-line-of-sight (NLOS) paths significantly
weaker than the LOS path.! Therefore, we only consider the
LOS component.

The electric field radiated by the stationary transmitting
antenna at any point p = (z,, y,, 2,) in space is given by

(e)
e—3%|p| COS (% cosbo.p

4x|pl sin 9,(,3)9

go,p = 2jclu/15€ "97 (5)

where 0(01, 1s the emission angle between k and p, and
cos 9(3, = \PH T |p| The unit vector 1 is the polarization
direction at p. ]JSq (5) is a classical result in electromagnetic
theory [22], [30] and provides the foundation for our analysis.
In Appendix A we provide a detailed derivation of this
equation from Maxwell’s equations.

We next consider the antenna movement. After translation
and rotation, the ¢-th antenna moves to p., with a direction
n;¢. The complex amplitude of the induced electric field
follows from (5) and can be written as

Com (T neple)
e—i % p—pi .| COS (5 cos 9@,p>

Evp = 2jcpse 5 (6)

dmlp —peel  sing))
where ' 1)) is the emission angle from p; ¢ to p. Under the far-
field COIldlthIl p and p — p ¢ can be treated parallel, hence
we have

1
|p — Pre| = |P| — |Pre| cos (P, pre) = |P| — mp Pt

(e) (P —Pee) M 1
—_— = —P- ntz
|(P D Z)‘ |”t€| | |

Therefore, (6) can be refined as

cosf,

om T e (e
e—i %Pl cos(2 cos@eﬁp)

g ]lp Pte (
0p N 2jCl1Sy e’ > ()
? 4r|p| sin %)
P
where the approximation follows from lim  (]p| —
[Pe.el/IP|—>0

£2:t) = |p|. Note that the term 37 in the exponent indicates

that the phase varies with dlstance on the order of the
wavelength, hence the term 2 "i - in the exponent cannot be
neglected.

At point p, the polarization direction of the electric field
is perpendicular to the propagation direction, and lies in the
plane formed by the direction of the transmitting antenna 72, ¢
and the propagation direction. Thus, the polarization direction
ng, , can be obtained by subtracting the component along the

I'As a concrete example, LOS signals can be over 50 dB stronger than the
NLOS signal at a distance of 100 meters, according to the mmWave channel
specified in 3GPP TR 38.901 [29].



TABLE II: A summary of the definitions and their geometric relationships.

For /-th transmitting antenna \

For k-th receiving antenna

Position Pt = (a?t e, Y, b 2t 4,)
21

L, e yt RIS
Polar Angle: 915 2, Azimuthal Angle: ¢>(77

. . Nie =
Direction

Pr,x Mg
\PrnH'ﬂt ¢l

Emission Angle 9(6) with cos 9< )

Position Pr.x = (337" Ky Yr,ks e, n)
. . MNr,k = <I£n27 yﬁn,g ) Z’S‘nﬂ) s )
Direction

Polar Angle: Gﬁn,{), Azimuthal Angle: qﬁ(”)
Prox M,

9(1) with sme(z)
[Pr, »i”'"‘r wl

e(t) with sn\0<) _ E1M41
sin (L) By

Incident Angle

Transmitted Angle

propagation direction from the direction of the transmitting
antenna, yielding

e — (e o) &
lpl) |pl

ne, = ®)
P p p
‘nt,é - (nm : m) ol

Combining (6) and (8) gives us the induced electric field at
observation point p in (3). O]

Eq. (3) reveals that, at a given observation point p, both the
complex amplitude and the polarization of the electric field
are affected by the movement of the transmitting antenna.

Corollary 3. The magnitude of the electric field

n 2cqinsg €08 ( cos 9(9))
4r|pl| sin 926

[Eepl £ €))

first increases and then decreases as a functton of IS
9(8)

14 p’
reaching its maximum value when . This variation
depends solely on the emission angle whlch results from the
3D orientation of the transmitting antenna.

Proof. See Appendix B. O

This paper focuses on the half-wave dipole, the most fun-
damental type of antenna, to develop the PAMA framework.
The dipole antenna is directional in the 3D space: when
positioned vertically, it radiates uniformly in the horizontal
plane but has directional properties in the vertical plane. Our
PAMA framework is sufficiently versatile to extend to more
complex directional antennas, provided their radiation patterns
are known.

B. Electric Field Sensing

Theorem 2 establishes the electric field induced by a mov-
able transmitting antenna. In this section, we explore how a
movable receiving antenna senses the electric field.

The process of capturing radio waves with a receiving
antenna involves the transmission of electromagnetic waves
from air into the antenna. Dipoles emit linearly polarized radio
waves, and when such a plane wave reaches the boundary
between the air and the antenna, part of the wave is reflected
back into the air, while the remainder is transmitted into the
antenna.

Definition 7 (Incident Angle). The incident angle 6 € [0, 5]
is the angle between the direction of the incoming electromag-
netic wave and the normal to the surface of the antenna at

Rx Antenna

~Refnjeina 7

Fig. 4: Illustration of the incident angle (") and transmitted
angle 6,

the point of impact. The direction of the normal nr . can be
obtained by subtracting the component that is collinear with
the receiving antenna n.., from the direction of the incident
electromagnetic wave py .:

1L Drr— (Pros " T )Mr

e = (10)
" ‘pr,/{ - (pr,n : nr,n) nr,n|

We denote by 9 .. the incident angle of the wave from the (-th
transmitting antenna to the k-th receiving antenna.

Definition 8 (Transmitted Angle). The transmitted angle
o) ¢ [0, 5] is the angle between the normal of the receiving
antenna and the new propagation direction of the electromag-
netic wave inside the antenna after it has entered.

An illustration of the incident angle and transmitted angle
is shown in Fig. 4

Definition 9 (Permittivity and Permeability). Permittivity €
quantifies the ability of a material to store electrical energy
in an electric field. Permeability | is a measure of how easy
or difficult it is for a magnetic field to pass through a material
[30]. We define €1 and o as the permittivity of air and
antenna, respectively, and (11 and po as the permeability of
air and antenna, respectively. We further define a relative
permittivity

2225

€1

Y

Er

Lemma 4 (Snell’s law [31]). Let €1 and €5 be the permittivity
of air and antenna, respectively, and py and ps be the
permeability of air and antenna, respectively. We have

sin 6®

_ /€111
) 52#2.

sin 6 (12)



A critical aspect of electric field sensing is polarization
matching, which refers to the alignment of the transmitting
and receiving antennas’ polarization states. The efficiency
of polarization matching determines how much energy is
transferred into the antenna. Therefore, effective polarization
matching is essential for maximizing the power transfer and
minimizing signal degradation, especially in systems with
movable antennas where orientation can dynamically change.

Definition 10 (Polarization Matching Angle). The polarization
matching angle « € 0, 7| is the angle between the polariza-
tion direction of the incident wave and the direction of the
receiving antenna. We denote by oy ., = (ngz,pm,nn@ the
polarization matching angle of the wave emitted from the (-th
transmitting antenna to the k-th receiving antenna.

Theorem 5 below summarizes the main result of this section.

Theorem 5 (Electric Field Sensing). Consider the signal
transmitted from the (-th transmitting antenna. The received
signal at the k-th user’ antenna can be written as

13)

)

Eip,. i
T,k = %M (aé,f)@'aaf,n> 5

M (08 0) =\ 1o i

where &y p, . is the complex amplitude of the induced electric
field by the (-th antenna at p,,; the constant Ap is an
antenna factor for converting field amplitude to voltage;
M (@Efi&%n) denotes the polarization matching efficiency,
considering both the polarization matching angle and energy
reflection; ') ., and ' |, are the energy reflection coefficients
for the horizontal and vertical polarization:

er — 1 4 cos? 4922@ — £, COS 92){

Lyw= ; (14)

\/sr — 1+ cos? 4922@ + &, cos 95,){

\/€T — 14 cos? 922@ — cos 922@

L= 15)

\/€T — 14 cos? 9221 -+ cos 922@

Proof. The electric field induced by the ¢-th transmitting
antenna possesses a polarization direction ng, , . The r-th
receiving antenna, oriented at m,. ,;, has a polarization match-
ing angle oy, w.r.t. the incident wave. We can partition the
incident polarization into horizontal and vertical components.

Due to the electromagnetic boundary conditions at the
interface of different media (air to antenna), part of the energy
of each polarization component is reflected. The reflection
coefficients T , and I', x, corresponding to horizontal and
vertical polarizations respectively, determine how much of the
incident wave’s energy is transmitted into the receiver.

The reflection coefficient I" for any polarization can gener-
ally be expressed in terms of the characteristic impedances of
the interacting media [24], [30]:

Iy 2

_ -4 16
Zy+ 71 (16)

where
1207, /’;—11 cos 021, for horizontal polarization,

(@)
1207, /&2 / cos O, .,

1207, / £2 cos 9?,1,
Z2 _ 2 7(t)
1207, /£2 / cos 0

0,k

Zy =
for vertical polarization,

for horizontal polarization,

for vertical polarization.

Given (16), we compute the reflection coefficients for the
horizontal and vertical components:

1207, /’;—22\ /1 — sin? 922 — 120, /‘;—11 cOS HZ,){

(@) \/&tr — sin? Gﬁ —&r \/ 1 —sin® 9‘()2 (17)
: \/Er — sin? 9((;;1 + & \/1 — sin® 91(’2 |
Vo
I, = "

N ~ )
\/ET — sin? 9%1 + \/1 — sin® Héfi
where (a) follows because the permeability of most materials
remains constant and is unaffected by changes in frequency
or temperature [24]. Therefore, we have p1 = pus.

Without loss of generality, this paper represents the received
signal by the voltage induced at the receiver. In practice, the
difference between the amplitude of the received signal in
terms of voltage and current is simply a scaling factor: the
resistance, which can be considered part of the antenna factor.
Therefore, the received signal, i.e., the induced voltage, at the
k-th user from the /-th transmitting antenna can be written as

Tew = Vo= %M (02,)@7 al,n) )
where the constant Ap is the antenna factor for converting
field amplitude to voltage, as shown in (13). O

Remark 1 (Comparison with 3GPP TR 38.901). The polariza-
tion matching formulation in the PAMA model generalizes and
refines the modeling approach adopted in 3GPP TR 38.901
[29]. In the 3GPP model, the polarization matching effect is
represented by the inner product between the transmit and
receive antenna field patterns, which assumes that the aligned
polarization component is fully absorbed, while orthogonal
components are completely rejected. This binary treatment
fails to capture the fact that each polarization state can lead
to partial energy absorption and reflection. In contrast, the
PAMA model incorporates a physically grounded character-
ization of electromagnetic wave interaction at the antenna
boundary. By introducing polarization-dependent reflection
coefficients, ie., T . and T'| x, derived from Maxwell’s
boundary conditions, the PAMA model enables a continuous
and more realistic quantification of received energy as a
function of both polarization alignment and incident angle.
This distinction is particularly critical in systems with mov-
able or misaligned antennas, where even partially aligned
polarization can contribute to the received signal. As such,
the PAMA model provides a more accurate and generalizable
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Fig. 5: Relationships between the PAMA system, the electric field, and the PAMA channel gain under the far-field condition
with a single LOS path. (a) the impact of rotating the transmitting antenna on the radiation pattern relative to the CCS; (b)
variation in received signal strength as a function of the emission angle; (c), (d): changes in polarization matching efficiency
based on the incident angle #(Y) and the polarization matching angle a.

representation of polarization matching efficiency in dynamic
wireless environments.

C. Polarization-aware channel gain

Building upon Theorems 2 and 5, this section characterizes
the polarization-aware channel gain for movable transmitting
and receiving antennas.

Theorem 6 (PAMA Channel Gain). Consider the transmis-
sion from the (-th transmitting antenna to the k-th receiving
antenna. The polarization-aware channel gain is given by

(19)

Ttk
St

hn,é (pt,€7 N0, Pres nT,fi) =

s cos (g cos 9%2)

" sin 922

(7,) jzl Pr,x Pt £
M(Gk ,am)e X ol

here G & 2icm eI 5 Ipr,kl
where G = "Ar anlp,..]

Theorem 6 consolidates the core elements of the PAMA
framework into a unified expression for the channel gain,
explicitly capturing how antenna movements, including both
translation and rotation, affect the received signal through
phase variation, directional radiation patterns, and polariza-
tion matching efficiency. In contrast to traditional fixed-
antenna channel models, the PAMA model offers a phys-
ically grounded, continuous characterization of polarization
interaction, derived from Maxwell’s equations. This enables
a more precise understanding of how antenna orientation and
incidence geometry influence signal strength, particularly in
dynamic or high-frequency scenarios. In the next section,
we analyze how each component of the PAMA channel
gain, namely phase, emission angle, and matching efficiency,
responds to antenna movement, and how these effects collec-
tively govern the system’s communication performance.

IV. IMPACTS OF ANTENNA MOVEMENTS

This section analyzes the PAMA channel model and exam-
ines how each variable influences channel quality, providing
insights into the key characteristics of PAMA and identifying
the sources of its performance gains. Fig. 5 summarizes the
relationships between antenna movement and their correspond-
ing impacts on the channel. It is essential to highlight that
these properties are derived under the conditions of a far-field
scenario and a dominant LOS path. For clarity, the indices ¢
and k in the subscripts are omitted in this section.

Proposition 1. In a single-antenna system, antenna trans-
lation only contributes a phase term to the PAMA channel
gain, implying that its impact can be entirely captured through
precoding.

In the far-field LOS scenario, the electromagnetic waves
can be approximated as plane waves, and the spatial fading
characteristics are negligible. The relative orientation of the
electric field vectors between the transmitter and receiver
remains unchanged despite antenna translation. This means
that antenna translation does not affect the amplitude or
polarization alignment of the received signal — only the phase
changes due to the difference in path length, leading to
Proposition 1.

In practical systems, digital precoding is often easier to
implement than mechanical antenna movements. Therefore,
when studying MAs, it is essential to consider the unique
advantages that MAs introduce beyond what precoding can
achieve. Proposition 1 indicates that the benefits of antenna
translation are more significant in near-field or rich multi-path
environments, in which case antenna translation can impact
the amplitude and spatial characteristics of the channel gain,
offering advantages that precoding alone cannot replicate.



In the context of this paper, which focuses on far-field and
mmWave dominant LOS paths, the unique gains that MAs can
offer over precoding are primarily obtained through antenna
rotation rather than translation.

Proposition 2. The rotation of the transmitting antenna alters
the amplitude of the channel gain by modifying both the radi-
ation pattern of the induced electric field and the polarization
matching efficiency at the receiver.

When the transmitting antenna rotates, it changes the emis-
sion angle A(¢) of the electromagnetic wave. This alteration
affects the antenna’s radiation pattern — the distribution of the
electric field w.r.t. the CCS — which in turn influences the
electric field intensity received. As illustrated in Fig. 5 (a) and
(b), different emission angles lead to variations in the radiation
pattern, resulting in changes to the received signal’s strength.
According to Corollary 3, the magnitude or intensity of the
electric field reaches its maximum when the emission angle
is 6(e) = g To achieve this, the transmitting antenna should
be positioned within the plane that is perpendicular to the
direction of wave propagation.

Furthermore, the rotation of the transmitting antenna also
modifies its polarization orientation, thereby changing the
polarization matching angle « between the transmitter and
receiver, and hence the matching efficiency M (H(i), a) in the
PAMA channel gain.

Proposition 3. The rotation of the receiving antennas alters
the amplitude of the channel gain by modifying the polariza-
tion matching efficiency.

Rotating the receiving antennas affects both the incident
angle () of the incoming electromagnetic wave and the
polarization matching angle «, both of which impacts the
polarization matching efficiency.

1) The change of the incident angle #() alters the energy
reflection coefficients I') and I' |, as defined in (14) and
(15). These reflection coefficients characterize the propor-
tion of electromagnetic energy that enters the antenna. A
smaller reflection coefficient indicates that more energy
is transmitted into the antenna, enhancing the received
signal strength.

2) The orientation of the receiving antenna relative to the
electric field vector of the incoming wave determines
the polarization matching angle «, which describes the
ratio of the horizontal to vertical components of the elec-
tromagnetic wave’s polarization relative to the antenna’s
orientation. A better alignment (i.e., a smaller mismatch
angle) leads to higher polarization matching efficiency.

Figs. 5 (c¢) and (d) illustrate how the polarization match-
ing efficiency varies with the incident angle (Y and the
polarization matching angle « for antennas with different
relative dielectric constants €,. As can be seen, without proper
optimization of the receiving antenna’s rotation, the matching
efficiency can decrease significantly, potentially dropping to
zero. In such cases, the antenna fails to effectively receive the
incoming signal, resulting in a loss of information. Therefore,
careful control of the receiving antenna’s orientation is es-
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Fig. 6: Channel amplitude variations and the orientations of
the transmitting antenna in Scenario 1, where p; 1 = [0,0, 0],
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Fig. 7: Channel amplitude variations and the orientations of
the receiving antenna in Scenario 2, where p,; = [0,0,0],
ny1 = 1[0,0,1], and p, 1 = [75, —40, 50].

sential for maximizing the channel gain and ensuring reliable
communication in the PAMA framework.

Propositions 2 and 3 indicate that the amplitude of the
channel gain is influenced by the orientations of both the
transmitting and receiving antennas. To illustrate the extent
to which antenna rotations affect the channel amplitude, we
simulate two scenarios:

e Scenario 1: Rotatable transmitting antenna with fixed
receiving antenna;

o Scenario 2: Fixed transmitting antenna with rotatable
receiving antenna.

In the simulations, the positions of the antennas are set as
p: = [0,0,0], p. = [75,—40,50]. The fixed antennas are
oriented vertically upward, with a direction vector of [0, 0, 1].
For visualization purposes, we vary the polar and azimuthal
angles of the rotatable antennas over two periods, even though
their actual values lie within a single period. The channel
amplitude variations for the two scenarios are presented in
Figs. 6(a) and 7(a), respectively.

For scenario 1 with a fixed receiving antenna, Fig. 6(a)
shows that a randomly oriented transmitting antenna has only
a 67.5% probability of delivering at least half of the maximum
possible energy to the user. Each period can yield two sets of
maximum values due to the symmetry of the dipole antennas,
where the collinear reverse sets of polar and azimuthal angles
provide equivalent performance.

For scenario 2 with a fixed transmitting antenna, Fig. 7(a)
shows that a randomly oriented receiving antenna has a
99.0% probability of capturing at least half of the maximum
energy. However, the remaining 1.0% of orientations present a
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Fig. 8: The electromagnetic field at the receiving antenna can
be decomposed into three orthogonal components: along the
direction of the receiving antenna mn,, the normal direction
of the incident signal n%, and a third direction n3 that is

perpendicular to both n, and n:-.

significant risk of receiving virtually no energy. This outcome
highlights the critical importance of antenna orientation in
ensuring reliable communication.

Figs. 6(b) and 7(b) depict the positions and orientations
of the transmitting and receiving antennas for both scenarios.
In these illustrations, fixed Antennas are shown with vertical
black arrows; the optimal orientations of the rotatable antennas
are shown with solid red arrows, indicating the directions
that maximize the channel gain; the worst-case orientations
of the rotatable antennas are shown with dashed green arrows,
representing the directions that minimize the channel gain.

Proposition 4. In a single-input single-output (SISO) PAMA
system:

1) Optimal orientation: The best channel gain is achieved
when the transmitting and receiving antennas are ori-
ented such that they, along with the propagation path, lie
within the same plane.

2) Worst orientation: The poorest channel gain occurs when
one antenna points directly at the other.

When the electromagnetic field reaches the receiving an-
tenna, it can be decomposed into three orthogonal components
along: the direction of the receiving antenna n..; the normal
direction of the incident signal m;-; a direction perpendicular
to both m, and n,%, denoted by mnj3. This decomposition
is illustrated in Fig. 8. The component along m, represents
the horizontal polarization component, while the components
along m;- and mg3 represent the vertical polarization compo-
nents.

According to (14) and (15), we have I'j > I', meaning
that the horizontal polarization component has a smaller
reflection coefficient, and thus a better matching efficiency,
than the vertical component. Therefore, increasing the com-
ponent along m, by adjusting antenna orientations enhances
the channel gain. However, achieving complete horizontal
polarization requires the polarization matching angle « to
be zero, which also corresponds to an incident angle 6()
of zero. Under this condition, the reflection coefficient FH
increases, reducing the matching efficiency. Therefore, simply
minimizing « is suboptimal. Instead, we need to balance the

horizontal and vertical polarization components to maximize
the overall matching efficiency.

Since the polarization direction ng is perpendicular to the
propagation direction, and p, is perpendicular to the antenna
direction, the polarization matching angle satisfies a = (ng,
n,) > 0% = (nt p.). To increase the incident angle and
reduce the reflection coefficient without introducing additional
vertical polarization components along mg3, it is optimal to
maintain o« = ). For linearly polarized antennas, this con-
figuration implies that the transmitting antenna, the receiving
antenna, and the propagation path are all aligned within the
same plane, confirming Proposition 4. It is important to note
that lying in the same plane does not necessarily mean that the
transmitting and receiving antennas are parallel, as depicted in
Figs. 6(a) and 7(a).

Figs. 6(b) and 7(b) demonstrate that the worst-case orienta-
tion consistently occurs when one antenna is directed toward
the other. This phenomenon is explained by:

o For the transmitting antenna in Figs. 6(b), when the emis-
sion angle #(°) = 0, meaning the transmitting antenna
points directly at the receiver, the electric field intensity
in that direction is effectively zero due to the dipole
antenna’s radiation pattern.

« For the receiving antenna in Figs. 7(b), when the incident
angle ) = 5 the reflection coefficients I'y ; =T') 1 =
1, indicating total reflection with no energy entering the
antenna. Additionally, the polarization matching angle
a = 7, indicating complete polarization mismatch and
resulting in zero capturable energy.

V. OPTIMIZATION WITH PAMA

By incorporating polarization, we have redefined movable
antennas and established more refined, polarization-aware
channel models. This enhancement serves as a foundation
for further optimizations, specifically tailored to harness the
dynamic adjustments of antenna orientations and positions to
maximize system performance. In this paper, we focus on the
fundamental sum-rate optimization [14] to reveal the potential
of PAMA.

A. Sum-rate optimization

We consider a multi-user multiple input single output (MU-
MISO) configuration where the BS serves K users simulta-
neously, K < L, using transmit beamforming. Let the source
data symbols intended for the users be & = [z1, 22, ..,7x] T,
where the symbol power is normalized such that E[|z,|?] = 1,
k=1,2,..., K. The beamforming vector for the «-th user is
denoted by w,, € CE*1, with individual elements We oo A
power scaling matrix, defined as P = diag{ P, P, ..., Pk},
is employed to control the power distribution among the
users. After beamforming, the signal transmitted from the BS
antennas, denoted by s = [sy,s2,...,57] T, is written as

K
Sy = E V iné,nwkm
k=1

subject to the constraint Zle P, = P, where P denotes the
total power constraint.

(20)



The symbols received by the users, denoted by y =

[y1,92,.-.,yk] ", are given by
y=HWPx + z, (1)
where H = [h{,hy,...,hj]" is the channel matrix with

the elements defined by (19); W £ [wy, ws, ..., wx] is the
precoding matrix; z = [z, 22,...,2x] ' is the additive white
Gaussian noise (AWGN) vector, where z; ~ CN(0,02).

At each user s, the SINR is defined as

Py |how, |

"= ~ (22)
UH + Zj:l,j;ﬁn (Pj|hﬂwj‘ )
and the achievable rate is
1
R. = 3 logs (14 v,)- (23)
The average achievable rate across all users is
ZR log2 (1 + Yiotat) (24)
with the equivalent total SINR for the system:
K %
Vtotal = [H (1 + 'Ym) -1 (25)
r=1

Our goal is to maximize the equivalent total SINR of the
system by jointly optimizing the positions p; ¢ and orientations
n; ¢ of the transmitting antennas, the orientations n,. ,, of the
receiving antennas, beamforming matrix W, and the power
scaling matrix P. The optimization problem is formulated as

P1): max als 26a

( ) W7P7{nt,£}7{pt,l}7{nhm} Vtotal ( )
K

st. » P.=P (26b)
k=1

A . .
|pt€ ptzl 57 V1SZ§L)Z#€7 (260)
P € Cy. (26d)

In constraint (26¢), a minimum separation of % between any
two antennas is imposed to prevent collisions. The term C;
in (26d) represents the movable region of the transmitting
antennas.

To solve (P1), we employ zero-forcing (ZF) beamforming,
which can fully eliminate the inter-channel interferences [32].
The ZF beamformer is given by
1

W' 2 [wi,wh,...,wk]=H" (HH") ",
w' W) w’,
W:[ L 2, ,K} (27)
lwi|’ |w) |'U7K|

Since ZF beamforming completely removes interferences,
the power allocation matrix can be easily obtained by water-

filling [33], yielding
1
VR 0}7
Ve

where ,j, is the water level that can be determined iteratively
to satisfy the total power constraint.

P. — max {%h _ (28)

Fig. 9: A linear approximation of the non-convex constraint
in (32) is obtained and projected onto the feasible set.

Next, we transform the non-convex feasible region of p; ,
into a convex set by linearizing the non-convex constraint in
(26¢) [5]. During the t-th iteration of the gradient descent, we

. - (t—1) . . .
consider the position p, , * from the previous iteration and
the position p; ;. As part of the linearization of the non-convex
constraint, the boundary point is first computed as

t—1
A p§ ¢ )

(1) _ Dt

— Pt,i
p';ft = =pit+ 5 ! (29)

2 ‘ P’
The boundary of the hygnerplane is then defined w.r.t.
ot — Pt as

Py and the vector pt Y
-
b -
(P2 = i) wD = 6}7

{w((:t—l)

and the corresponding closed halfspace divided by this hyper-
plane is given by

{w(t‘l) (pgte 1) _pt’i)—r(w(t—l) B pZ;(t71)> > O} .3

which includes pe’(t D

(30)

and any vector that forms an acute
angle with the vector pite_ 2
By setting w(*~1) = pgtz in (31), the non-convex constraint
can be approximated as the following linear inequality:

— Pv,i, as illustrated in Fig. 9.

(bl ) (B B3V 20 Vi< i < Lii £ 4 (2)

Thus, problem (P1) is redefined to a more tractable form

P2): max
{ntl}a{pt,é}v{nr,n}
s.t. (27), (28), (26b), (32), (26d).

Ytotal s (3 33)

(33b)

Based on Problem (P2), we derive the gradient of the
equivalent total SNR 7o With respect to each optimization
variable. In particular, the gradient with respect to the direction
vector can be computed by leveraging the relationship between
the antenna’s polar and azimuthal angles defined in (1). Taking
n; ¢ as an example, the gradient of the objective with respect
to the angular parameters is given by

Vtotal (0t(z) + AGEZ)) ~ Dotal (et(?))
A6

i

V o) Yool =
t,l



Algorithm 1 Alternating Optimization for Solving (P2).

Require: [, 02, P, &, 1, Ap, Ct, Prs-
1: Initialize: ¢t = 0, Py ¢, Ty 0, Ty -
2: repeat
3:  Update n, ¢ by radient descent.
4:  Update p, ¢ by projected radient descent.
5. Update n, , by radient descent.
6:  Update W based on (27).
7 Update P based on (28).
8:  Update 7o based on (25).
9: until Convergence or t = tyx-

Ttotal ((151(5772) + Ad’i?) ~ Total ( ETZ))
A

v¢(7t)7tolal .(34)
t,0

Given that m;, is a periodic function of the angles 9;?
and qﬁij}), the angles are projected onto their respective unit
periodic domains after each iteration to ensure validity while
preserving the value of 7, ,. Subsequently, n;, is updated
based on the computed gradient.

Similarly, the gradient w.r.t p; , can be derived as

Ytotal (pt,[ + Apt,é) — Ytotal (Pt,é)
Apie

th,/Ytota] = ) (35)
After updating p; , using the computed gradient, it is projected
onto the feasible set according to equation (32).

Algorithm 1 summary the overall optimization process.

Remark 2 (Channel estimation in PAMA). Channel estima-
tion poses a significant challenge in MA systems because
determining the optimal antenna position requires knowledge
of the channel characteristics at every possible position and
orientation within the movement region C,. This task is partic-
ularly complex in radio frequency bands with rich multipath
environments.

However, within our PAMA framework operating in the
mmWave band, channel estimation is considerably simplified
due to the dominance of the LOS path. PAMA only requires
information about user positions and antenna orientations.
With this information, we can accurately infer the channel
gains at any position and orientation using (19). Specifically,
the impact of estimation errors on the SNR performance of
the PAMA system with K = 4 is analyzed in Appendix C.

Remark 3 (The K > L case). ZF beamforming effectively
eliminates inter-user interference only when the number of
users K does not exceed the number of transmit antennas
L. When K > L, we can partition the users into groups
of size up to L and assign orthogonal resources to each
group. Employing more advanced detection algorithms, such
as GMMSE [34] and GPIP [35], can further enhance SNR
performance compared to the ZF baseline. A comparison of
optimization algorithms is provided in Appendix D, where it is
shown that regardless of the algorithm used, the PAMA system
consistently outperforms its fixed-antenna counterpart due to
the combined benefits of antenna mobility and polarization

TABLE III: Simulation parameter settings.

Symbol Description Value
f Carrier frequency 30 GHz
A Wave length 0.01 m
o? Noise power -20 dBm
P Signal power 0.5 W
Er Relative permittivity 2
w Permeability 47 x 10~7
Ap Antenna factor 1
Ct Transmitter region Tryrs Yryrs Zrye € [—100X, 100X
L #transmitting antennas 8

matching. Alternatively, exploring different optimization crite-
ria, such as minimizing interference leakage [36], can lead to
alternative beamforming designs.

B. Numerical simulations

This section presents numerical simulations to evaluate the
performance of our PAMA framework in the context of sum-
rate optimization. In the simulations, the system operate in 30
GHz mmWave and consider users uniformly distributed within
a 3D coverage area — a cube with dimensions of 200 meters
x 200 meters x 200 meters — centered at the origin o of the
CCS. Unless otherwise specified, the transmission power is set
to 0.5 W, and all simulations are conducted with the number
of transmit antennas L set to 8. A comprehensive summary of
the simulation parameters is provided in Tab. III.

1) Impact of polarization matching: Our PAMA frame-
work integrates polarization effects into MAs and reveals a
significant advantage of MAs: the ability to achieve optimal
polarization alignment between the transmitter and receiver.
To validate this capability, we consider the following antenna
configurations and channel model:

1) Fixed vertically polarized antenna array: A vertically
polarized antenna array with elements spaced at half-
wavelength intervals, based on a traditional channel model.

2) Fixed cross-polarized antenna array: An antenna array
arranged in a cross-polarized configuration as described in
[29], with elements separated by half a wavelength, based
on a traditional channel model.

3) Continuous fluid antenna system (CFAS): A vertically
polarized antenna array that moves continuously within
vertically placed tubes, with adjacent tubes spaced half a
wavelength apart. During the antenna fluiding, only phase
changes are considered.

4) Polarization-Ignorant 3D MA system (PI-3DMA):
Transmitting antennas have optimized positions but vertical
orientations; receiving antennas have random orientations.
During the antenna translation, only phase changes are
considered.

5) Polarization-Ignorant rotational MA system (PI-
RoMA): Transceiver antennas have optimized orientations
but fixed positions. During antenna rotation, only changes
in the radiation pattern are considered.

6) Polarization-Ignorant 6D MA system (PI-6DMA): Both
the positions and orientations of the transceiver antennas
are optimized. During antenna movement, changes in phase
and radiation pattern are considered.
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the corresponding electric field isosurfaces in the MU-MISO system for different user counts.
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Fig. 11: The equivalent total SNR ~;qa Versus the number of
users K for different antenna configurations.

7) Polarization-Aware 3D MA system (PA-3DMA): Trans-
mitting antennas have optimized positions but vertically
orientations; receiving antennas have random orientations.
Applying the PAMA channel model.

8) Polarization-Aware rotational MA system (PA-RoMA):
Transeiver antennas have optimized orientations but fixed
positions. Applying the PAMA channel model.

9) PAMA: Both the positions and orientations of the tran-
seiver antennas are optimized. Applying the PAMA chan-
nel model.

In Configurations 1 and 2, only fixed antennas with pre-
defined positions and orientations are considered, without
accounting for movement effects. Configurations 3 - 6 explore
different types of MA while optimizing the system without
considering polarization effects. In contrast, Configurations 7
- 9 integrate polarization matching into the channel model
optimization. Notably, Configurations 4 - 6 and 7 - 9 share the
same antenna structure, differing only in that Configurations
4 - 6 omit polarization effects in their channel models. We
compare system performance under different antenna config-
urations and channel models in Figs. 11 and 12.

As shown in Fig. 11, the fixed cross-polarized antenna
array achieves a slightly higher equivalent total SNR than
the vertically polarized antenna array. This is because cross-
polarization provides a dual-polarized configuration, mitigat-
ing the impact of polarization mismatch over a wider range.
CFAS outperforms the cross-polarized antenna array due to

Ytotar (dB)
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K

Fig. 12: The equivalent total SNR ~;qa Versus the number of
users K for different channel model.

the introduction of spatial degrees of freedom.

Fig. 12 further illustrates that for the same antenna con-
figurations — 3DMA, RoMA, and 6DMA - systems that
consider polarization matching efficiency can more effectively
exploit the available degrees of freedom, leading to improved
performance. As shown in Fig. 12, while PI-6DMA appears to
achieve slightly worse average performance, this is largely due
to the rarity of severe polarization mismatch as disscussed in
Sec. IV. Fig. 13 reveals the key difference: under polarization
mismatch, PI-6DMA suffers from limited gain, while PAMA
maintains stable and effective optimization, fully leveraging
its channel model and the additional degrees of freedom to
realign polarization and recover performance. These results
validate the superior resilience and optimization capability of
PAMA, particularly in non-ideal conditions where simplified
models fail. The benefits brought by the refined channel model
are thus not only theoretical but also practically significant,
enabling reliable and high-performance communication even
under adverse polarization conditions.

To provide a clearer understanding of the optimized PAMA
in configuration 5, we present in Fig. 10 the optimal ori-
entations of both the transmitting and receiving antennas as
the number of users increases, along with the corresponding
electric field isosurfaces.

e In the single-user scenario illustrated in Fig. 10(a), all
transmitting antennas are oriented to focus their maximum
radiation patterns toward the target. The combined electric
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rotation granularity for varying numbers of users K.

field distribution from the eight antennas resembles that
of a single half-wavelength dipole antenna, forming a
characteristic doughnut-shaped pattern.

¢ As the number of users increases, the electric field distri-
bution becomes more isotropic to effectively accommodate
all users’ requirements.

2) Impact of antenna rotation granularity: Implementing
PAMA in practice faces the challenge of precisely controlling
the rotations of both transmitting and receiving antennas.
While the simulation results in Fig. 12 assume infinite control
precision, real-world systems are constrained by finite rotation
granularity. To assess how rotation granularity affects system
performance, we quantize the polar and azimuthal angles of

the transmitting and receiving antennas, i.e., Gt(TZ,), QSEYZ), 95,",3,

and ¢$",2 We then evaluate the decline in the equivalent total
SNR, Yiotal, across different quantization levels. The simulation
results are depicted in Fig. 11, where a resolution level of 0
corresponds to the optimal orientation with infinite precision.

The findings show that the negative impact of reduced
quantization precision on i, becomes more pronounced as
the number of users increases. For example, with a rotation
precision limited to 80°, a system serving K = 8 users
experiences a 3 dB decrease in 7. When the rotation
resolution is improved to 30°, the achievable 7, stays within
0.5 dB of the maximum possible gain. In this scenario, each
angular dimension — both the polar and azimuthal angles — re-
quires adjustments in only 360°/30° = 12 discrete directions.
This significantly reduces the implementation complexity, as
controlling antenna rotations becomes much more practical
with a finite set of orientations. These results demonstrate
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Fig. 12: The equivalent total SNR ~ Vversus the total
transmission power P for varying numbers of users K.
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Fig. 13: Comparison of relative gains between PAMA and
fixed vertically polarized antenna array with the increase in K,
and the convergence behavior of the optimization algorithm.

that PAMA can perform effectively even with finite control
precision, confirming that high-resolution rotational control is
not necessary to achieve near-optimal performance.

3) Transmit power reduction and convergence behavior:
Next, we examine how the equivalent total SNR 7o, Vvaries
with the total transmit power P. The simulation results are
shown in Fig. 12 and explained as follows.

« For a fixed number of users, increasing P leads to a higher
Yotal, Whereas increasing the number of users results in a
lower Veotal -

« With polarization matching through rotations of both trans-
mitting and receiving antennas, the PAMA framework
demonstrates greater power efficiency. To achieve the same
total SNR, PAMA significantly reduces the required trans-
mit power. This outcome aligns with expectations, as the
transmitter can adjust its orientation to direct higher field
intensity toward each user, while the receiver can optimize
matching efficiency by rotating its antenna for optimal
alignment.

Finally, Fig. 13 illustrates the convergence behavior of our
optimization algorithm by showing the relative gain in total
SNR. The results reveal that:



o The total SNR increases with each iteration across various
values of K. For K < 5, the algorithm typically converges
within about 10 iterations, achieving a gain of less than 3
dB. However, when K > 5, more iterations are required
for convergence.

e Despite the increased number of iterations needed for
larger K, the additional receiving antennas introduce
greater degrees of freedom, enabling higher gains within a
reasonable number of iterations. For instance, with K = 8,
the gain can reach up to 7 dB within 20 iterations.

VI. CONCLUSION

This paper presented the PAMA framework, which inte-
grates polarization effects into the translation and rotation of
antennas in wireless communication systems. By factoring
in polarization, PAMA uncovers a defining advantage of
MA: the ability to optimize polarization matching between
the transmitter and receiver. This enhancement debunks the
belief that MA is only effective in low-frequency multipath
environments and extends the applicability of MA to higher
frequency bands like the mmWave spectrum.

At mmWave frequencies, antennas are physically smaller,
making them easier to move and rotate, which facilitates the
practical implementation of PAMA systems. The dominance of
LOS paths in the mmWave band simplifies channel estimation
compared to traditional MA systems operating in environ-
ments with rich multipath. Additionally, PAMA achieves near-
optimal performance with low rotation granularity. These
factors collectively enhance the feasibility of deploying PAMA
in real-world scenarios.

The insights from this work underscore the critical role of
polarization in maximizing the performance of MA. Future
research may focus on integrating PAMA with other advanced
communication technologies, evaluating its performance in
various high-frequency settings, and addressing practical im-
plementation challenges such as antenna control mechanisms
and mobility constraints. By advancing the understanding
of how polarization can be harnessed in movable antenna
systems, this work lays the foundation for developing more
efficient and reliable wireless communication networks.

APPENDIX A
ELECTRIC FIELD RADIATION

As a preliminary, the appendix explains the derivation of
(5), the radiation patterns of a half-wave dipole.
Maxwell’s equations can be written as

V x & =—jwuH, (36)
V x H = jwe€ + J, (37)
v.e="2 (38)
V-’H:%, (39)

where

o £ and H refer to the electric field and magnetic field.

o 1 is the magnetic permeability of air, describing its ability
to conduct magnetic field lines. € is the permittivity, char-
acterizing a material’s capacity to store electric charge.

e J and p represent the source current density and source
charge density, respectively.
e w is the angular frequency of the wave. The expression

a x b denotes the cross product; V x b denotes the curl of

b; a-b denotes the dot product; V-b denotes the divergence

of b, and V is the Hamiltonian operator.

Since the divergence of H in (39) is zero, the vector field
“‘H has no sources or sinks; it only circulates. This allows us
to define a magnetic vector potential A so that # can be
described as the curl of A:

1
H=-VxA. (40)
7
Substituting (40) into (36) yields V x (€ + jwA) = 0.
In vector calculus, if the curl of a vector field is zero, that
field can be expressed as the gradient of a scalar potential.
Therefore, we can define an electric scalar potential ¢ such
that

£+ jwA=-Vo. (41)

It is important to note that V x V& is always zero for any
scalar potential ®.

Equations (40) and (41) show how H and £ can be
represented in terms of their potential functions. This means
that once we find these potential functions, we can determine
the corresponding field expressions. The next step is to solve
for these potential functions.

First, substituting (40) into (37) gives

1

—V XV xA=jwe€ +J. (42)
7

Next, we use the vector identity VxVx A = V(V-A)-V?A,
where V2 = V - V represents the Laplace operator, which
calculates the divergence of the gradient. By applying (41),
we can rewrite (42) as

V(V-A) - VA = jwpe (—jwA = V®) +puJ.  (43)

After a simple rearrangement and using the Lorentz condi-
tion V- A = —jwus® [24], we get

V2A +wusA = —pd. (44)

This equation is known as the vector wave equation. With
this differential equation, if the current J is known, we can
solve for the vector potential A. Once A is determined, the
magnetic field H can be found using (40). Then, by using the
Lorentz condition along with (41), the electric field £ can also
be solved.

To solve for A, we break down the vector wave equation
in (44) into three separate scalar equations. Substituting these
into (44), we obtain

VQAx + 52141 = _lfme
V2A, + B%A, = —pdy,

VA, + B*A, = —pd., (45)

where 3 = w?ue = 27” is the phase constant of the transmitted
wave, representing the phase change per unit distance.

The three equations in (45) are structurally the same. Once
we solve one of them, the solutions for the other two follow



easily. To start, we find the solution for a point source. This
solution, known as the unit impulse response, can be used to
build a general solution by considering an arbitrary source as a
combination of many point sources. The differential equation
for a point source is

V2 + B2 = —6(2)8(y)é(2),

where 1 represents the response to a point source located at
the origin, and 4(-) is the unit impulse function. Although a
point source is infinitesimally small, the current it represents
has a specific direction. In practical problems, the point source
models a small segment of current with a defined direction. If
we consider the point source current to be directed along the
z-axis, then ¢ = A,.

Since the point source only exists at the origin and is zero
everywhere else, (46) can be simplified to

V3 + B*p = 0.

The two solutions to this equation are , where |p| is
the distance from the point source to the observation point p.
These solutions represent waves moving outward and inward
from the source, respectively. The physically relevant solution
is the one that describes waves propagating outward from the
point source. By determining the constant of proportionality,
the solution for the point source becomes

(46)

(47)

etiBlpl

e—iBIpl
pross (48)
For a current density directed along the z-axis, the resulting
vector potential will also be z-directed. If we think of the
source as a collection of point sources with a distribution
given by J,, the response A, can be found by summing the
responses of each point source using (48). This summation is
represented by an integral over the source volume v:

[

v

e Jﬂlpl

(49)
* drlp| |
Similar integrals apply for the z- and y-components. The
overall solution is the sum of all components, expressed as

e JﬁIRI

4= fﬁw R

where R is the vector from the location of the point source
T to the observation point p, hence is given by R = p — 7.
Therefore, we arrive at the solution to the vector wave equation
(44) as shown in (50).

In summary, when the current density J is known, the steps
to find the induced field are:

1) Use (50) to find the magnetic vector potential A;

2) Determine the magnetic field H using (40);

3) Apply (37) and consider that J = 0 at the observation

point p to derive the electric field as € = jﬁv x H.

For a half-wave dipole located at the origin and placed along

the z-axis, the current density J distribution is given by

5 =sin 5 (3 - 141) |,

(50)

(G

where |z| < 3
The magnetic vector potential A can be derived from (50)
as follows:

A I JﬁlRl
] v e
—3B|pl
@ e ///Jeml?l "dv
" ixlp)

(b) e —3iBlp|

(52)

I J(z)e"9Bzcos0 g,

i /7

c —3Blpl A .

© kue47r|p| sin [6 <4 - |z|>]ej'8“°sedz

@ e~98IPl jcos (£ cosf) + sin (5 cosd) — cosf
B 4r|p| jBsin? ’

where (a) follows from |R| = |p| — 7 - % in the far field;
(b) follows because the polar angle of the observation point
p is the emission angel of the transmitting antenna when the
dipole is oriented along the z-axis; (c) follows from (51); (d)
follows from 8= %, and €72 4¢77%2 =0,
elF —eIE =25 j

Finally, the electric field induced at p can be derived as

€ = —jwRe{Ap} = jwsin ORe{ A, }¥
e=1PIPl cos (5 cos 6)
4mlp|  Bsin?6

2 ¢=3PIPl cos (3 cos 6)

B 4r|pl

, COST =

= jwsin62u

= 53
=Jwng sin @ (53)
APPENDIX B
PROOF OF COROLLARY 3

Since the first multiplicative factor in (9) is a constant, the
behavior of the magnitude is determined by the second term:
4L cos <2c059€%

o) . We analyze the derivative of A with
sin

respect to (wrt) 9 to examine its variation.
The derivative can be expressed as

0A 1 T 1 T (e)
= 751112 022 l (—4 — 2) cos (5 COSH +¢9 )

(e)
9, ,
m 1 T os0© _ g©
+ (4 — 2) cos (5 cos@l’p - Gl’p) , (54
where 9(6) e [o, Tr] To simplify the notations, we define A; =
56059 3—1—9 andAz cos@e)—ﬁe)
When 9(’p ( ,5)s we have
0A e
! sin 9(
89(6) 2
Thus, d’?l) is a monotonically decreasing function of 6, e)
a0,
from 1 to —% + 1 < 0. The minimum value of A = 1

2

occurs at 0&,2 =0or 0&,2 = 2. Since

™ e
A1S§+9é’;<ﬂ'



< Ay < 7 for 0(2 € (0,

(—Z — ;) cos (Ay) > 0.

On the other hand, we have

94 T ndf) —1<0.
39(6) 2

we have
0, and

%)- Therefore, cos (A1) <

A, is a monotonically decreasing functlon when 0 p € (0,%),
with A3(0) = 7 and Ay(F) = —7. Therefore, |[Ay| <
implying that cos (g cosf — 9) >0, and thus

(Z - ;) cos (42) > 0.

Additionally sin ) > 0 when ") € (0,
> 0 when 9(6) € (0,%).

s
27

). Overall, we

have

ae‘e)
Slmllarly, it can be shown that afp_) < 0 when 0 € (§,7).

Since = 0, both A and the magnitude |, p| reach

0A
39(8) 0=

their maximum when 9(6) = 3, proving the corollary.

APPENDIX C
ON THE IMPACT OF ESTIMATION ERRORS

In partiuclar, we introduce small Gaussian perturbations are
added to the user locations and orientations:

o The unit error in p; is 0.1 A;

e The unit error in p, is 1 cm;

o The unit error in n; and n, is 1°.

The simulation results are shown in Fig. 14, where the
horizontal axis represents the level of unit errors, and the
vertical axis indicates the relative SNR gain. A value of zero on
the vertical axis corresponds to no gain from the optimization
process. As seen in the figure, the PAMA system is robust
to directional errors of a few degrees at both the transmitter
and receiver, as well as centimeter-level position errors at the
receiver. On the other hand, it is more sensitive to transmitter
position errors on the order of the wavelength, which can cause
a decline in system performance. Despite this, the system can
still achieve performance gains in the presence of estimation
errors, demonstrating the reliability of the PAMA system.

APPENDIX D
COMPARISON OF OPTIMIZATION ALGORITHMS

We have analyzed the optimization approaches of General-
ized Minimum Mean Square Error (GMMSE) and Generalized
Power Iteration-based Precoding (GPIP) in the PAMA scenario
and compared them with the original “ZF + Waterfilling”
method used in our paper.

GMMSE: By establishing the equivalence between maxi-
mizing the weighted sum-rate and minimizing the weighted
MMSE, the optimal beamformer can be obtained iteratively.
The key steps are as follows:

1) The beamforming matrix is initialized as By = bH, .

where the scaling facto b ensures compliance with the
power constraint.

—A— Errors in p,

Relative Gain of ¥,o¢q (dB)

1.5+ —+b— Errors inn;
Errors in p,-
—<+— Errors inn,
1 L
0.5
0 .
0 2 4 6 8 10

Error level

Fig. 14: The relative gain of equivalent total SNR versus the
error in different parameters.

2) MMSE-receive filter is obtained as

MMSE
Ay

arg IginIE [l Aryr — di||] (55)
k

HyrrH HyrH -1
= BI'H! (H,B,BI'H! + Rs5,)
. — K pHrH
where Ry, 5, = I+> ;" iz, HiBiB;" H}" denotes the
effective noise covariance matrix at user k.

3) Given the MMSE-receive filteris, the MSE-matrix for
user k can be written as

E. = E[|A Py, — di|]]
1

= (I+B{H/'R;; H.By)

and W, = up E; .
4) The WMMSE transmit filter structure is

Tr (WA AH)

B= (HHAHWAH +
E tx

-1
IL> HYAPW |
where W = diag{W1,..., Wk}, A =
diag{Ai,...,Ax},and H = [H] ... ,HET
5) BMMSE — pB, where b = ﬁ is a gain factor
which scales the signal so as to satisfy the transmit power
constraint.

All aforementioned parameters follow the definitions es-
tablished in [34], with Algorithm Steps 2-5 being iteratively
executed until convergence is achieved. Given that the beam-
former matrix B corresponds to the parameterization in our
framework through the relation B = WP, the optimal
solution BMMSE obtained through this procedure can be fac-
torized to derive the normalized optimal beamforming vectors
{wy }X_ | with their optimal power allocation coefficients
{P | for PAMA systems.

GPIP: The weighted sum-rate maximization problem can
be reformulated as an equivalent matrix optimization prob-
lem, where maximizing the sum-rate reduces to finding the
dominant singular value. The corresponding singular vectors
yield the optimal beamformer. The procedure is as follows:



1) Two intermediate variables are initialized as:

hihH + &, .. 0 52
0 ... hphil + @,
0 ... 0 ... 0
By=A;,— |0 hehf 00
0 ... 0 ... 0

2) Through differentiation with respect to the beamformer,
we obtain two groups of coefficients

e (700 = (s (50 0) " ager)

i (G

11
ki
H ’w7‘,—1
d; (f(mfl)) = (wl (f(m71)> Bif(ml))
K H wi;
11 ((f<m1>> ka<m1>) ,

ki
3) Construct two intermediate variables as

A (57 0) =3 e (570) 4

=1

B () = fjdi (£0"=0) By,
=1

4) The iterative beamformer update yields f("™) =

[B (g0 A (flmm) fom
5) After applying power normalization, we obtain the final
beamformer (™) = £

lFOm]

The iterative procedure repeats Steps 2-5 until convergence
is achieved. All parameters follow the definitions established
in [35], where the beamforming vector is constructed as f =
[f',...,f&]". This formulation maintains the fundamental
relationship fr = Prwy, with both the power allocation
coefficients Pj and beamforming vectors wy, being essential
components for PAMA system implementation.

Fig. 15 presents a comparative analysis of the total equiv-
alent SNR across the aforementioned algorithms, including
ZF, GMMSE, and GPIP, for both fixed antenna and PAMA
systems. As observed:

o Regardless of the optimization algorithm employed, the
PAMA system consistently outperforms its fixed-antenna
counterpart, thanks to the combined gains from antenna
mobility and polarization matching.

« As the reviewer rightly noted, employing more advanced
detection algorithms, such as GMMSE and GPIP, can
lead to further SNR improvements over the ZF baseline
previously used in the main manuscript.
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