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Abstract— Six-dimensional movable antenna (6DMA) is a new
and revolutionary technique that fully exploits the wireless
channel spatial variations at the transmitter/receiver by flexi-
bly adjusting the three-dimensional (3D) positions and/or 3D
rotations of antennas/antenna surfaces (sub-arrays), thereby
improving the performance of wireless networks cost-effectively
without the need to deploy additional antennas. It is thus expected
that the integration of new 6DMAs into future sixth-generation
(6G) wireless networks will fundamentally enhance antenna
agility and adaptability, and introduce new degrees of freedom
(DoFs) for system design. Despite its great potential, 6DMA
faces new challenges to be efficiently implemented in wire-
less networks, including corresponding architectures, antenna
position and rotation optimization, channel estimation, and sys-
tem design from both communication and sensing perspectives.
In this paper, we provide a tutorial on 6DMA-enhanced wireless
networks to address the above issues by unveiling associated
new channel models, hardware implementations and practical
position/rotation constraints, as well as various appealing appli-
cations in wireless networks. Moreover, we discuss two special
cases of 6DMA, namely, rotatable 6DMA with fixed antenna
position and positionable 6DMA with fixed antenna rotation,
and highlight their respective design challenges and applications.
We further present prototypes developed for 6DMA-enhanced
communication along with experimental results obtained with
these prototypes. Finally, we outline promising directions for
further investigation.

Index Terms— Six-dimensional movable antenna (6DMA),
antenna position and rotation optimization, 6DMA-enhanced
wireless communication/sensing, 6DMA channel model, 6DMA
hardware architecture and practical constraints, 6DMA channel
estimation, 6DMA applications, 6G networks.

I. INTRODUCTION

A. Motivation

WHILE the fifth-generation (5G) wireless networks are
in their final stages of standardization and commercial

deployment, the global effort to develop the next/sixth-
generation (6G) wireless networks and services has been
in progress for several years [1]. Future 6G networks are
envisioned to support a massive number of users/devices
across diverse applications and services, demanding superior
performance surpassing 5G’s capabilities. For example, 6G
will evolve from the Internet of Everything (IoE) to the
Intelligence of Everything, connecting people, devices, and
intelligence to drive transformative changes in our society [2],
[3]. In terms of technical requirements, 6G will pursue global
coverage (99% coverage), ultra-high data rates (peak data rates
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at the Tbps level), ultra-low latency (0.1 millisecond), ultra-
dense connections (up to 108 devices/km2), higher precision
positioning (centimeter level) [4], and more intelligence com-
pared to 5G [5]. To achieve these ambitious goals, current
trends in wireless technology are moving towards the allo-
cation of substantially more radio spectrum and hardware
resources. By shifting to higher frequency bands such as
the millimeter wave (mmWave) and terahertz (THz) spectra,
huge bandwidths and ultra-high data rates can be exploited to
support emerging 6G applications and services. Additionally,
with an even larger number of antennas than current massive
multiple-input multiple-output (MIMO) systems, extremely
large-scale MIMO can offer substantial spatial multiplexing
gains and super-high resolution, leading to a dramatic increase
in both channel capacity and spectrum efficiency [6].

While wide bandwidth and large-scale arrays can offer
significant performance gains, they come at the expense of
prohibitive hardware costs and excessive power consumption.
Specifically, hardware design complexity and implementa-
tion costs will escalate for higher frequencies and larger
antenna arrays, thereby hindering progress towards future
sustainable and energy-efficient wireless networks [7]. Addi-
tionally, current MIMO technologies are mostly based on the
fixed-position antenna (FPA) architecture, where the antenna
positions and rotations are set once deployed. As a result, these
FPA systems are unable to fully capitalize on the wireless
channel spatial variations within their coverage areas due to
their lack of spatial flexibility in antenna position and rotation.
In view of the above concerns and limitations, it is imperative
to develop disruptively new and innovative technologies to
break through the inherent constraints of conventional FPA
technologies and enable the full exploitation of the spatial
degrees of freedom (DoFs), thereby promoting the sustainable
capacity growth of future wireless networks without further
increasing or even reducing the number of antennas.

B. What Is 6DMA?

Motivated by the above, the six-dimensional movable
antenna (6DMA) technique has been recently proposed in [8],
[9], [10], [11], [12], and [13], as an efficient approach to
provide the full spatial DoFs and improve MIMO system
capacity cost-effectively for future wireless networks such as
6G, without the need to deploy additional antennas. As shown
in Fig. 1, the 6DMA-equipped transceivers are deployed with
a number of antennas/antenna surfaces, each of which can
be independently adjusted in terms of both three-dimensional
(3D) position and 3D rotation. By adaptively adjusting the
positions and/or rotations (orientations) of the 6DMA surfaces
based on the users’ spatial distribution and the corresponding
long-term/statistical channel state information (CSI), a 6DMA-
equipped transceiver can fully exploit the spatial variations of
the radio environment and proactively reshape the wireless
channels to provide more favorable conditions enhancing
system performance without the need for additional anten-
nas/arrays. 6DMA-enabled transceivers are also endowed with
more spatial DoFs to reshape the radiation pattern in the
angular domain and can adapt to the wireless channel spa-
tial distribution dynamically, and thereby enhance network

Fig. 1. Main effects of 6DMA for wireless channel reconfiguration.

performance. Here, channel spatial distribution refers to the
spatial variations in the channel between the 6DMA-enabled
transmitter/receiver and the users, which depend on the 3D
spatial distribution of the users as well as the 3D spatial
distribution of the scatterers in the environment. As shown in
Fig. 1, 6DMA is capable of achieving several appealing effects
for wireless channel reconfiguration, such as allocating spatial
DoFs to adapt to the user spatial distribution (see Fig. 1 (a)),
circumventing interference to/from undesired directions (see
Fig. 1 (b)), creating new line-of-sight (LoS) links to bypass
obstacles between transceivers via flexible array positioning
and rotation (see Fig. 1 (c)), and compensating for path loss
in rich-scattering propagation by tuning the 6DMA surfaces
to cater to the dominant LoS channel path as well as non-
negligible non-LoS (NLoS) paths, thereby refining the channel
statistics/distribution, e.g., transforming Rayleigh/fast fading
to Rician/slow fading facilitating higher rates and improved
reliability (see Fig. 1 (d)).

To implement 3D position and 3D rotation reconfiguration
capabilities, each 6DMA surface is connected to a central
processing unit (CPU) at the transceiver via an extendable
and rotatable rod, which contains flexible wires for supplying
power to the 6DMA surface and facilitating radio frequency
(RF)/control signal exchange between the surface and the
CPU. As shown in Fig. 1, the 6DMA-equipped transceiver
adjusts the entire antenna surface as a basic unit, which
reduces implementation cost and control complexity [11].
Meanwhile, the positions and rotations of the 6DMA surfaces
change only when the user spatial distribution in the network
varies significantly, i.e., they adapt to the large-scale channel
variations of users. Thus, each 6DMA surface can move slowly
and infrequently in practice. In addition, a 6DMA surface can
employ different array architectures, including single antenna,
linear antenna array, planar surface, curved/conformal surface,
rotatable/positionable array, foldable array, and so on (see
Fig. 2). Furthermore, 6DMA is compatible with a wide range
of multi-antenna technologies, such as intelligent reflecting
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Fig. 2. Position/rotation architecture models and paradigm shifts in wireless network design with 6DMA.

surface/reconfigurable intelligent surface (IRS/RIS) [14], [15],
[16], [17] and holographic MIMO, and can also be adopted in
a hybrid deployment with conventional FPAs at the BS [18].

Due to the above promising advantages, 6DMA has great
potential for deployment in future wireless networks, enabling
significant improvement of channel conditions for various
applications and enhancing communication/sensing perfor-
mance in a cost-effective manner. In Fig. 3, we show an
envisioned future wireless network empowered by 6DMA with
a variety of promising applications. For instance, it is particu-
larly beneficial in scenarios with non-uniform or dynamic user
distributions, such as massive machine-type communication
(mMTC) networks, where typically only a small portion
of devices are active for communication at any time [32],
[33], [34]. In this context, 6DMA can effectively enhance
device activity detection accuracy and efficiency by leverag-
ing its controllable antenna position and rotation, especially
when a large number of devices are deployed under diverse
propagation conditions. For a cellular network, the BS can
adaptively allocate more antenna resources to serve hotspot
area by leveraging 6DMA. Unlike conventional down-tilt
antennas/arrays that mainly serve terrestrial users on the
ground, 6DMA can lift up a portion of its antennas/arrays
to extend coverage across a broader 3D space, thus further
enhancing connectivity and coverage performance for the
growing low-altitude economy. In this context, by facilitating
simultaneous communication between airborne and terrestrial
users, 6DMA can serve as a potential enabling technology for

space-air-ground integrated networks. In addition to improving
communication performance, the unique directional sparsity
property of 6DMA channels [12] will also elevate the accuracy
of sensing and localization [35], [36], further boosting the per-
formance of integrated sensing and communications (ISAC) by
flexibly exploiting their joint benefits while avoiding mutual
interference in future wireless networks. Moreover, to enhance
the efficiency of simultaneous wireless information and power
transfer (SWIPT) from the BS to wireless powered devices
in scenarios such as a smart office/home [37], the 6DMA
can help compensate for the notable power loss over long
distances by adjusting its position and rotation to align more
favorably with the directions of nearby devices. In outdoor
environments, 6DMA can be deployed on building rooftops,
lamp posts, advertising boards, and even the surfaces of
high-speed vehicles to support various applications [38], such
as ultra-reliable and low latency communication (URLLC),
by effectively compensating for Doppler and delay spread
effects. As a transformative technology, 6DMA has the poten-
tial to turn traditional fixed antennas into a flexible and
more intelligent system, offering significant benefits to a wide
range of vertical industries in 6G/Beyond-6G, including smart
factories, smart offices, and smart cities. By integrating digital
twin technology with 6DMA [38], [39], [40], [41], a real-
time virtual environment can be created to more precisely
adapt antenna positions and rotations, thus further enhancing
communication and sensing performance. Notably, to leverage
the benefits offered by the spatial flexibility of 6DMA and

Authorized licensed use limited to: University of Waterloo. Downloaded on February 18,2026 at 00:14:23 UTC from IEEE Xplore.  Restrictions apply. 



SHAO et al.: TUTORIAL ON SIX-DIMENSIONAL MOVABLE ANTENNA FOR 6G NETWORKS 3669

Fig. 3. Illustration of 6DMA applications in future wireless network.

other non-fixed position/rotation antenna techniques, several
relevant industrial activities, prototypes, and projects have
been launched to advance the research in this field, see Table I.

C. What’s New?

6DMA is essentially a distributed MIMO architecture, but
it also offers the additional capability to collaboratively and
adaptively adjust the positions and/or rotations of antennas
based on the user spatial distribution. Compared with the
traditional large-scale MIMO and antenna selection systems,
which mainly rely on a large number of evenly spaced
antennas to obtain high spatial diversity/resolution, 6DMA can
deliver even more spatial DoFs and comparable performance
with significantly fewer antennas. Below, we discuss the new
challenges and advances introduced by 6DMA in comparison
to state-of-the-art technologies.

1) New Challenges: 6DMA is endowed with the highest
flexibility and compatibility in terms of spatial DoFs by
allowing for adjustments in both the 3D positions and 3D
rotations of antennas/antenna surfaces (sub-arrays), and it
also provides a general model for any types of position
and rotation adjustable antennas, as shown in Fig. 2. The
design of 6DMA-enhanced wireless systems and networks
presents new and unique challenges from a communication
perspective, which are elaborated in the following. Firstly,
the positions and rotations of all 6DMAs at each transceiver
must be carefully designed to achieve cooperative signal
focusing and interference cancellation, while the design of
the position and rotation adjustment of 6DMAs is further
complicated by various geometric factors and practical con-
straints [8]. In addition, to serve all users in the network
efficiently, the positions and rotations of all 6DMAs must

be jointly designed with the transmissions of the BSs and
users. This joint design aims to optimize end-to-end com-
munication over the wireless channels reconfigured by the
6DMAs. Secondly, determining the optimal 6DMA positions
and rotations requires knowledge of the CSI of the channels
between all possible 6DMA candidate positions and rotations
and all users. For FPAs, the number of channel coefficients
to be estimated is limited to the product of the numbers of
transmit and receive antennas. In contrast, for 6DMA systems,
CSI must be acquired in a continuous space that includes
a vast number of candidate antenna positions and rotations,
and the channel power between a user and these different
candidate positions/rotations in 3D space generally exhibit
significantly different distributions, making the CSI estima-
tion problem for 6DMA very intricate and challenging to
solve. Thirdly, since 6DMA surfaces need to be mechanically
moved by devices such as rotary motors, the hardware cost,
power consumption, and movement/rotation delay should be
taken into consideration when designing and deploying 6DMA
systems, especially for larger movement regions. Finally,
6DMA can also be flexibly customized/simplified to partially
position/rotation-adjustable systems, which comprise of both
positionable 6DMA (P-6DMA) (i.e., translatable antenna) with
fixed antenna rotation and rotatable 6DMA (R-6DMA) with
fixed antenna position, based on the practical requirements and
constraints of specific use cases. These variants underscore
the need for re-investigating the rotation-only and position-
only optimization and application designs and characterizing
their performance losses as compared to general 6DMAs.
In summary, the efficient integration of 6DMAs into wireless
networks introduces significant opportunities while presenting
new challenges, which require dedicated and extensive studies.
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TABLE I
LIST OF MAIN INDUSTRY ACTIVITIES, PROTOTYPES, AND PROJECTS RELATED TO 6DMA

2) New Advances Compared to State-of-the-Art Technolo-
gies: Next, we highlight the key differences and advantages
of 6DMA as compared to the main competing technologies.

a) Fluid Antenna System: 6DMA systems differ signif-
icantly from the existing fluid antenna systems [30], [43],
[44], [45], [46]. Firstly, fluid antenna systems adjust the
positions of the antennas on the scale of several wavelengths
within a predefined line or surface while keeping the antenna
rotations fixed. This limitation results in relatively modest
rate improvements compared to FPA, typically around tens
of percent. In contrast, the proposed 6DMA system allows
for adjustment in both the 3D position and 3D rotation of
each antenna within the 3D space. Moreover, the antenna
position/rotation of 6DMA can be adjusted on a much larger
scale than several wavelengths. Due to its 6D mobility and
enhanced flexibility, 6DMA-aided systems offer significantly
greater flexibility in positioning and orienting antenna surfaces
to align with the user distribution, as illustrated in Fig. 1.
This capability leads to substantial enhancement in network
capacity, with performance improvements exceeding several
times that of FPAs [8]. Furthermore, the performance of
flexible-position-only antenna systems is practically limited
by the response/switching time or the movement speed of
the antennas, as they usually require frequent movement (on
the order of milliseconds or even microseconds) of individual
antennas to quickly adapt to small-scale channel variations,
leading to high implementation and energy costs. In contrast,
6DMA adjustments in position and/or orientation are needed
much less often because its primary performance advantages
come from the adaptive allocation of antenna resources and
spatial DoFs, which is determined by the channel’s spatial

distribution. As the channel distribution changes more grad-
ually in practical scenarios, these adjustments are typically
required over much longer intervals, such as hours, days,
or even longer [9].

b) Antenna Selection: 6DMA systems also differ fun-
damentally from traditional antenna selection systems [48],
[49], [50]. First, in traditional antenna selection, the antennas
are selected for communication from a fixed, predetermined
set of antennas at fixed positions. In contrast, 6DMA systems
optimize not only the positions but also the rotations of
all 6DMA surfaces. Moreover, 6DMA systems require far
fewer physically deployed radiating elements and avoid their
additional cost and energy consumption. However, on the other
hand, the optimal adjustments must adhere to practical con-
straints on antenna position and rotation, which significantly
increases the complexity of solving the resulting optimization
problem as compared to antenna selection. Second, unlike
traditional antenna systems where radiating elements are typ-
ically spaced by half a wavelength, a 6DMA device can
precisely configure both the positions and rotations of its
radiating elements. This capability enables it to exploit the
full spatial variations of the channel, even within small spaces
of wavelength size only. Moreover, in multiuser MIMO sce-
narios, 6DMA offers additional advantages by enabling more
distinct spatial signatures with respect to the users to enhance
their received signals while simultaneously suppressing mul-
tiuser interference. Unlike conventional antenna selection with
antenna on/off switching only, 6DMA can reconfigure both
the array steering vector and the radiating elements’ positions
and rotations to achieve more design flexibility than antenna
selection. Finally, by intelligently adjusting the positions and
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TABLE II
LIST OF REPRESENTATIVE SURVEY/OVERVIEW PAPERS RELATED TO 6DMA

rotations of the radiating elements, 6DMA can achieve a
channel hardening effect comparable to, or even stronger than,
that of traditional antenna selection methods.

c) Extremely Large-Scale MIMO: Extremely large-scale
MIMO (XL-MIMO) deploys a vast number of antennas within
a compact area to achieve high spatial resolution and capac-
ity [6]. Compared to XL-MIMO, the proposed 6DMA system
offers similar or superior performance with significantly fewer
radiating elements and radio frequency (RF) chains. For
example, a 6DMA device can operate with just two active
6DMA surfaces, matching the performance of an XL-MIMO
setup that requires many more antennas. In addition, 6DMA’s
6D movability, encompassing both the 3D positions and 3D
rotations of distributed antennas, enables precise adaptation to
dynamic channel conditions and user distributions. This flexi-
bility allows 6DMA to optimize the spatial DoF according to
channel characteristics, thereby enhancing spectral efficiency
while reducing hardware complexity and energy consumption.
In multiuser scenarios, 6DMA can create unique spatial sig-
natures for users more effectively than XL-MIMO, leading
to improved signal reception and interference suppression.
Overall, 6DMA is an attractive alternative to XL-MIMO,
as it combines high performance with reduced implementation
costs and offers increased operational flexibility, which makes
it well-suited for future dense and dynamic wireless networks.
Furthermore, compared with spherical antennas [51], where
the antenna elements are uniformly distributed over the surface
of a sphere, 6DMA can physically move and therefore achieves
higher spatial flexibility and stronger interference suppression
with fewer antenna elements.

D. Objectives, Contributions, and Organization

The high potential of 6DMA and other related techniques
for application in future wireless networks has spurred exten-
sive research recently. A handful of articles have appeared
in the literature providing overviews or surveys on vari-
ous aspects of non-fixed position/rotation antenna techniques,
including their practical implementation, channel modeling,
applications, and other design issues [11], [30], [42], [43],
[44], [45], [46], [47], and are summarized in Table II. Dif-
ferent from these works, this tutorial features the following
aspects: 1) It is the first tutorial to present in-depth general

Fig. 4. Organization of the tutorial.

models and architectures for antenna position and rotation
adjustments, with a focus on 6DMA, the most spatially
flexible design. It aims to provide comprehensive guidance
to facilitate and inspire future research on wireless networks
enabled by 6DMA; 2) It comprehensively covers 6DMA sys-
tem models, implementation architectures, advantages, design
issues, simplified realizations (namely, positionable 6DMA
and rotatable 6DMA), and potential applications in various
wireless systems; 3) It presents the prototypes developed
for 6DMA-enabled wireless systems with flexible antenna
positions and/or rotations.

As depicted in Fig. 4, the remainder of this paper is
structured as follows. Section II introduces the fundamen-
tals of 6DMA, including its channel model and architecture,
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TABLE III
MATHEMATICAL NOTATIONS

hardware, practical constraints, and performance advantages.
In Section III, we discuss several critical design issues associ-
ated with 6DMA, including channel estimation and antenna
position and rotation optimization. In addition, we provide
forward-looking solutions and directions for future explo-
ration. Section IV details potential applications of 6DMA.
In Sections V and VI, we elaborate further on two simplified
realizations of 6DMA, i.e., rotatable 6DMA with fixed antenna
position and positionable 6DMA with fixed antenna rotation,
respectively. In particular, we discuss specific applications
and design challenges introduced by antenna flexibility in
only rotation and only position, respectively. Section VII
provides prototypes of 6DMA, rotatable 6DMA, and position-
able 6DMA systems and corresponding experimental results.
Finally, we conclude this paper in Section VIII. The key
mathematical notations used in this paper are summarized in
Table III.

Notations: Here, (·)H and (·)T represent the conjugate
transpose and transpose operations, respectively, E[·] denotes
the expectation of a random variable, ∥·∥2 refers to the
Euclidean norm, diag(x) generates a diagonal matrix with
the elements of vector x on its diagonal, [a]j indicates the
j-th component of vector a, [A]i,j specifies the element in
the i-th row and j-th column of matrix A, B/b implies that
element b is removed from set B, functions max{·} and
min{·} select the maximum and minimum values from a given
set, respectively, the union of two sets is symbolized by ∪,
operators ℜ(·) and ℑ(·) extract the real and imaginary parts
of a complex number, respectively, N ! denotes the number
of permutations of N elements, a · b denotes the dot product
of vectors a and b, |a| signifies the magnitude of complex
number a, ⊗ denotes the Kronecker product, IN denotes the
N×N identity matrix, 1N×1 denotes the all-ones vector with
dimensions N × 1, Γc denotes the complementary set of set
Γ, tr(·) denotes the trace of a matrix, and CN (0, σ2) defines
a circularly symmetric complex Gaussian (CSCG) distribution
with mean 0 and variance σ2.

II. 6DMA FUNDAMENTALS

In this section, we present the basics pertinent to
6DMA-enhanced wireless networks, where the corresponding

fundamental channel models are first introduced, followed
by hardware, practical movement constraints, and architec-
tures. Then, we detail the relationship between antenna
position/rotation and the configured wireless channel and
reveal the sources of the obtained performance gains. Finally,
we discuss open issues worthy of investigation in future work.

A. 6DMA Channel Model

For the ease of illustration, we consider downlink multiuser
transmission and model the channels from each user to the
antennas of all 6DMA surfaces of a 6DMA-BS, as illustrated
in Fig. 1 (a). We discuss the fundamental 6DMA channel
model, the rotatable 6DMA channel model, the positionable
6DMA channel model, and the polarized 6DMA channel
model. This analysis aims to provide readers with the nec-
essary insights to make informed decisions when developing
their system models.

1) Basic 6DMA Channel Model: As illustrated in Fig. 2,
6DMA systems can be flexibly designed by utilizing various
DoFs in antenna movement, ranging from one-dimensional
(1D) to six-dimensional (6D). Systems with fewer DoFs in
antenna movement, such as the rotatable 6DMA and the posi-
tionable 6DMA discussed in Sections V and VI, respectively,
can be realized by restricting movement in certain dimensions.
The 6DMA system comprises of B antennas/antenna surfaces
(subarrays), indexed by set B = {1, 2, . . . , B}. Each 6DMA
surface is assumed to be a uniform planar array (UPA) with
a given size, which consists of N ≥ 1 antennas, indexed by
set N = {1, 2, . . . , N}. The position and rotation of the b-th
6DMA surface center, b ∈ B, can be characterized by six
parameters, i.e., qb for the 3D position and ub for the 3D
rotation, which are given by

qb = [xb, yb, zb]T ∈ C, ub = [αb, βb, γb]T , (1)

where C denotes the given 3D space at the 6DMA-BS in
which the 6DMA surfaces can be flexibly positioned/rotated.
We assume that C is a convex set which has a finite size. In (1),
xb, yb and zb represent the coordinates of the b-th 6DMA’s
center in the global Cartesian coordinate system (CCS) o-xyz,
with the 6DMA-BS’s reference position serving as the origin,
o; αb ∈ [0, 2π), βb ∈ [0, 2π) and γb ∈ [0, 2π) denote the
rotation angles with respect to (w.r.t.) the x-axis, y-axis and
z-axis, respectively. Given ub, the following rotation matrix
can be defined,

R(ub) =

 cβb
cγb

cβb
sγb

−sβb

sβb
sαb

cγb
− cαb

sγb
sβb

sαb
sγb

+ cαb
cγb

cβb
sαb

cαb
sβb

cγb
+ sαb

sγb
cαb

sβb
sγb
− sαb

cγb
cαb

cβb

 ,

(2)

where cx = cos(x) and sx = sin(x).
As shown in Fig. 5, each 6DMA surface’s local CCS is

denoted by o′-x′y′z′, with the surface center serving as the
origin, o′. Let r̄n denote the position of the n-th antenna of
the 6DMA surface in its local CCS. Then, the position of the
n-th antenna of the b-th 6DMA surface in the global CCS,
denoted by rb,n ∈ R3, can be expressed as

rb,n(qb,ub) = qb + R(ub)r̄n, n ∈ N , b ∈ B. (3)
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Fig. 5. Illustration of the geometry of the 6DMA channel model [8].

A general multipath channel from each user (assumed to
be equipped with a single omnidirectional FPA) to the BS is
considered. Let hk,b(qb,ub) ∈ CN×1 represent the far-field
channel from the k-th user to all the antennas of the b-th
6DMA surface at the BS, which can be expressed as

hk,b(qb,ub) =
Lk∑
l=1

ηk,l

√
gk,l(ub)ab,k,l(qb,ub), (4)

where gk,l(ub) represents the effective antenna gain of the
b-th directive 6DMA surface, Lk denotes the number of paths
between user k and the BS, and ηl,k is the channel coefficient
from user k to the 6DMA-BS over path l. The 6D steering
vector ab,k,l(qb,ub) and the effective antenna gain gk,l(ub) of
the b-th 6DMA surface are defined in the following.

The 6D steering vector of the b-th 6DMA surface for
receiving a signal from user k over path l can be expressed as

ab,k,l(qb,ub) =
[
e−j 2π

λ fT
k,lrb,1(qb,ub),· · · ,e−j 2π

λ fT
k,lrb,N (qb,ub)

]T
,

(5)

where λ denotes the carrier wavelength, and fk,l represents the
pointing vector corresponding to direction (θk,l, ϕk,l), which
is defined as

fk,l =[cos(θk,l) cos(ϕk,l), cos(θk,l) sin(ϕk,l), sin(θk,l)]T , (6)

where ϕk,l ∈ [−π, π] and θk,l ∈ [−π/2, π/2] denote the
azimuth and elevation angles, respectively, for the l-th channel
path between user k and the 6DMA-BS. Next, to conveniently
define gk,l(ub), we project pointing vector fk,l onto the
local CCS of the b-th 6DMA surface, leading to f̃b,k,l =
R(ub)−1fk,l.

Then, we represent f̃b,k,l in spherical coordinates as f̃b,k,l =
[cos(θ̃b,k,l) cos(ϕ̃b,k,l), cos(θ̃b,k,l) sin(ϕ̃b,k,l), sin(θ̃b,k,l)]T ,
where θ̃b,k,l and ϕ̃b,k,l represent the corresponding directions
of arrival (DOAs) in the local CCS (see Fig. 5). Finally, the
effective antenna gain gk,l(ub) of the b-th directive 6DMA
surface along direction (θ̃b,k,l, ϕ̃b,k,l) in the linear scale can
be defined as

gk,l(ub) = 10
A(θ̃b,k,l,ϕ̃b,k,l)

10 , (7)

Fig. 6. Illustration of the rotatable 6DMA channel model geometry with 1D
rotation.

where A(θ̃b,k,l, ϕ̃b,k,l) denotes the effective antenna gain in
dBi, which is determined by the radiation pattern of the
adopted antenna [12].

2) Rotatable 6DMA Channel Model: We discuss both the
directive and omnidirectional antenna patterns for the rotatable
6DMA channel model. First, with directive antenna pattern,
directive rotatable 6DMAs have the capability to reshape the
radiation pattern in the angular domain for achieving flexible
beam coverage by adjusting the rotation angles of antennas.
Given a fixed antenna position qb, we focus on a scenario
with a single 6DMA surface, i.e., B = 1 in the 6DMA
channel model (4). The position of the antenna qb is set to 0.
By substituting qb = [0, 0, 0]T into (3), the expression for the
antenna location in the global CCS simplifies to

rb,n(u) = R(u)r̄n, n ∈ N , (8)

where u = u1 in (1) as B = 1, which represents the rotation
vector for the entire array. The far-field channel from the k-th
user to all antennas of the b-th rotatable 6DMA surface can
then be expressed as

hk(u) =
Lk∑
l=1

ηk,l

√
gk,l(u)ak,l(u), (9)

where ak,l(u) = [e−j 2π
λ fT

k,lR(u)r̄1 , · · · , e−j 2π
λ fT

k,lR(u)r̄N ]T rep-
resents the 6D steering vector of the rotatable 6DMA surface
for receiving a signal from user k over path l.

In contrast, with omnidirectional antenna pattern, omnidi-
rectional rotatable 6DMA (i.e., gk,l(u) = 1) can only modify
the channel phase to maximally exploit small-scale channel
variations, thereby mitigating the effect of deep fading. In this
scenario, by considering a 1D rotation angle γ, the channel
model of the rotatable 6DMA can be simplified. As illustrated
in Fig. 6, γ̄k,ℓ represents the reference spatial angle, γ denotes
the rotation angle of the antenna array, and the effective spatial
angle is defined as [52]

γ̃k,ℓ = γ̄k,ℓ + γ, (10)

for the user k and ℓ ∈ {0, 1, . . . , Lk}. As such, the
steering vector at transmitter is modeled as ak(γ) =
[ej 2π

λ d1 sin γ̃k,ℓ , · · · , ej 2π
λ dM sin γ̃k,ℓ ]T , where dn is the distance

from the n-th transmit antenna to the center of the transmitter
array. For a uniform linear rotatable 6DMA-array with half-
wavelength spacing d = λ

2 , the distance dn is given by
dn = (n−1)D̄

N−1 −
D̄
2 ,∀n ∈ {1, 2, . . . , N}, with D̄ = (N − 1)d

being the aperture of the transmit array.
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Subsequently, under the far-field planar wavefront assump-
tion, the channel between the rotatable 6DMA-array and user
k is expressed as

hk(γ) = ξk,1ak(γ) +
Lk−1∑
ℓ=1

ξk,ℓak(γ), (11)

where ξk,1 and ξk,ℓ for l ∈ {2, · · · , Lk} represent the complex
path gains of the LoS and the l-th NLoS paths for user k,
respectively.

3) Positionable 6DMA Channel Model: Given a fixed
antenna rotation ub, we consider a scenario where each 6DMA
surface is equipped with a single antenna, i.e., N = 1 in the
6DMA channel model (4). The movement region of the BS
antenna C is defined as a 2D plane. In this case, the location
of the antenna in the local CCS simplifies to r̄n = [0, 0, 0]T .
By substituting r̄n = [0, 0, 0]T into (3), the expression for the
antenna location in the global CCS reduces to

rb,n(qb) = qb, b ∈ B. (12)

Accordingly, the steering vector for all channel
paths and the b-th antenna is given by tk(qb) =
[e−j 2π

λ fT
k,1qb , e−j 2π

λ fT
k,2qb ,· · · ,e−j 2π

λ fT
k,Lk

qb]T ∈ CLk×1.
Then, the 6DMA channel model between user k and the BS,
as given in (4), reduces to the following positionable 6DMA
channel model:

hk(q) = Gk(q)Hτ k ∈ CB×1, (13)

where q = [q1, q2, · · · , qB ]T , Gk(q) =
[tk(q1), tk(q2), · · · , tk(qB)] ∈ CLk×B , and τ k =
[τk,1, τk,2, · · · , τk,Lk

]T ∈ CLk×1 represents the channel
coefficient vector with τk,l being the complex-valued channel
coefficient of the l-th path from user k.

4) Polarized 6DMA Channel Model: In the previous three
subsections, we simplify the analysis by ignoring the impact
of antenna polarization on the channel. However, as each
antenna rotates, its polarization properties will also change.
To capture this effect, we consider the LoS far-field polar-
ized 6DMA channel and assume that each transmitting
user is equipped with a single, fixed-position dual-polarized
antenna, and the receiving 6DMA BS is also equipped with
multiple, position/rotation-adjustable, dual-polarized antennas.
Each antenna consists of two orthogonally oriented linearly
polarized elements, with one element for vertical polariza-
tion (V-element) and the other for horizontal polarization
(H-element). We assume that the vertical V-element is aligned
along the positive y-axis with unit vector ev = [0, 1, 0]T , while
the horizontal H-element is oriented along the positive x-axis
with unit vector eh = [1, 0, 0]T .

The polarization state of an electromagnetic wave is defined
by two orthogonal electric field components on the wave-
front. Specifically, these components are represented by the
orthogonal unit vectors in the global CCS [53], given by
zk = [sθk

sϕk
,−cθk

, sθk
cϕk

]T and z̄k = [cϕk
, 0,−sϕk

]T ,
which are perpendicular to the signal’s propagation direction
(see Fig. 5) and characterize the polarization state along the
LoS path. The transmit field components of the LoS path are
generated by projecting the transmit antenna’s time-varying

electric fields onto the LoS signal direction. The corresponding
transformation is given by [53] and [54]

Pk,b(ub)=
[
(R(ub)ev) · zk (R(ub)eh) · zk

(R(ub)ev) · z̄k (R(ub)eh) · z̄k

]
∈ C2×2, (14)

where R(ub)ev and R(ub)eh represent the mapping of the
local CCS of the V-element and H-element of the 6DMA
surface at the BS to the global CCS. Similarly, we define ur

k

as the rotation angle vector of the k-th user’s local CCS relative
to the global CCS o-xyz. Then, the receive field components
are obtained by projecting the LoS signal direction onto the
receive antenna using the projection matrix [53]

Qk(ur
k) =

[
zk · (R(ur

k)ev) z̄k · (R(ur
k)ev)

zk · (R(ur
k)eh) z̄k · (R(ur

k)eh)

]
∈ C2×2, (15)

where R(ur
k)ev and R(ur

k)eh denote the transformation of
the local CCS of the V-element and H-element of the user’s
antenna to the global CCS. Consequently, the dual-polarized
response matrix between the k-th user and the dual-polarized
antennas on the b-th 6DMA subarray at the BS is given
by Ak,b(ub,ur

k) = Qk(ur
k)Pk,b(ub) ∈ C2×2. When the

transmission distance is sufficiently large, the phase shift
caused by the LoS channel is the same for both the V- and
H-ports of the antenna, for all pairs of transmit and receive
antennas. Therefore, the polarized 6DMA channel from user k
to the b-th 6DMA subarray at the BS is given by [53] and [54]:

hk,b(qb,ub) = hlos
k,b(qb,ub)⊗Ak,b(ub,ur

k) ∈ C2N×2, (16)

where hlos
k,b(qb,ub) is obtained by setting Lk in (4) to 1, i.e.,

hlos
k,b(qb,ub) = ηk,1

√
gk,1(ub)ak,1(qb,ub).

B. 6DMA Hardware, Practical Constraints, and Architecture

1) 6DMA Hardware: We provide a comprehensive
overview of the state-of-the-art hardware implementations for
realizing antenna movement for 6DMA, positionable 6DMA,
and rotatable 6DMA. The 6DMA can be controlled through
various methods, including mechanical, liquid, electrical,
dielectric particle, and parasitic controls (see Fig. 7).

Mechanically movable components utilize external struc-
tures, such as electric motors, precision gears, micro-
electro-mechanical-systems (MEMS), or motor-driven shafts,
to enable antenna motion. These actuators transform control
signals and energy into mechanical movement, allowing for
precise positioning or rotation of the antenna elements [20],
[27]. In the 6DMA system depicted in Fig. 7(a), each rod is
equipped with two rotary motors at both ends, and the CPU
controls these motors to adjust the position and rotation of each
6DMA surface. The rods can contract or extend to adjust the
distance between each 6DMA surface and the CPU [8]. They
also contain flexible wires (e.g., coaxial cable) that supply
power to the 6DMA surfaces and enable control/RF signal
exchange with the CPU. As a result, the transmitter/receiver
can flexibly set the 3D positions and 3D rotations of all 6DMA
surfaces to enhance wireless network performance. Under this
arrangement, the BS can function much like a “transformer,”
with the ability to rapidly reconfigure its antenna array into
nearly any desired shape to improve wireless network per-
formance. For the rotatable 6DMA depicted in Fig. 7(b),
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Fig. 7. 6DMA implementations.

a single rotary motor can be utilized in the rotary transceiver.
Compared to fully-movable 6DMA systems, rotatable 6DMA
experiences some performance loss but offers lower deploy-
ment and operational, as each antenna unit, e.g., a uniform
linear array (ULA), only requires one rotary motor to rotate
all antennas in it. Finally, for the positionable 6DMA shown
in Fig. 7(c), a stepper motor can be employed to control the
movement of slide tracks [30], [55]. This system consists of
an antenna mounted on a high-precision slide track, which can
move in both the vertical and horizontal directions, allowing
for flexible position (i.e., translation) adjustments. In prac-
tical 6DMA implementations, mechanical repositioning and
rotation of antenna surfaces are generally slower than typical
communication timescales. For example, linear motors can
reach speeds up to 10 meters per second (m/s), whereas rotary
motors usually operate at angular speeds of 62.8 radians per
second (rad/s) [56]. However, because 6DMA adjustments are
applied to adapt to slowly varying statistical CSI with quasi-
static deployments, such mechanical delays do not degrade
link performance in practice.

The key idea of dielectric particle control is illustrated
in Fig. 7(c), where positionable 6DMAs, also referred to
as pinching antennas, operate as leaky wave antennas by
utilizing small dielectric particles, such as plastic pinches,
to activate specific points along a waveguide [57], [58].
A positionable 6DMA is assumed to move along a pre-
installed track parallel to the waveguide. Due to the low cost
of positionable 6DMAs, a large number of them can be pre-
deployed on the track, which means that each pinching antenna
only needs to cover a small segment of the waveguide and
can be quickly moved to the required location. Dielectric

particle control enables precise control of radiation locations
without requiring additional hardware. This effective approach
enables flexible deployment of antennas in optimal positions
and guarantees reliable LoS links in challenging environments,
thereby significantly reducing path loss while maintaining low
deployment costs.

Moreover, electrically controlled antennas can adjust the
transmit power in the horizontal/vertical directions by mod-
ifying the electrical parameters of the antenna sectors (see the
rotatable 6DMA in Fig. 7(b)). In contrast to mechanical tilting,
electrical tilting only changes the size of the main lobe and
the phase emitted by the sector antenna. Using electrically
driven antennas allows antenna tilting to be adjusted more
easily and quickly than with mechanical control. Electronically
reconfigurable antennas, such as dual-mode patch antennas,
can adjust the phase center and radiation pattern to achieve
virtual antenna movement. These electronically reconfigurable
antennas avoid issues like coupling, wear, and the space
required for driving mechanisms, which makes them a promis-
ing approach for implementing wireless systems with flexible
antenna rotations. However, the displacement of the phase
center and the coverage range of the rotation for electronically
reconfigurable antennas are usually limited in practice, ranging
from 0◦ to 10◦ [59], which is less flexible compared to
mechanical 6DMAs.

Furthermore, liquid control for positionable 6DMA, also
known as fluid antennas [45], [60], is illustrated in Fig. 7
(c), where the fluid antenna translates along a line on the
scale of a wavelength. Liquid-based elements utilize the flow
properties of liquid or fluid materials within a container, which
can be driven by a syringe, a nano-pump, or electrowetting.
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For example, by manually applying pressure to a syringe
or digitally controlling a micropump or nanopump, liquid
metal can move within the air chamber, thereby changing
the position of the antenna within the container. Selecting a
suitable fluid material is a major challenge for fluid antennas,
as it must meet various criteria, including cost, safety, physical
and chemical stability, melting point, evaporation, viscosity,
etc.

Finally, parasitic control for rotatable 6DMA is depicted in
Fig. 7 (b). In some cases, the implementation of physically
rotating antennas is not practical. An alternative approach is
to employ switched parasitic elements to enable the formation
of a directional beam that can rotate within the duration of a
symbol period. A particularly practical method for achieving
such virtual rotation is to utilize parasitic elements that are
either open-circuited or short-circuited. Changing the switch
states over time effectively mimics antenna rotation. This
process is analogous to sampling and reconstruction using rect-
angular pulses, which results in effective bandwidth expansion.
However, it does not introduce additional DoFs for interfer-
ence mitigation [61]. Consequently, while parasitic-controlled
rotatable 6DMA offers a simpler implementation, it lacks the
spatial flexibility and interference mitigation capabilities of
mechanically controlled 6DMA.

Each 6DMA control method provides distinct advantages
and limitations. Mechanical control offers precise movement,
dielectric particle control enables low-cost precision, electrical
control enables rapid adjustments, liquid control adds flexi-
bility, and parasitic control simplifies hardware requirements.
Considering the unique advantages and limitations of different
hardware implementations, the choice of it in practice should
take into account the specific deployment requirements to
achieve an optimal balance between hardware cost and system
performance. It is also possible to combine the above hardware
techniques for a more effective hybrid design tailored to
specific applications. For example, in practical deployments,
mechanical actuators often fall short of achieving perfectly
accurate positioning and orientation due to factors such as
servo backlash, step-size quantization, and environmental
vibrations. These residual errors can be addressed from both
algorithmic and hardware perspectives. From the algorithmic
perspective, residual position and orientation offsets can be
modeled as zero-mean Gaussian variables, their impact on
spectral efficiency can be quantified, and corresponding com-
pensation algorithms can be developed. From the hardware
perspective, a hybrid approach combining coarse mechanical
adjustment with fine electrical tuning can be employed to
electrically reshape the antenna pattern and correct residual
position and orientation misalignments.

2) 6DMA Position and Rotation Constraints: Next,
we introduce three practical constraints on the positioning and
rotation of 6DMA surfaces.

Minimum-Distance Constraint: We impose a minimum
distance, denoted by dmin, between the centers of any pair
of 6DMA surfaces to avoid their overlap as well as mutual
coupling (see Fig. 8 (a)). This constraint is expressed as

∥qb − qj∥2 ≥ dmin, ∀b, j ∈ B, j ̸= b. (17)

Fig. 8. Constraints on the rotations and positions of 6DMA surfaces [8].

Rotation Constraints to Avoid Signal Reflection: 6DMA
surfaces must meet the following rotation constraints to avoid
mutual signal reflections between any two 6DMA surfaces (see
Fig. 8 (b)),

n(ub)T (qj − qb) ≤ 0, ∀b, j ∈ B, j ̸= b, (18)

where n(ub) = R(ub)n̄ denotes the outward normal vector
of the b-th 6DMA surface in the global CCS, with n̄ denoting
the normal vector of the b-th 6DMA surface in the local CCS.
To achieve this, each 6DMA surface should not form an acute
angle with any of the other 6DMA surfaces.

Rotation Constraints to Avoid Signal Blockage: To pre-
vent each 6DMA surface from rotating towards the CPU of
the BS which causes signal blockage, we impose a constraint
on the rotation of each 6DMA surface (see Fig. 8 (c)), which
is given by

n(ub)T qb ≥ 0, ∀b ∈ B. (19)

This is achieved by tuning the normal vector of each 6DMA
surface so that it does not point towards the CPU.

3) 6DMA Architecture: The processing architecture is
another important factor in implementing practical 6DMA-
aided wireless systems. There are two different architectures
for coordinating the signal processing of all 6DMA sur-
faces: the 6DMA centralized architecture [8], as illustrated in
Fig. 9 (a), and the 6DMA distributed architecture [12], as illus-
trated in Fig. 9 (b). In the centralized processing architecture,
a CPU is connected to all distributed 6DMA surfaces to
gather data and execute various tasks such as signal precoding
and detection. Generally, centralized processing offers high
accuracy in signal precoding and detection because it has
access to global data. However, for larger numbers of anten-
nas and candidate antenna positions/rotations, this centralized
processing architecture for 6DMA will have to cope with
increasingly higher computational cost and complexity as well
as the resulting longer processing delay, which may impair the
practical deployment of 6DMA in future wireless networks.
Therefore, a new distributed 6DMA processing architecture
is proposed in [12], as illustrated in Fig. 9 (b), to alleviate
the computational complexity of the CPU. Specifically, each
6DMA surface is equipped with a local processing unit (LPU),
which carries out various signal processing tasks, such as
channel estimation and precoding/combining, independently
at the same time. All LPUs operate in a decentralized and
parallel manner, and they can exchange signals with the CPU
for joint signal processing. Compared to the conventional
centralized 6DMA processing with a single CPU only, the
distributed 6DMA processing with both the CPU and LPUs
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Fig. 9. 6DMA-equipped BS and different processing architectures [12].

can not only offload computational tasks from the CPU,
but also reduce the baseband data transmission rate between
the distributed 6DMA surfaces and the CPU by leveraging
the local computation and baseband signal processing at the
LPUs, thus effectively reducing the overall processing cost and
latency. With this distributed 6DMA architecture, advanced
signal processing techniques, such as distributed channel esti-
mation and distributed optimization of antenna positions and
rotations, are essential for further exploration. Considering
the respective advantages and limitations of centralized and
distributed 6DMA architectures, it is crucial to select the most
suitable structure based on the specific system requirements,
operating environments, and practical constraints of a given
deployment scenario.

C. 6DMA Performance Advantages

As shown in Fig. 10, based on the polarized 6DMA channel
model hk,b(qb,ub) in (16), this subsection analyzes how
antenna positioning only (i.e., translation), rotation only, and
the combination thereof influence channel quality, providing
insights into the key characteristics of 6DMA and identifying
the sources of its performance gains.

First, we present Remark 1 to explain how the antenna
position affects the 6DMA channel.

Remark 1: When the antenna position (i.e., translation) qb

is adjusted on the scale of a wavelength, it primarily results in a
phase change in the channel gain from any path. This indicates
that the impact of antenna position movement or translation,
with fixed antenna rotation, can not only exploit small-scale
channel variations to mitigate deep fading in the multipath
channel but also enable flexible beamforming in a pure-LoS
channel. Moreover, when the antenna position is adjusted on
a much larger scale, which significantly changes the distances
between it and users, it can also have an impact on the average
strength of the links and even their LoS availability.

From Fig. 10, we see that the relative orientation of the
electric field vectors between the transmitter and receiver
remains unchanged regardless of an antenna position change
on the wavelength scale, i.e., translation. This implies that
the wavelength-scale antenna translation does not affect the
amplitude or polarization alignment of the received signal
from any path, and only the phase is influenced through
the term e−j 2π

λ fT
k,lrb,n(qb,ub) in (5), which accounts for path

length differences, thereby leading to Remark 1. Thus, for a

Fig. 10. Relationships between antenna movement, antenna resources,
electric field, and channel characteristics in 6DMA systems.

6DMA system with flexible antenna positioning only (e.g.,
fluid antennas), the individual antenna positions qb can be
optimized to fully exploit small-scale channel variations and
mitigate deep fading in the multipath channel. On the other
hand, large-scale antenna translations affect the received-signal
amplitude through the channel coefficient ηk,l in (16).

Next, we present Remark 2 to explain how antenna rotation
affects the 6DMA channel.

Remark 2: The rotation of the antenna alters the amplitude
of the 6DMA channel gain from any path by modifying both
the antenna’s radiation pattern and polarization.

When the antenna rotates, it changes the impinging angle of
the electromagnetic wave. This alteration affects the antenna’s
radiation pattern, i.e., the distribution of the electric field with
respect to the local CCS through the effective antenna gain
gk,l(ub) in (7), which in turn influences the received electric
field intensity. Furthermore, the rotation of the transmit-
ting/receiving antenna also modifies its polarization orientation
through the polarization response matrix Ak,b(ub,ur

k), thereby
changing the 6DMA channel gain.

Finally, we present Remark 3 to highlight the combined
impact of flexible antenna positions and rotations.

Remark 3: The main performance gain of 6DMA with
both flexible antenna positions and rotations stems from the
adaptive allocation of antenna resources and spatial DoFs
based on the channel spatial distribution,1 which varies slowly
in practice [11]. This gain is primarily achieved through large-
scale antenna position adjustments and rotations, rather than
fine-scale position changes at the wavelength level.

As shown in Fig. 11, a transmitter/receiver equipped with
6DMAs can adaptively allocate antenna resources in space to
match the spatial distribution of users. For instance, if users are
at similar distances from the transmitter and a specific region
contains a large number of users (see Fig. 11(a)) or dense
scatterers (see Fig. 11(b)), the 6DMA system assigns more
antennas to that area to improve communication and sensing
performance. By allocating antennas to different communi-
cation/sensing regions, the system achieves balanced power

1The channel spatial distribution characterizes the large-scale variations in
the channel between a 6DMA-enabled transmitter and receiver, which depend
on the 3D spatial distribution of devices/users/scatterers in the environment.
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Fig. 11. 6DMA performance enhancement.

distribution across users/scatterers, thus improving the overall
system performance.

More specifically, the 6DMA system offers an improved
array gain, spatial multiplexing gain, and geometric gain while
effectively suppressing interference, which leads to significant
enhancement in wireless network performance. They are fur-
ther elaborated in the following.

1) Array Gain: A 6DMA system achieves superior array
gain compared to FPA arrays by adjusting the position and
orientation of the array towards the desired direction. This
fully utilizes the directive radiation pattern of each antenna
element on the 6DMA surface. As illustrated in Fig. 11,
aligning the position and rotation of each 6DMA surface with
the direction of the desired signal effectively compensates for
path loss. This advantage is especially valuable in propagation
environments with rich scattering and significant multi-path
fading.

2) Spatial Multiplexing Gain: Employing 6DMAs at the
transmitter and/or receiver enhances the spatial multiplexing
gain of MIMO systems. Traditional MIMO systems often face
challenges in fully achieving the spatial multiplexing gain
needed for maximizing data rates due to issues like antenna
mutual coupling or insufficient multi-path scattering, which
lead to channel rank deficiency. In contrast, the flexibility of
6DMA surfaces allows them to be strategically positioned
and rotated based on the propagation channel between the
transmitter and receiver. This optimizes the singular values of
the MIMO channel matrix, which leads to a more balanced
singular value distribution and increased system capacity,
as shown in Fig. 11.

3) Interference Suppression: In multi-user scenarios,
6DMAs enhance signal power towards desired directions
while effectively suppressing interference from undesired
ones. In addition, by strategically adjusting the positions
and orientations of 6DMA surfaces at the BS according
to the users’ long-term channel characteristics, the transmit
and receive beamforming based on instantaneous channels
becomes significantly more effective in mitigating interfer-
ence.

4) Geometric Gain: Beyond enhancing communication
performance, 6DMA systems improve sensing accuracy by
leveraging the geometric flexibility of position- and rotation-
adjustable 6DMA surfaces. For instance, for localization tasks

performed by a 6DMA-BS, the accuracy is influenced by
the relative geometry between the target and the transmitting
antennas. By optimizing antenna position/rotation at the BS,
a geometric gain for sensing can be achieved [10], [11].

D. Open Problems and Future Research Directions

Modeling the 6DMA channel, designing practical hardware,
and accounting for position/rotation constraints are essen-
tial for optimizing the positions and rotations of 6DMAs
and realizing their potential performance gains in 6DMA-
assisted wireless systems. However, research in these areas
is still in its infancy and encounters numerous critical chal-
lenges that require further exploration. Below, we highlight
several promising directions to inspire future studies. One
key assumption in the 6DMA channel model discussed in
Section II-A is that signal coupling among adjacent antenna
elements can be neglected. In reality, increasing the num-
ber of possible positions and rotations for 6DMA surfaces
within a fixed movement range typically enhances move-
ment precision, which translates into improved performance.
However, this approach reduces the spacing between antenna
elements, potentially making mutual coupling effects more
pronounced and no longer negligible. Such coupling arises
from the interaction between adjacent elements through cir-
cuit coupling, which results in coupled channel coefficients.
Consequently, the channel model for 6DMA, as outlined
in Section II-A, may become inaccurate. Strategies such
as leveraging circuit and antenna theory, which involve
matching networks and employing isolation techniques in
antenna design, can help mitigate mutual coupling effects [62],
[63]. Addressing this issue may also require more complex,
nonlinear models to characterize mutual coupling effects accu-
rately [64], [65], which presents an intriguing avenue for future
research.

A second challenge is the lack of empirical channel data.
Developing an empirical 6DMA channel model necessitates
extensive channel measurements, a process highly dependent
on the advancement of 6DMA devices. However, the cur-
rent development of 6DMA technology is still in an early
stage, with existing prototypes not yet suitable for practical
deployment, despite significant efforts in this area. Overcom-
ing this challenge requires collaboration among physicists,
electromagnetic specialists, and antenna engineers to develop
reliable 6DMA prototypes and perform extensive channel
measurements across diverse environments. The measurement
data collected can then be utilized to construct empirical
channel models tailored to various scenarios. In addition, while
this tutorial primarily emphasizes the spatial correlation of
the candidate antenna positions and rotations, it is essential
to acknowledge that correlations also exist in the time and
frequency domains. The development of theoretical channel
models should further consider additional factors such as
atmospheric conditions, weather variations, and other envi-
ronmental influences, particularly for applications in THz
communications [66].

Moreover, practical deployments often impose additional
hardware constraints. In Section II-B, one position and two
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rotation constraints are considered. However, depending on
the deployment scenario, additional constraints may need
to be introduced. For example, within the same 6DMA-
BS, it is necessary to determine how many 6DMA surfaces
should be responsible for receiving signals and how many for
transmitting signals at the same frequency. Thus, the number
of transmitting and receiving surfaces should be constrained
to ensure feasible resource allocation and achievable perfor-
mance. Balancing these roles among the available 6DMA
surfaces would require new optimization frameworks that
account for channel conditions, traffic demands, and hardware
capabilities.

III. 6DMA DESIGN ISSUES

In this section, we discuss the main design issues of
6DMA-aided wireless systems and present some correspond-
ing promising approaches to tackle them. In particular,
we investigate antenna position and rotation optimization
considering both continuous and discrete antenna movement.
Then, we examine 6DMA channel estimation techniques,
addressing both statistical channel estimation and instan-
taneous channel estimation. In this section, we consider
multiuser communication between K users with FPAs and a
6DMA-BS, as illustrated in Fig. 9.

A. Antenna Position and Rotation Optimization

The general optimization problem for a 6DMA system with
flexible antenna positioning and rotation can be formulated as
follows

max
q,u,m

U (q,u,m)

s.t. fi(q,u,m) ≥ 0, i = 1, 2, . . . (Movement constraints)
f̄i(q,u,m) ≥ 0, i = 1, 2, . . . (Resource constraints)

f̃i(q,u,m) ≥ 0, i = 1, 2, . . . (Performance constraints)
(20)

where m represents communication or/and sensing resources,
such as power, bandwidth, and beamforming/waveform design.
The utility function, U (q,u,m), comprises system perfor-
mance metrics, such as achievable rate, secrecy rate, energy
efficiency, and sensing accuracy. The constraints fi(q,u,m)
impose limitations on antenna movement, including finite
antenna movable regions, antenna position, antenna rota-
tion, minimum antenna spacing, maximum moving speed,
and so on. The constraints f̄i(q,u,m) pertain to com-
munication or/and sensing resources, such as maximum
transmit power, system bandwidth, and the maximum num-
ber of associated users. Lastly, the constraints f̃i(q,u,m)
ensure communication and sensing performance require-
ments, such as maximum interference leakage, minimum
signal-to-interference-plus-noise ratio (SINR), and required
Cramer-Rao Bound (CRB). All subsequent optimization prob-
lems in this tutorial can be regarded as special cases of
problem (20).

In this subsection, we consider the 6DMA centralized
processing architecture in Fig. 9(a).

1) Continuous Antenna Position and Rotation Optimization:
We first consider the uplink transmission from K users, each
equipped with a single FPA, to a 6DMA-BS. Let H(q,u)
denote the multiple-access channel from all K users to all
6DMA surfaces at the BS, modeled using the basic 6DMA
channel model in (4). The average network capacity of a
6DMA-enabled system, accounting for random channel real-
izations, is expressed as

Ravg(q,u) = EH

[
log2 det

(
INB +

p

σ2
H(q,u)H(q,u)H

)]
,

(21)

where σ2 denotes the noise variance, and p represents the
transmit power for each user. To maximize Ravg(q,u) by
jointly optimizing the 3D positions q and 3D rotations u
of all 6DMA surfaces at the BS, subject to the practical
constraints outlined in Section II-B, the optimization problem
is formulated as

(P1-CO) : max
q,u

Ravg(q,u) (22a)

s.t. qb ∈ C, ∀b ∈ B, (22b)
(17), (18), (19), (22c)

where constraint (22b) ensures that each 6DMA surface’s
center is situated within the 3D site space of the BS, C.
As discussed in Section II-B, (17)–(19) are antenna position
and rotation constraints. Note that since the expectation in (21)
is difficult to compute analytically, the Monte Carlo method
can be used to approximate Ravg(q,u) [8].

Unfortunately, problem (P1-CO) is inherently non-convex
due to the non-concave nature of the objective function, the
coupling of position and rotation variables, and the non-
convexity of the constraints in (17)–(19), which makes the
joint optimization highly challenging. A practical solution
to address this issue is to apply alternating optimization
(AO), which iteratively optimizes the position and rotation
of each 6DMA surface while keeping those of the others
fixed [8]. In particular, during each AO iteration, the first
step is to optimize qb, with {qj}j∈B/b and {uj}j∈B fixed.
The resulting optimization problem for qb can be expressed
as

(P2-CO-b) : max
qb

R̃avg(qb,ub) (23a)

s.t. qb ∈ C, (23b)
∥qb − qj∥2 ≥ dmin, ∀j ∈ B/b, (23c)

n(ub)T (qj − qb) ≤ 0, j ∈ B/b, (23d)

n(uj)T (qb − qj) ≤ 0, j ∈ B/b, (23e)

n(ub)T qb ≥ 0, (23f)

where R̃avg(qb,ub) is a re-expression of Ravg(q,u) in terms
of the position qb and the rotation ub (for b ∈ B) of a
single 6DMA surface, with the positions and rotations of the
other surfaces held constant. To efficiently solve (P2-CO-b),
non-convex constraint (23c) is first reformulated into a con-
vex form with respect to qb. After this transformation,
the feasible direction method [67] is applied to solve the
problem [8].
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Fig. 12. Simulation setup of the 6DMA system.

In the second step, ub is optimized for fixed {uj}j∈B/b and
{qj}j∈B. The optimization problem for ub is expressed as

(P3-CO-b) : max
ub

R̃avg(qb,ub), (24a)

s.t. n(ub)T (qj − qb) ≤ 0, j ∈ B/b, (24b)

n(ub)T qb ≥ 0. (24c)

The objective function in (P3-CO-b) is non-concave, and
constraints (24b) and (24c) are non-convex, which poses sig-
nificant difficulties in obtaining an optimal solution. To address
these challenges, we can first approximate the rotation matrix
using a linearization technique for small rotation angle
changes [8], thereby converting the non-convex rotation con-
straints into convex ones. Subsequently, the feasible direction
and AO methods can again be applied to solve (P3-CO-b).

To demonstrate the network capacity achieved through AO-
based 6DMA position and rotation optimization, we consider
the setup shown in Fig. 12. Users are distributed in a
3D spherical annulus with radial distances from 20 meters
(m) to 200 m centered at the CPU. The region includes
three disjoint hotspots L1, L2, and L3, with average user
ratios of 1:2:3, and a non-hotspot area. The 6DMA-BS
occupies a 1 m3 cube C, with each surface deploying a
2 × 2 UPA. The system operates at 2.4 GHz, with dmin =√

2
2 λ + λ

2 , B = 16, 40 mW user transmit power, and
−50 dBm average noise power. According to the 3GPP
standard [68], the directive antenna gain A(θ̃b,k,l, ϕ̃b,k,l) in
dBi is given by A(θ̃b,k,l, ϕ̃b,k,l) = Gmax−min{−[AH(ϕ̃b,k,l)+
AV(θ̃b,k,l)], Gs}, where AH(ϕ̃b,k,l) = −min{12( ϕ̃b,k,l

ϕ3dB
)2, Gs}

and AV(θ̃b,k,l) = −min{12( θ̃b,k,l

θ3dB
)2, Gv}. Here, θ3dB =

ϕ3dB = 25◦, Gmax = 8 dBi, and Gs = Gv = 25 dB [12].
Note that the antenna pattern can be optimized based on the
received signal strength or other performance metrics [69].
Fig. 13 illustrates the optimized positions and rotations of all
6DMA surfaces using the algorithm in [8]. The results show
that, in a network containing both hotspot and non-hotspot
users (with the proportion of non-hotspot users denoted by
ξ = 0.6), the 6DMA surfaces adjust their 6D positions and
rotations to accommodate the distribution of both user types.
The allocation of 6DMA surfaces to the different hotspots
depends primarily on the BS-to-user distance and the user
density in each hotspot. Note that with fewer antennas per

Fig. 13. Optimized 6DMA positions and orientations, where blue snowflakes
denote surface normals and darker hotspots indicate higher user density [8].

Fig. 14. Sum rate versus the non-hotspot user ratio ξ for continuous antenna
position and rotation optimization [8].

surface and thus more surfaces given the same total number
of antennas used, there is greater design flexibility for antenna
positions and rotations. However, this gain comes at the cost of
higher energy consumption and control complexity. Therefore,
practical 6DMA-BS configuration requires a balanced trade-
off between performance and cost.

In Fig. 14, we evaluate the effect of ξ on the sum rate for
different schemes. Specifically, we consider three benchmark
schemes based on a three-sector BS, with each sector covering
approximately 120◦. These schemes are: FPA [6], rotatable
6DMA with fixed position [8], and positionable 6DMA with
fixed rotation (i.e., fluid antenna) [70], [71], [72], [73]. The
proposed general 6DMA system consistently outperforms all
other schemes for all values of ξ, as general 6DMA provides
higher spatial DoFs and can allocate antenna resources more
effectively to match the channel’s spatial distribution. The
performance gap between 6DMA and the fluid antenna is
substantial. This is because antenna position adjustments are
mainly designed to mitigate small-scale channel fading or deep
fading by moving antennas along a line or a 2D surface while
keeping their rotations fixed. Moreover, the performance gain
of 6DMA reduces as ξ approaches one (i.e., with non-hotspot
users only). These results demonstrate that the proposed
6DMA design is especially beneficial when the user spatial
distribution is non-uniform and exhibits clustering in hotspots.

To reduce computational complexity, the authors in [74]
proposed a new sequential optimization approach that first
determines 6DMA rotations and then finds their feasible
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positions to realize the optimized rotations subject to practical
antenna placement constraints. The sequential optimization
significantly reduces the computational complexity of the AO-
based algorithm, while achieving comparable communication
performance. On the other hand, the antenna position and rota-
tion of 6DMA generally need to be jointly designed with the
transmit beamforming of the transceiver in networks such as
the BS or access point (AP) to optimize network performance.
By introducing the transmit-beamforming variables, the uplink
MIMO problem in (P1-CO) can be extended to the following
multi-user downlink MIMO rate-maximization problem:

(P-JT) : max
W,q,u

R(W,q,u) (25a)

s.t.
K∑

k=1

∥wk∥22 ≤ Pmax, (25b)

(22b), (18), (19), (17), (25c)

where wk denotes the transmit beamforming vector for user k
at the BS, W = {wk} denote the set of beamforming vectors,
Pmax is the maximum transmit power, and R(W,q,u) is the
achievable rate of all users, given by

R(W,q,u)=
K∑

k=1

log2

(
1 +

|(hk(q,u))Hwk|2∑
j ̸=k |(hk(q,u))Hwj |2+σ2

)
.

(26)

For the sake of simplicity, we assume that the CSI is
known in (26). The main challenge in this joint optimiza-
tion lies in the coupling between the transmit beamforming
and the antenna position and rotation optimization variables.
A possible approach to address this problem is deep learn-
ing [75], [76], [77]. Unlike the AO technique discussed earlier,
which iteratively optimizes the antenna positions and rotations,
the low-complexity deep reinforcement learning (DRL)-based
algorithm proposed in [13] jointly designs the 6DMA posi-
tions, rotations, and beamforming as the output of a DRL
neural network, which leads to more stable and faster conver-
gence. Such a DRL-based 6DMA system learns directly from
environmental feedback and offers efficient implementation
without relying on explicit wireless environment models or
specific mathematical formulations. This flexibility allows it to
scale effectively across various system settings [13]. Moreover,
large language models (LLMs) have significantly advanced
the field of AI [78], and they can be used to predict 6DMA
positions and rotations. Specifically, by exploiting low-rank
adaptation fine-tuning (LoRA), LLM-aided 6DMA can utilize
channels that store historical channel-state information from
all candidate position-rotation pairs to forecast channels for
subsequent time periods. The system can then select the
appropriate 6DMA position-rotation pairs for the forthcoming
interval based on the predicted channels. The LLM-aided
6DMA system has the potential to exhibit strong generaliza-
tion ability and robustness under different numbers of 6DMAs
and changing channel conditions.

2) Discrete Antenna Position and Rotation Optimization:
In the preceding subsections, we primarily considered con-
tinuous positions and rotations of 6DMA surfaces. While

continuously tuning the position and/or rotation of each
6DMA surface provides the greatest flexibility and achieves
the highest performance gains over FPAs, it is challenging
to implement in practice. This is because adjusting 6DMA
surfaces using mechanical systems such as rotary motors
typically allows only discrete changes in position and rotation.
In addition, implementing continuous adjustments increases
hardware costs, power consumption, and movement time,
especially when a large number of 6DMA surfaces are required
to cover a wide movement range at the transmitter or receiver.
As such, a more practical and cost-effective approach is to
use a finite set of discrete positions and rotation levels for
6DMA surfaces to strike a balance between performance gain
and implementation cost. We consider the uplink transmission
from K users, each equipped with a FPA, to a 6DMA-BS,
where the basic 6DMA channel model in (4) is employed.
There are a total of M possible positions, and each position
has Ld possible rotations. We denote qm ∈ R3 as the m-th
discrete position and u(m)

l ∈ R3 as the l-th discrete rotation
at the m-th position.

A major challenge in designing discrete positions and
rotations for 6DMA surfaces arises from the large number
of possible combinations of discrete positions and rotations
across all surfaces, which makes it computationally expensive
to find the optimal solution. Solving this problem optimally
requires an exhaustive search over all combinations, which
becomes impractical when the number of positions, rotations,
and antennas are large. To solve this problem, we consider
a modified version of problem (P1-CO) by replacing the
continuous position and rotation constraints in (22) with their
discrete counterparts. As a result, the achievable rate maxi-
mization problem with discrete antenna positions and rotations
is formulated as follows.

(P-DIS) : max
z

Ravg(z) (27a)

s.t. (sT
v − sT

b )Ugb ≤ 0, b ̸= v,∀b, v ∈ B,

(27b)

sT
b Ugb ≥ 0, ∀b ∈ B, (27c)

sT
b Dsv ≥ dmin, b ̸= v,∀b, v ∈ B, (27d)

1T sb = 1, ∀b ∈ B, (27e)

1T gb = 1, ∀b ∈ B, (27f)
[sb]m ∈ {0, 1}, ∀m ∈M,∀b ∈ B, (27g)
[gb]l ∈ {0, 1}, ∀l ∈ L,∀b ∈ B, (27h)

where M = {1, 2, · · · , M}, L = {1, 2, · · · , Lk}, Ravg(z)
is the average network capacity, [D]m,m′ = ∥qm −
qm′∥2 denotes the distance between the m-th discrete position
and the m′-th discrete position, [U]m,l = n(u(m)

l )T qm, and
z = [sT

1 , sT
2 , · · · , sT

B ,gT
1 ,gT

2 , · · · ,gT
B ]T denotes the position

and rotation indicator vector. Here, sb ∈ RM and gb ∈ RL, b ∈
B, are the position and rotation indicator vectors respectively,
which are given by

[sb]m =
{

1, if b = m,
0, otherwise, [gb]l =

{
1, if b = l,
0, otherwise. (28)

Constraints (27b), (27c), and (27d) in (P-DIS) are the discrete
versions of (18), (19), and (17) in (P1-CO), respectively.
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Fig. 15. Sum rate versus transmit power for discrete antenna position and
rotation optimization.

Constraints (27g) and (27h) ensure that the position and rota-
tion indicator vectors are binary (0 or 1), indicating whether
a specific position or rotation is chosen by the b-th 6DMA
surface. Furthermore, constraints (27e) and (27g) guarantee
that no position is chosen by more than one 6DMA surface,
while constraints (27f) and (27h) ensure that each 6DMA
surface selects only one rotation for each discrete position.

The non-convex nature of the objective function and con-
straints, combined with the binary variables, makes (P-DIS) a
challenging non-convex integer programming problem. More-
over, the objective function of problem (P-DIS) requires
statistical information of the multiple-access channel matrix,
which is not always readily available in practice. An offline
optimization approach was proposed in [9], which approx-
imated the average network capacity through Monte Carlo
simulations, where the channel statistics of users were assumed
to be known a priori. The discrete position and rotation
variables were transformed into continuous variables, and the
modified problem was addressed using effective optimiza-
tion techniques. The final discrete solutions were obtained
by quantizing the results to the nearest values within the
discrete sets [9]. Furthermore, for scenarios without prior
statistical channel knowledge, a low-complexity conditional
sample mean (CSM)-based online optimization method was
introduced in [9] to address (P-DIS). This method randomly
generated various sets of discrete position and rotation com-
binations for all 6DMA surfaces and evaluated the actual
achievable sum rate for each set. The collected data was
subsequently utilized to directly optimize the 3D positions
and rotations of all available 6DMA surfaces to maximize
the average sum rate of the users without requiring explicit
computation of statistical channel information.

To assess the benefits of discrete antenna position and rota-
tion optimization in improving system performance, Fig. 15
presents the sum rate achieved by the offline optimization
algorithm from [9] as a function of the users’ transmit
power. The simulation setup is the same as in Fig. 12. It is
observed that increasing the number of discrete positions, M ,
or rotations, Ld, enhances the sum rate due to higher spatial
DoFs, which enables better adaptation to user distributions and
improves both array and spatial multiplexing gains. Further-
more, one can observe that the offline algorithm with discrete
positions/rotations suffers a performance loss compared to the

AO algorithm with continuous positions and rotations [8]. This
is because discrete position/rotation adjustments of 6DMA
surfaces will limit their spatial DoFs for adaptation.

B. 6DMA Channel Estimation

This subsection discusses channel estimation for the 6DMA
system based on the basic 6DMA channel model in (4).

1) Problem Description and Challenges: To obtain optimal
6DMA positions and rotations, the CSI between all 6DMA
candidate positions/rotations and all users is essential, which,
however, is practically challenging to acquire. Specifically,
we consider the 6DMA centralized processing architecture in
Fig. 9(a) for uplink multi-user MIMO communication in a
narrowband 6DMA system. The received signal at the NB-
antenna 6DMA BS from K users (each equipped with a single
omnidirectional FPA) can be expressed as follows

Y = XH
H

(q̄, ū) + N, (29)

where H(q̄, ū) ∈ CNM×K denotes the multiple-access chan-
nel from the K users to a 6DMA surface across all M
possible positions q̄ ∈ C3M×1 and rotations ū ∈ C3M×1

in the specified region. X ∈ CL×K is the pilot matrix,
where each entry is independent and identically distributed
(i.i.d.) according to a complex Gaussian distribution with zero
mean and unit variance, and N denotes the complex additive
white Gaussian noise (AWGN) matrix at the BS, with L
being the pilot sequence length. For 6DMA systems, channel
estimation aims to obtain the instantaneous or statistical CSI
of H(q̄, ū) for all available 6DMA positions and rotations
within a specified transmitter/receiver region, to optimize the
6DMA’s position and rotation.

Compared to conventional FPAs, 6DMA channel estimation
introduces new challenges. First, unlike conventional MIMO
systems, where the number of channels is limited due to
the fixed antenna positions, 6DMA involves a much larger
number of channels as the antennas can move to arbitrary
positions and rotations within a specified region. This high-
dimensional nature causes a significant increase in the pilot
overhead for channel estimation. In addition to the larger
number of 6DMA-induced channel coefficients compared to
FPA systems, another challenge arises from the uneven chan-
nel power distribution of the 6DMA system. Specifically,
for a 6DMA system with flexible position and rotation, the
channel power between a user and candidate antenna can vary
significantly for different positions/rotations in continuous 3D
space. For example, the channels between a user and two
6DMA surfaces with opposing normal vectors will exhibit
very different distributions. This significantly complicates CSI
estimation for 6DMA compared to traditional MIMO systems.
Existing literature primarily focuses on two approaches for
6DMA channel estimation, namely statistical 6DMA channel
estimation and instantaneous 6DMA channel estimation. In the
following, we discuss a protocol for CSI acquisition and data
transmission in 6DMA systems, the unique directional sparsity
of 6DMA channels, two types of channel estimation [12], and
key open issues for future research.
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Fig. 16. Illustration of the directional sparsity pattern of 6DMA channel.

2) 6DMA Directional Sparsity and Protocol Design: In
existing wireless networks, the BS is usually installed at a high
altitude. Thus, there are only a limited number of scatterers
around the BS, while there may be rich scattering near each of
the users. Due to the rotatability, positionability, and antenna
directivity of 6DMA, the channels between a given user
and different candidate 6DMA positions and rotations in a
continuous 3D space generally exhibit drastically different
distributions. For example, in Fig. 9, user k on the ground
can establish a significant channel with 6DMA surface 1, but
its channel with 6DMA surface b, which is directed towards
the sky, is much weaker and thus can be assumed to be
approximately zero. We define this property as directional
sparsity as follows [12].

Definition 1 (Directional Sparsity): In the considered
6DMA system, user k is assumed to have non-zero channel
gains to only a subset of 6DMA position-rotation pairs
indexed by the set Wk ⊆ M = {1, 2, · · · , M}, (i.e.,
antenna gain gk,l(um) ̸= 0, ∀m ∈ Wk in (7)); while for the
remaining 6DMA position-rotation pairs m ∈ Wc

k, where
Wk ∪ Wc

k = M and Wk ∩ Wc
k = ∅, the channels to user k

are assumed to be zero (i.e., gk,l(um) = 0,∀m ∈ Wc
k in (7)).

The directional sparsity of the 6DMA channels H(q̄, ū) is
illustrated in Fig. 16. The deep blue regions correspond to
channel gains approximately equal to zero. To characterize the
directional sparsity of 6DMA channels, we define Z ∈ RM×K

as the directional sparsity indicator matrix as follows:

[Z]m,k =


1, if the channel between the k-th user

and the m-th candidate 6DMA
position-rotation is non-zero,

0, otherwise.

(30)

By leveraging the unique directional sparsity of 6DMA,
a practical protocol for the operation of the 6DMA system
was proposed in [12]. As illustrated in Fig. 17, the protocol
is divided into three stages within a long transmission frame.
Note that user data transmission continues throughout all three
stages, with enhanced data rates achieved in the third stage
after the 6DMA surfaces have been positioned and rotated
optimally. The protocol is detailed as follows:
• Stage I (Candidate position/rotation statistical CSI esti-

mation): In the long transmission frame, we assume that

Fig. 17. The proposed three-stage protocol for 6DMA systems [12].

the statistical CSI between all 6DMA candidate position-
rotation pairs and all users remains constant. Thus, we can
estimate the statistical CSI in terms of the directional
sparsity matrix Z and the average channel power matrix
P in Stage I.

• Stage II (6DMA position/rotation optimization and move-
ment): With the global statistical CSI, the 6DMA-BS then
optimizes the positions and rotations of all B 6DMA
surfaces in this stage to maximize the ergodic sum rate.
Once the optimized positions and rotations of the 6DMA
surfaces have been determined, the 6DMA surfaces are
gradually moved over consecutive short communication
blocks to the optimized positions and rotations.

• Stage III (User communication with improved data rate
at optimized 6DMA positions/rotations and instantaneous
channel estimation): With all 6DMA surfaces located
at their optimized positions and rotations obtained in
Stage II, the users can communicate with the BS with an
improved sum rate in Stage III, where the instantaneous
channels between the users and each 6DMA surface
located at its optimized position and rotation can be
estimated at the BS by leveraging the directional sparsity
determined in Stage I.

In this protocol, the candidate position/rotation channels
are high-dimensional but statistically constant during the long
transmission frame. Thus, the candidate position/rotation sta-
tistical CSI can be estimated much less frequently than the
candidate position/rotation instantaneous CSI, and thus the
average pilot overhead for the former is low in the long term.
Furthermore, the directional sparsity of the 6DMA channel
can be leveraged to further reduce the pilot overhead for
both the estimation of the statistical CSI for the candidate
positions/rotations and the estimation of instantaneous CSI for
the optimized positions/rotations. Next, we discuss specific
methods for estimating the statistical and instantaneous CSI
based on this protocol, respectively.

3) Statistical Channel Estimation: Assuming that the chan-
nels of different users are statistically independent, the average
network capacity Ravg(q,u) in (21) can be upper-bounded
by [12]

Ravg(q,u) ≤
K∑

k=1

log2

(
1 +

p

σ2

B∑
b=1

[P]k,b

)
, (31)

where P ∈ RB×K denotes the average channel power
matrix, with its (b, k)-th element given by [P]b,k =∑Nb

j=N(b−1)+1 E
[
|[H(q,u)]j,k|2

]
. This element corresponds

to the average power of the channels between user k and
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all antennas on the b-th 6DMA surface. From (31), it is
observed that Ravg(q,u) depends on the statistical CSI (i.e.,
P), which is determined by the antenna positions and rotations.
Therefore, the statistical CSI for all candidate positions and
rotations must be estimated to optimize the 6DMA surfaces’
positions and rotations for maximizing the ergodic sum rate.

Next, we present the statistical channel estimation method
proposed in [12] and [79] to efficiently estimate the average
channel power for 6DMAs with affordable complexity. This
scheme leverages the directional sparsity characteristic of
6DMA channels and involves two main steps. First, all B
6DMA surfaces are repositioned and rotated across a total
of M > B distinct position-rotation pairs to gather channel
measurements for estimating the channel power. Second, using
the estimated channel power, the multi-path average power
and the DOA vector are calculated to reconstruct the average
channel power for all potential 6DMA positions and rotations.

Step 1: Covariance-Based Average Channel Power Estima-
tion: To enable average channel power estimation in Step I,
the 6DMA surfaces at the BS move over M different position-
rotation pairs, and the BS collects L pilot symbols from each
user. The received signal at the m-th (m ∈ {1, 2, · · · , M})
candidate position-rotation pair can be expressed as

Ym = Xdiag([Z̄]m,:)H
T

m + Nm, (32)

where Z̄ ∈ RM×K represents the directional sparsity indi-
cator matrix for the M position-rotation pairs, Hm ∈
CN×K denotes the channel matrix from all K users to all
the antennas of the m-th 6DMA candidate position-rotation
pair, and Nm is the AWGN matrix. Next, we introduce
the power state vector ηm ∈ RK , which is defined as
ηm =[[P̄]m,1[Z̄]m,1,· · · ,[P̄]m,K [Z̄]m,K ]T , where P̄ ∈ RM×K

specifies the average channel power for the M sampling
position-rotation pairs. Our goal in Stage I is to estimate
P̄ and Z̄, which will then be used as partial statistical CSI
for reconstructing the full statistical CSI corresponding to
all possible M ≫ M 6DMA positions and rotations. This
process requires estimating the power state vector ηm from
the noisy observations Ym, based on the known pilot matrix
X. In general, this estimation can be formulated as a maximum
likelihood estimation (MLE) problem [80].

Specifically, we define Σm = Xdiag(ηm)XH + σ2IL and
let Σ̂m = 1

N YmYH
m denote the sample covariance matrix

of the received signal for the m-th candidate position/rotation
pair averaged over all N antennas of the 6DMA surface. Then,
the MLE problem can be formulated as follows

arg min
ηm∈R+

ln det(Σm) + tr(Σ−1
m Σ̂m). (33)

To solve problem (33), a coordinate descent method can be
used [12]. Once ηm has been obtained, the average channel
power matrix can be expressed as P̄ = [η1, . . . ,ηM ]T .
Furthermore, we set the directional sparsity matrix [Z̄]m,k =
1 if [ηm]k exceeds an empirically chosen threshold ϵ > 0;
otherwise, [Z̄]m,k = 0.

Step 2: Multi-Path Average Power and DOA Vector Esti-
mation: Once the statistical CSI for a small number of M
position-rotation pairs, i.e., P̄, is estimated, the statistical CSI

for all M possible position-rotation pairs in the BS site region
C can be reconstructed at the BS [79]. In particular, the entries
of P̄ can be expressed as follows:

[P̄]k,m = Ngk(um, fk)sk, (34)

where sk = E[|
∑Lk

l=1

√
µl,ke−jφ̄l,k |2] represents the multi-

path average power from the k-th user to the 6DMA-BS,
φ̄l,k = φl,k + 2π

λ (fl,k − fk)T rm,n(qm,um), which is modeled
as an independent and uniformly distributed random variable
in [0, 2π). Here, φl,k denotes the path gain and phase shift
from user k to the BS along path l. Eq. (34) holds because
gk,l(um, fk,l) is assumed to remain constant for arbitrary path
l, i.e., gk,l(um, fk,l) = gk(um, fk), with fk denoting the unit
DOA vector corresponding to the signal arriving at the BS
from the center of the scattering cluster of user k [12].

From (34), it is clear that, by determining fk and sk based
on the estimated P̄ and Z̄, the average channel power between
the users and all feasible 6DMA positions and rotations at the
BS can be reconstructed. Specifically, we utilize the channel
directional sparsity matrix Z̄, estimated in Step I, to decrease
the complexity of parameter estimation in Step II. Specifically,
we construct the support set Îk ∈ RMk for [Z̄]:,k, which
includes the indices of the non-zero elements of [Z̄]:,k, where
Mk < M denotes the number of non-zero elements. We define
p̄k = [P̄]:,k ∈ RM and vk = [gk(u1, fk), · · · , gk(uM , fk)]T ∈
RM . Then, let p̄k,Îk

∈ RMk and vk,Îk
∈ RMk denote the

new vectors formed by the non-zero elements of p̄k and vk

that correspond to the indices stored in Îk. Consequently,
we optimize fk and sk by minimizing the reconstruction
error:

min
sk,fk

∥∥∥p̄k,Îk
−Nvk,Îk

sk

∥∥∥2

2
, (35a)

s.t. sk ≥ 0. (35b)

Problem (35) can be reformulated as a compressed sensing
problem by uniformly discretizing fk into G ≥ 0 grid points,
and can be efficiently solved using standard compressed
sensing algorithms, such as non-negative OMP [12], [79],
[100]. Once the estimates of sk and fk are obtained, the
channel power for all possible 6DMA positions and rotations,
represented as P̂ ∈ RM×K , can be reconstructed according
to (34). Additionally, the directional sparsity for all possible
6DMA positions and rotations, represented as Ẑ ∈ RM×K ,
can be reconstructed by setting [Ẑ]m,k = 1 if [P̂]m,k exceeds
a specified threshold ϵ > 0.

4) Instantaneous Channel Estimation: With the estimated
directional sparsity from Stage I and the optimized 6DMA
positions/rotations from Stage II of the protocol, we proposed
a directional sparsity-aided LS algorithm in [12] to estimate
the instantaneous CSI from the users to each 6DMA sur-
face at the optimized position/rotation in Stage III. Unlike
statistical channels, instantaneous channels vary rapidly and
require a high estimation frequency. This leads to prohibitively
high processing costs and latency when using the centralized
6DMA processing architecture shown in Fig. 9(a). Therefore,
in this subsection, we consider the 6DMA distributed pro-
cessing architecture shown in Fig. 9(b), where all LPUs can

Authorized licensed use limited to: University of Waterloo. Downloaded on February 18,2026 at 00:14:23 UTC from IEEE Xplore.  Restrictions apply. 



SHAO et al.: TUTORIAL ON SIX-DIMENSIONAL MOVABLE ANTENNA FOR 6G NETWORKS 3685

Fig. 18. (a) The NMSE of channel power estimation. (b) The NMSE of
instantaneous channel estimation.

simultaneously and in parallel estimate the instantaneous chan-
nels between the users and their respective 6DMA surfaces.
Moreover, we leverage the knowledge of channel directional
sparsity matrix Ẑ estimated during the statistical channel
estimation stage to improve the instantaneous channel esti-
mation accuracy. Specifically, we construct the support set of
hb = vec(H

T

b ) ∈ CNK×1 as Īb = support([Ẑ]Tb,: ⊗ 1N×1) ∈
CK̄×1, which identifies the indices of non-zero elements in
[Ẑ]Tb,:⊗1N×1. Here, K̄ < NK denotes the number of indexed
elements in Īb. Let AĪb

denote the matrix composed of the
corresponding columns of Īb in matrix A = IK⊗X, and hb,Īb

represent the vector consisting of the rows of Īb from vector
hb. Consequently, we derive the support-restricted estimates at
the b-th LPU (b ∈ B) using the following LS-based approach:

hb,Īb
← arg min

h
∥AĪb

h− yb∥22,

and hb,Īc
b
← 0, (36)

where Īb ∪ Īc
b = {1, 2, · · · , NK} and Īb ∩ Īc

b = ∅.
Besides the 6DMA NLoS channel estimation discussed

above, a two-step 6DMA LoS channel estimation scheme has
been explored in [13] and [101]. First, each 6DMA position-
rotation pair (i.e., each surface) independently produces a
coarse estimate, which provides scalability and low compu-
tational complexity. Then, a refined parameter estimation is
carried out cooperatively by adopting those 6DMA position-
rotation pairs that exhibit strong received signals. The resulting
two-step 6DMA channel estimation algorithm achieves signif-
icantly lower mean square error (MSE) as well as complexity
than existing approaches.

To illustrate the performance of our proposed NLoS 6DMA
channel estimation algorithm, Fig. 18 (a) presents the nor-
malized mean square error (NMSE) of statistical channel
estimation as a function of the signal-to-noise ratio (SNR) for
the proposed algorithm and the following benchmark methods:
1) Covariance-based exhaustive measurement, which uses the
covariance-based algorithm in Step I to estimate the channel
powers from all users to all M possible position-rotation
pairs without performing parameter estimation in Step II; 2)
Approximate message passing (AMP) algorithm [112]; and 3)
Block orthogonal matching pursuit (BOMP) algorithm [113].
For both AMP and BOMP, Step I involves estimating the
row-sparse channel H̃m = diag([Z̄]m,:)H

T

m from Ym as
defined in (32). Once H̃m is recovered, the channel power is
subsequently determined based on it, while Step II remains
consistent with the proposed algorithm. We set N = 4,

B = 16, M = 256, M = 32, λ = 0.125 m, and Lk = 100,
∀k. The multipath channels for each user are generated by
randomly selecting the user’s location within the BS coverage
area. The user distribution and BS site space are the same as
that in Fig. 12.

Fig. 18 (a) demonstrate that the proposed algorithm out-
performs both the AMP and BOMP algorithms because the
benchmark methods are required to estimate a significantly
larger number of unknown parameters to accurately recover
the specific entries of H̃m. In addition, the proposed statistical
channel reconstruction algorithm exhibits a slightly higher
NMSE compared to the covariance-based exhaustive measure-
ment approach. However, it only samples M = 32 sampled
position-rotation pairs, which is considerably fewer than the
M = 350 required by the covariance-based exhaustive
measurement method. Furthermore, Fig. 18 (b) shows the
NMSE for instantaneous CSI estimation as a function of the
pilot sequence length L. It is observed that the proposed
directional sparsity-aided LS algorithm achieves significantly
higher estimation accuracy compared to the traditional LS
algorithm. This is because the proposed LS algorithm utilizes
the directional sparsity from Stage I, thereby requiring fewer
measurements than the traditional LS method, which does not
exploit this sparsity.

C. Other Related Works and Future Directions

In Table IV, we summarize representative works on 6DMA
position and rotation optimization, focusing on the considered
system setups, adopted optimization techniques, and key find-
ings. The antenna position and rotation optimization works
discussed above primarily rely on the 6DMA centralized pro-
cessing architecture shown in Fig. 9(a). However, there is an
urgent need to design distributed or parallel position and rota-
tion optimization algorithms [114] by effectively combining
the signal processing capabilities of both LPUs and the CPU
of the distributed processing architecture shown in Fig. 9(b).
From an optimization perspective, it is also essential to develop
more advanced and computationally efficient algorithms for
6DMA position and rotation design, particularly for systems
with practically large antenna arrays. A valuable direction
is the development of stochastic geometry frameworks that
accurately incorporate accurate spatial correlation, mutual cou-
pling, and optimization effects, which would allow researchers
to evaluate the impact of large-scale 6DMA deployment in
future 6G networks. In addition, the impact of polarization
changes due to antenna positioning and rotation has been
largely overlooked [115]. Future position/rotation optimization
research should consider this factor to further enhance the
performance of 6DMA systems. Furthermore, the analysis
of 6DMA performance is highly challenging in many cases,
which makes it essential to explore novel methods for effective
evaluation. One possible approach is to simplify the 6DMA
model, such as by applying the circular 6DMA discussed
in Section IV-B, which makes performance analysis more
manageable. Moreover, inspired by tri-hybrid precoding [116],
a tri-hybrid 6DMA architecture is an attractive approach in
which conventional linear precoding is split across digital
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TABLE IV
AN OVERVIEW OF REPRESENTATIVE WORKS ON 6DMA POSITION AND ROTATION OPTIMIZATION

beamforming, analog beamforming, and 6DMA reconfigura-
tion, adding a third layer of electromagnetic beamforming to
expand MIMO’s spatial DoF.

In Table V, we summarize representative works on 6DMA
channel estimation based on the considered system setups and
6DMA configuration. The application of directional sparsity in
6DMA systems requires further exploration. For example, the
estimated directional sparsity matrix identifies the subsets of
candidate 6DMA positions and rotations providing significant
channel power for each user. This directional information can
be utilized to design an efficient codebook that prioritizes
beamforming directions aligned with the dominant scattering
paths of the users. By focusing on a reduced set of significant
directions, the codebook size can be optimized to balance
coverage and computational complexity. For 6DMA channel

estimation, in addition to the above-discussed methods, other
signal processing techniques from 6DMA-assisted systems can
also be incorporated. Examples include the sparse Bayesian
algorithm [117], the tensor method [118], the estimation of
signal parameters via rotational invariance technique (ESPRIT)
[119], machine learning, and the space-alternating generalized
expectation maximization scheme [120]. These methods vary
in terms of estimation accuracy and computational complexity,
offering different trade-offs depending on system require-
ments. Future research should integrate these advanced signal
processing techniques with existing/new 6DMA frameworks
to further improve channel estimation efficiency and accu-
racy. Finally, the minimum number of observable sampling
positions/rotations needed to reliably recover the CSI for
different 6DMA surface configurations, including variations
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TABLE V
SUMMARY OF REPRESENTATIVE WORKS ON 6DMA CHANNEL ESTIMATION

Fig. 19. Passive 6DMA-assisted multiuser communication.

in movement region size and position/rotation dimensions,
remains an open question. One possible approach to address
this issue is to apply the Nyquist-Shannon sampling theorem,
which defines the conditions for accurately reconstructing a
continuous signal from its discrete samples without informa-
tion loss. Another approach is to investigate the functional
DoFs from electromagnetic information theory [121]. In this
context, the functional DoFs refer to the minimum number
of samples required to reconstruct a given electromagnetic
field [122].

IV. 6DMA APPLICATIONS

Benefiting from the efficacy of 6DMA in enhancing com-
munication performance through optimized antenna positions
and rotations (orientations), as demonstrated in the previous

sections, this section discusses typical applications of 6DMA
in wireless networks, including passive 6DMA, 6DMA cell-
free networks, 6DMA for wireless sensing, 6DMA for
uncrewed aerial vehicles (UAVs), and other pertinent appli-
cations.

A. Passive 6DMA: Distributed or Centralized?

Previous studies have primarily focused on 6DMAs com-
posed of active antenna elements, referred to as active 6DMA.
6DMA surfaces can also be made of passive reflecting ele-
ments (via, e.g., IRS/RIS) [123], [124], [125], [126], [127]
to reconfigure the wireless signal propagation in a more cost-
effective manner as compared to active 6DMA. Furthermore,
compared to traditional IRS/RIS with fixed-position elements,
passive 6DMA can enhance the wireless system performance
by optimizing the positions and rotations of their elements.
In this subsection, we discuss a passive 6DMA system con-
sisting of passive IRSs that are adjustable in both 3D position
and 3D rotation [81], [82], [128].

In this context, passive 6DMA can be deployed in two ways:
distributed passive 6DMAs, where the reflecting elements form
B > 1 distributed IRSs, each capable of independently rotat-
ing and adjusting its position (see Fig. 19(a)); or a centralized
passive 6DMA, where all reflecting elements form a single
(i.e., B = 1) large IRS that can freely rotate and adjust its
position (e.g., via a UAV as illustrated in Fig. 19(b)) [81].
It is worth noting that, in a single-user LoS scenario, these
two passive 6DMA strategies are equivalent since both of
them can yield the maximum received signal power at the
user/BS. However, for multi-user scenarios (Fig. 11 (a)) or
single-user scenarios with multipath channels (Fig. 11 (b)),
the two passive 6DMA strategies generally result in distinct
channel characteristics between the users and the BS.

In the following, we first consider the distributed pas-
sive 6DMA system proposed in [81], where K single
omnidirectional-FPA users transmit data to a BS equipped with
Q antennas, with the assistance of a distributed passive 6DMA
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Fig. 20. Distributions of optimized path/aperture/beamforming gains and
max-min SNR over the passive 6DMA movement region.

(see Fig. 19 (a)). We assume that the direct link between
each user and the BS is severely blocked by obstacles and
thus can be ignored. There are in total B passive 6DMA/IRS
surfaces, and each surface is equipped with N IRS elements.
The location and rotation of the b-th IRS are represented by
qb and ub, respectively. Let θb ≜ [θb,1, · · · θb,N ]T denote
the reflection coefficients of passive 6DMA surface b, where
the reflection amplitude is set to one to maximize the signal
reflection power and thus |θb,n| = 1, ∀n = 1, · · · , N , b ∈ B.
Then, the cascaded channel between user k and the BS via all
passive 6DMA surfaces can be expressed as [81]

hk (q,u, θ) = V (q,u) diag (θ) χk (q,u) , (37)

with q and u being defined in (1), θ ≜
[
θT
1 , . . . , θT

B

]T
,

V (q,u) = [V (q1,u1) , · · · , V (qB ,uB)] and χk(q,u) =
[χk (q1,u1)

T
, · · · , χk(qB ,uB)T ]T , where χk(qb,ub) =∑Lk

l=1 ak,l

√
GI

k,l(ub)tk,l(qb,ub) and V (qb,ub) =∑J
p=1 vp

√
GR

p (ub)zpēH
p (qb,ub) denote the baseband

equivalent channels for the user k →passive 6DMA
surface b and passive 6DMA surface b →BS links w.r.t.
surface b’s position qb and rotation ub, respectively.
Here, Lk and J denote the number of propagation paths
between user k and passive 6DMA surface b and that
between surface b and the BS, respectively, ak,l and
vp are the complex-valued gains of the corresponding
channels, zp represents the steering vector of the BS, and
GI

k,l (ub)
(
GR

p (ub)
)

denotes the incident (reflective) radiation
pattern of each reflecting element in surface b corresponding
to the l-th path from user k (the p-th path to the BS).
tk,l (qb,ub) = [ej 2π

λ fT
k,lrb,1(qb,ub), · · · , ej 2π

λ fT
k,lrb,N (qb,ub)]T

and ēp (qb,ub) = [ej 2π
λ sT

p rb,1(qb,ub), · · · , ej 2π
λ sT

p rb,N (qb,ub)]T

denote the array response vectors of passive 6DMA surface
b from the l-th transmit path of user k and towards the p-th
reflective path to the BS, respectively, where fk,l and sp are
the direction of arrival/departure vectors with unit-norm for
the l-th path from user k and the p-th path to the BS.

To maximize the achievable rate of all users, denoted
by R(q,u, W , θ), the IRS phase shifts need to be jointly
optimized with the surfaces’ positions and rotations as well
as the receive beamforming matrix W . After introducing
the passive reflection coefficients θ, the active 6DMA design
problem (P-JT) is generalized to

(P-PAD) : max
q,u,W ,θ

R(q,u, W , θ) (38a)

s.t. (18), (19), (17), (22b) (38b)
|θn| = 1, n = 1, · · · , NB, (38c)

where (38c) is the unit-modulus constraint for each passive
reflecting element. It is important to note that the phase shift
of the IRS makes the resulting optimization problem, (P-PAD),
more challenging to solve compared to problem (P-JT) in the
active 6DMA case. To address this non-convex optimization
problem, an AO algorithm was employed in [81] to decompose
the problem into three subproblems, which were then solved
alternately in an iterative manner.

On the other hand, to reduce hardware costs and signaling
overhead among multiple distributed passive 6DMAs, central-
ized passive 6DMA is an alternative option. As depicted in
Fig. 19 (b), the authors in [82] and [129] focused on a new
UAV-enabled passive 6DMA-aided downlink communication
system, where an IRS with N passive reflecting elements and
B = 1 surface is mounted on a UAV to assist in the wireless
transmission from a Q-antenna BS to K remote users, each
equipped with a single omnidirectional FPA. Moreover, the
authors in [82] proposed an AO algorithm to optimize the
IRS’s position, rotation, and reflection coefficients alternately
until convergence. To avoid undesirable local optima, a Gibbs
sampling method was also introduced in [82] between two
consecutive AO iterations for improved solution exploration.

To evaluate the effectiveness of centralized passive 6DMA,
Fig. 20 illustrates the distributions of the end-to-end path gain,
effective aperture gain, passive beamforming gain, and max-
min user SNR (in dB) across the movement region using the
Gibbs sampling-aided AO algorithm proposed in [82]. In the
simulation, the number of IRS elements is set to N = 256,
the number of users to K = 3, the number of BS antennas
to 64, and the IRS altitude is fixed at 100 m. As shown
in Figs. 20(a)-20(c), the AO algorithm with Gibbs sampling
effectively balances the path gain, effective aperture gain, and
beamforming gain among the three users, thereby ensuring the
max-min SNR performance depicted in Fig. 20(d). It can be
shown that the passive beamforming gain exhibits significant
variations, with a maximum value of 10 log10(N2) = 48.2 dB
(with N = 256) for each user, while all users achieve
gains around 40 dB in Fig. 20(c). This indicates that the
proposed algorithm effectively generates multiple high-gain
passive beams aligned to all users.

Furthermore, to compare centralized and distributed passive
6DMA systems, Fig. 21 presents the sum rate versus user
transmit power for various schemes for reflecting elements
with directive radiation patterns [81]. We consider the setup
shown in Fig. 19(a)) and set Q = 6, K = 6, Lk = 2, and P =
6. It is observed that the proposed passive 6DMA schemes
(either distributed or centralized) outperform the fixed IRS
setup, where the performance gaps become more substantial
as the transmit power increases due to the additional DoFs
enabled by position and rotation adjustments. Although the
total number of reflecting elements is the same, the passive
6DMA with distributed surfaces performs better than the
benchmark scheme with a centralized surface, thanks to its
greater flexibility in position and rotation adjustments, which
also helps mitigating inter-user interference. However, the

Authorized licensed use limited to: University of Waterloo. Downloaded on February 18,2026 at 00:14:23 UTC from IEEE Xplore.  Restrictions apply. 



SHAO et al.: TUTORIAL ON SIX-DIMENSIONAL MOVABLE ANTENNA FOR 6G NETWORKS 3689

Fig. 21. Sum rate versus transmit power for reflecting elements.

Fig. 22. Circular 6DMA architecture.

distributed system also incurs higher hardware cost and higher
complexity for controlling the movement of the individual
6DMA surfaces.

B. 6DMA Cell-Free Network

In Sections III and IV-A, we have considered a single-
cell communication system with a single BS and/or AP.
To further achieve massive connectivity and seamless coverage
in 6G wireless networks, cell-free networks have emerged as a
promising technology [130], [131], [132]. To fully exploit the
spatial variation of the wireless channel at the APs and user
terminals, this subsection investigates a 6DMA-aided cell-free
MIMO system, where 6DMAs are deployed at multiple APs
to jointly decode signals from multiple users by dynamically
adjusting antenna rotations, thereby enhancing the perfor-
mance of cell-free MIMO communications. For simplicity of
implementation, this subsection examines two circular 6DMA
architectures for each AP: circular 6DMA with B = 1 and
circular 6DMA with B > 1 (see Fig. 22).

In the case of circular 6DMA with B = 1, as illus-
trated in Fig. 22(a), one 6DMA surface is positioned at the
edge of a rotating platform, and the entire 6DMA array
rotates along a circular track. The track radius corresponds
to the distance between the array center and the center of
rotation. By rotating the platform, the circular 6DMA has
the capability to scan the surrounding environment, enabling
full-view sensing, localization, and imaging. In addition, this
system can acquire rich spatial frequency data, which can
be leveraged to enhance spatial resolution and construct an
enlarged virtual array aperture. Note that both the full array’s
position q and rotation u are adjustable for circular 6DMA.
This type of circular 6DMA with B = 1 has been widely
used in wireless/radar imaging [133], [134]. For example,

Fig. 23. 6DMA-aided cell-free network.

the authors in [133] proposed a rotating synthetic aperture
radar (ROSAR) system for generating 360◦ images. The idea
was further employed in [134] for realizing 3D imaging.
Specifically, one important performance metric for imaging
is image entropy, where a lower image entropy indicates
a better quality-of-image (QoI) [135]. For circular 6DMA,
the synthetic aperture of the array is fixed; thus u is a key
factor for the QoI that determines the integral side-lobe ratio
(ISLR) and impulse response width (IRW). Therefore, the
choice of u should ensure that ISLR is below a specified
threshold for satisfactory focusing performance, while IRW
is sufficiently narrow to achieve higher spatial resolution.
Additionally, the angular velocity of rotation is another crucial
factor, which has an impact on the azimuth and elevation
resolution [134].

However, a circular 6DMA with B = 1 cannot freely
allocate antenna resources based on the user distribution.
Therefore, a circular 6DMA architecture with B > 1 was
proposed in [18], where all 6DMA surfaces at each AP can
move freely along a fixed circular track (see Fig. 22(b)).
By employing circular 6DMAs with B > 1, we further pro-
pose a 6DMA-aided cell-free network in [83], as illustrated in
Fig. 23. Specifically, the cell-free network consists of K users,
each equipped with a single isotropic FPA, and Ma 6DMA-
enabled APs, represented by the set Ma = {1, 2, . . . ,Ma}.
Each 6DMA-AP comprises B 6DMA surfaces, with each
surface containing N antennas. The rotation angle of 6DMA
surface b at AP m is defined as γmb ∈ [0, 2π). The rotation
angle vector is denoted as γm = [γm1, . . . , γmB ]T . Let qmb

denotes the position of the center of 6DMA surface b at AP
m in its local CCS. In this case, the position of any 6DMA
surface can be uniquely represented by rotation angle γmb,
i.e.,

qmb(γmb) =
[
ς cos γmb, ς sin γmb, 0

]
, (39)

where ς represents the radius of the circular ring. Thus,
although both the position and rotation of the 6DMA surfaces
change in the circular 6DMA architecture, its position is
determined solely by the rotation angle. This significantly
simplifies the system model and reduces the complexity of
position/rotation design.

To maximize the average achievable sum-rate of the 6DMA-
aided cell-free network, denoted as Ravg(γ), we formulate
the following optimization problem by jointly optimizing the
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Fig. 24. Average sum-rate versus user density ratio.

rotation angles of all 6DMA surfaces at Ma APs:

(P-FR) : max
γ

Ravg(γ) (40a)

s.t. γm(b+1)−γmb ⩾ ε,∀m ∈Ma, b ∈ B,
(40b)

γm1 + 2π − γmB ⩾ ε,∀m ∈Ma, (40c)

where γ =
[
γT

1 , · · · , γT
Ma

]T
denotes the collection of all

rotation angle vectors. Constraints (40b) and (40c) prevent
overlapping and coupling among 6DMA surfaces at the same
AP by enforcing a minimum rotation angle difference, denoted
as ε. Compared to problem (P1-CO), problem (P-FR) is easier
to solve since the optimization variables include only angular
information and not position information. To handle this prob-
lem, an efficient Bayesian optimization-based algorithm was
proposed in [83], which iteratively refines a Gaussian process-
based surrogate model and selects new observation points
using an expected improvement-based acquisition function.

We assume that each AP employs the minimum mean-
square error (MMSE) combining vectors using either global
or local CSI, referred to as GMMSE and LMMSE combining
methods, respectively. Fig. 24 shows the average sum-rate
versus the user density ratio across different schemes, with
user density ratio of coverage region A to region B given by
µA

µB
, where µA and µB represent the user densities in regions

A and B, respectively. We assume that users are i.i.d. over
two concentric circular regions. We set B = 6, N = 2,
the circular track radius to 1 m, and the noise power to
−80 dBm. From Fig. 24, we observe that the proposed 6DMA
cell-free scheme with either directional or half-space isotropic
antennas outperforms centralized 6DMA with a single circular
6DMA-AP equipped with the same number of antennas as
the first two schemes. This is because the adaptability of
6DMA cell-free scheme enhances the SINR for each user
and achieves higher spatial multiplexing gains compared to
centralized 6DMA. Furthermore, with LMMSE combining,
6DMA with half-space isotropic antennas outperforms its
directional counterpart due to the broader angular coverage,
which reduces channel correlation and enhances local CSI-
based interference suppression (see Fig. 24 (b)).

C. 6DMA for Wireless Sensing

Next-generation wireless networks require not only high-
quality communication but also exceptional sensing accuracy

Fig. 25. 6DMA-enabled BS adaptable to different sensing regions [10].

[136]. However, in practical scenarios with complex radio
propagation, sensing performance is constrained, thereby
limiting the trade-off between sensing and communication
capabilities in ISAC systems. Fortunately, the 6DMA technol-
ogy can potentially offer additional DoFs for enhancing the
effectiveness of wireless sensing [10]. As shown in Fig. 25,
a 6DMA-enhanced sensing network was studied in [10],
where a 6DMA-BS senses multiple targets distributed across
Ms 3D spatial regions, denoted as Mm, m = 1, 2, . . . ,Ms.
To optimize the 6DMA’s position and orientation, each region
Mm is divided into Km uniform subregions of size ∆, which
is proportional to the region’s area. The central position of
each subregion serves as its typical target location under the
assumption of LoS channels from the BS to these targets.
Let ϕk ∈ [−π, π] represent the horizontal DOA from the k-
th typical target to the BS’s reference position, where k ∈
{1, 2, . . . , K̃} with K̃ =

∑Ms
m=1 Km. The CRB for estimating

ϕ = [ϕ1, ϕ2, . . . , ϕK ]T is given by

CRB (q,u, ϕ)

=
K̃∑

k=1

σ2

2|ρk|2L
[∥hk(q,u, ϕk)HX∥22∥ḣk(q,u, ϕk)∥2]−1,

(41)

where hk(q,u, ϕk) represents the channel between user k
and the BS as described by the basic 6DMA channel model
in (4), ḣk(q,u, ϕk) = ∂hk(q,u,ϕk)

∂ϕk
, ρk denotes the channel

coefficient, X denotes sensing signals, and L represents the
duration of the sensing frame. From (41), it is evident that
the improvement in CRB stems from two primary factors,
namely the power gain, ∥hk(q,u, ϕk)HX∥22 and the geometric
gain, ∥ḣk(q,u, ϕk)∥2 [10]. Moreover, the CRB for estimating
the DOA of each target relies heavily on the positions and
rotations of the 6DMA surfaces. Thus, to minimize the CRB
in (41) for all target locations, we jointly optimize the 3D
positions q and rotations u of the 6DMA surfaces at the BS.
The corresponding problem is formulated as follows

(P-SE) : min
q,u

CRB (q,u, ϕ) (42a)

s.t. (17), (18), (19), (22b). (42b)

The non-convex problem (P-SE) can be solved using particle
swarm optimization (PSO) [10]. It is worth noting that the
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Fig. 26. CRB versus transmit power in scenario with directive antennas [10].

optimal q and u in (P1-SE) depend on the typical DOAs
ϕ in all subregions. The actual target locations may deviate
slightly from these typical DOAs, but such deviations become
negligible if the subregions are sufficiently small.

To evaluate the effectiveness of antenna positioning and
rotation for improving sensing performance, Fig. 26 shows the
CRB versus the transmit power for a directive antenna pattern.
We set N = 2 and B = 24. We consider three 2D circular
sensing regions with K1 = 5, K2 = 10, K3 = 15, centered
at distances of 20 m, 40 m, and 60 m from the BS center,
with radii of 2 m, 2

√
2 m, 2

√
3 m, respectively. The carrier

frequency is 24 GHz. We compare the 6DMA sensing scheme
with FPA, antenna selection, and fluid antenna schemes. In the
antenna selection approach, 128 uniformly distributed points
on a spherical surface at the BS are assigned N = 2 antennas
each. Then, B surfaces are selected through exhaustive search
to minimize the CRB. The superior performance of 6DMA
compared to benchmark schemes is evident. This is due to
the greater spatial DoFs of the 6DMA system, which enables
more efficient allocation of antenna resources to subregions
with higher target densities. For example, when the distances
between the targets and the BS are relatively uniform, the
6DMA system allocates a greater number of antennas to
regions with a higher density of subregions or targets, thereby
enhancing sensing performance in those areas. In contrast, the
fluid antenna scheme is limited to adjusting antenna positions
within each 2D surface, while the antenna selection scheme
requires a larger number of physical antennas compared to
the 6DMA system. Furthermore, the adaptability of 6DMA-
aided wireless sensing proves particularly valuable for ISAC
systems, where sensing accuracy and communication quality
are closely interconnected. The additional DoFs provided
by 6DMA make it a powerful enabler for achieving both
objectives, paving the way for high-quality ISAC in future
wireless networks.

D. 6DMA for UAV

As depicted in Fig. 27, 6DMA may be utilized to
resolve the aerial-ground interference issue for cellular-
connected UAVs [137], [138], [139]. Specifically, due to
the more favorable aerial-ground channels compared to
ground channels, cellular-connected UAV users may suf-
fer/impose more severe interference from/to co-channel ter-
restrial BSs in downlink/uplink transmission. By equipping

Fig. 27. Aerial-ground interference mitigation via UAV-mounted 6DMAs.

each cellular-connected UAV with 6DMA surfaces (also called
aerial 6DMA) and carefully designing its orientation along
with the positions of all antennas on the surface, the aerial-
ground interference could be significantly mitigated [140].

In particular, the authors in [139] focused on a downlink
6DMA-aided UAV system with multiple BSs operating within
a given interference zone. For a specific resource block (RB)
in the cellular network under consideration, each BS can
serve only one user per RB. Let K̆ represent the number
of available BSs (i.e., those not serving any users or UAVs)
within this RB, with the set of all available BSs defined as
K̆ = {1, 2, . . . , K̆}. Similarly, let J denote the number of
interfering BSs (i.e., those currently serving a user or UAV)
in the same RB, with the set of all interfering BSs defined as
J = {1, 2, . . . , J}. Assume that the system consists of a single
6DMA surface (B = 1), which is equipped with N antennas,
where q̃n = [xn, yn]T denotes the position of the n-th antenna
on the 6DMA surface. Consequently, the antenna position
vector is expressed as q = [q̃T

1 , q̃T
2 , · · · , q̃T

N ]T ∈ R2N . Let
u represent the rotation of the entire antenna array. Suppose
the k-th available BS is chosen as the BS associated to the
UAV. In this case, the received SINR at the UAV is given by

rk =
|wHhk(q,u)|2p∑

j∈J
|wHhj(q,u)|2p + ∥w∥2σ2

, k ∈ K̆, (43)

where p, σ2, w, and hj(q,u) denote the transmit power of
each BS, the noise power, the receive beamforming vector
at the UAV, and the channel from the j-th BS to the UAV as
defined by the basic 6DMA channel model in (4), respectively.

To mitigate the strong co-channel interference present
in (43), we first select a BS k from the set of K BSs
for the UAV such that the SINR between the UAV and the
chosen BS is maximized. Next, we optimize the position and
rotation of the 6DMA to maximize rk. The resulting problem
is formulated as follows

(P-UAV) : max
w,q,u

max
k∈K̆

rk (44a)

s.t. − L̄ ≤ xn ≤ L̄,∀n, (44b)
− L̄ ≤ yn ≤ L̄,∀n, (44c)
∥q̃m − q̃n∥ ≥ dmin,∀m, n,m ̸= n, (44d)

where L̄ and dmin denote the side length of the square 6DMA
surface and the minimum distance between adjacent antennas
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to avoid mutual coupling. Unlike all the optimization problems
presented earlier in this tutorial, in which the positions and
rotations of entire 6DMA surfaces or subarrays are jointly
optimized, problem (P-UAV) optimizes the rotations of those
surfaces or subarrays as well as the positions of individual
antenna elements on each surface. Consequently, the number
of optimization variables in problem (P-UAV) exceeds that of
the previous formulations.

Problem (P-UAV) turns out to be a highly non-convex
problem that is difficult to solve. To tackle this challenge, the
authors in [139] first derived the optimal receive beamforming
vector w in closed-form for given position and rotation of
the 6DMA, and given the BS-UAV association. Then, the
position and rotation of the 6DMA were alternately optimized
based on a block coordinate decent (BCD) algorithm, with
the index of the optimal associated BS optimized lastly via
enumeration. It was shown in [139] that incorporating 6DMA
can dramatically mitigate the co-channel interference in (43)
compared to schemes without 6DMA. Particularly, 6DMA
can avoid the need for sophisticated symbol-level cooperation
among BSs, and thus lead to an efficient implementation in
practice.

On mobile UAV platforms, the power consumption of
6DMA comes from two sources: (i) the instantaneous drive
power of the mechanical actuators during repositioning and
rotation, and (ii) the idle power required to hold the array in
place once the desired orientation is achieved. Consequently,
the UAV-mounted 6DMA is more suitable for adapting to
slowly varying statistical CSI or applications with fixed device
locations, such as (i) quasi-stationary low-altitude hotspot
coverage or emergency relaying, where a few coarse align-
ments provide long-term benefits; (ii) inspection or monitoring
in complex terrain, where the UAV can briefly hover and
rapidly reshape its beam to enhance uplink reliability; and
(iii) deployment as a movable passive IRS, which obviates the
need for continuous RF excitation and further reduces energy
consumption (see Fig. 19 (b)).

E. Other Related Works and Future Directions

In addition to the aforementioned applications, 6DMA have
also other promising applications in the field of wireless
communication/sensing [141], [142]. For example, secure
sensing and secure communication are essential for future
wireless systems, particularly in addressing vulnerabilities
to eavesdropping and interference. Traditional FPA systems
lack the flexibility to fully exploit the spatial DoFs, which
limits their secure transmission and secure sensing perfor-
mance. In contrast, 6DMA enables dynamic reconfiguration
of spatial channels, thereby enhancing secrecy rates for
legitimate receivers while reducing interception risks from
eavesdroppers. In the context of secure sensing, 6DMA offers
significant advantages by dynamically adjusting beam patterns
to enhance secure detection accuracy while reducing the ability
of unauthorized radars to detect the same targets [36]. In addi-
tion, to support massive communications in 6G, adopting
next-generation multiple access (NGMA) methods is cru-
cial [143]. The interplay between 6DMA and existing access

Fig. 28. Two types of rotatable 6DMA architectures.

techniques, such as orthogonal multiple access (OMA), non-
orthogonal multiple access (NOMA), rate-splitting multiple
access (RSMA), and grant-free random access, provides valu-
able opportunities. For example, 6DMA-enabled NGMA can
efficiently allocate resources across spatial angles, time slots,
frequency bands, spreading codes, and power levels, for opti-
mizing connectivity, spectral efficiency, energy efficiency, and
latency. Furthermore, incorporating 6DMA into mmWave/THz
communications can adapt the inter-antenna spacing to match
user distributions and enhance near-field propagation for multi-
stream transmission under LoS conditions [144], [145].

V. ROTATABLE 6DMA

For wireless systems requiring only modest communication
capacity and performance enhancement requirements, or sub-
jected to hardware limitations that prevent antenna translation
(i.e., position change), the easier-to-implement antenna rota-
tion is a more practically viable solution than adjusting both
antenna position and orientation. As such, there is a need
to investigate further the unique benefits as well as design
challenges for wireless systems aided by antenna rotation.
In this section, we thus focus on efficient designs for 6DMA
with flexible antenna rotation only, for which the radiation
pattern, polarization, and array aperture can be dynamically
controlled via mechanically or electronically tuned antenna
rotation. In particular, by fixing the antenna position qb in the
general 6DMA system model (1), we obtain:

��qb =
[
��xb, ��yb,��zb

]T
, ub =

[
αb, βb, γb

]T
, b ∈ B. (45)

This leads to a 6DMA configuration in which the antenna
can rotate flexibly while its position remains fixed. This con-
figuration is known as the rotatable 6DMA (or rotatable/rotary
antenna), which is a special case of 6DMA. Rotatable 6DMAs
have the capability to reshape the radiation pattern in the
angular domain for achieving flexible beam coverage by
adjusting the rotation angles of antennas.

Specifically, depending on the rotation unit and rotation
mode, two types of rotatable 6DMA (R-6DMA) architectures
are introduced, namely, element-wise rotatable 6DMA and
array-wise rotatable 6DMA, specified as follows.
• Element-wise rotatable 6DMA: For element-wise

R-6DMAs illustrated in Fig. 28(a), each antenna element
of the array can rotate its orientation by adjusting its
deflection angles [146], while its position does not change
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over time. Element-wise rotatable 6DMA offers a conve-
nient and effective approach to adjust the radiation pattern
characteristics of antenna arrays without raising array
costs or decreasing aperture efficiency [147]. Moreover,
from Remark 2, we know that the polarization properties
of arrays depend not only on the electrical characteristics
of the antenna elements but also on the rotation of each
individual element. As such, the polarization character-
istics and radiation pattern can be adjusted/reshaped via
individual element rotation for improving communication
and sensing performance [148]. Additionally, wide beam-
scanning in the angular domain can also be realized
by employing element-wise R-6DMAs without dedicated
phase control for beamforming [149].

• Array-wise rotatable 6DMA: For array-wise R-6DMAs
shown in Fig. 28(b), the entire array can be flexibly
rotated around its central reference point. For this archi-
tecture, the antenna radiation characteristics and beam
coverage can also be dynamically controlled [52], [150],
[151]. Moreover, the array rotation can be adjusted
to effectively suppress the interferences from undesired
directions [152], hence enabling efficient spectrum shar-
ing in cognitive radio systems [153].

In the following, for the above two types of R-6DMAs,
we introduce corresponding rotation models, design issues,
and existing solutions, respectively.

A. Array-Wise Rotatable 6DMA

6DMA reduces to array-wise R-6DMA, when the center
position of this surface is fixed at q = [0, 0, 0]T , while the
array itself rotates by a certain angle. Note that the array-
wise R-6DMA generally has 3D spatial DoFs in rotation,
which can be leveraged to enhance both communication and
sensing performance. Specifically, the R-6DMA can dynami-
cally adjust its radiation pattern through rotational motion to
enable various communication functions, such as mitigating
inter-user interference [152], [154], managing interference
levels for spectrum sharing in cognitive radio systems [153],
enhancing network coverage [155], and increasing multiplex-
ing gain [153], [156]. To solve the rotation optimization
problem, in the 1D array rotation case, exhaustive search can
be used to efficiently determine the optimal solution [156].
However, for 3D array rotation, the computational complexity
of 3D exhaustive search is demanding, and becomes even
prohibitive when the 3D rotation needs to be jointly optimized
with other optimization variables such as beamforming and
resource allocation [8]. AO algorithms and SCA method can
be employed to address this issue efficiently. In [8], an efficient
joint conditional gradient and SCA techniques was proposed,
where SCA was utilized to transform the non-convex parts of
the problem into convex ones, and the conditional gradient
technique was then employed to optimize the rotation vector.

In addition to improving communication performance,
array-wise rotatable 6DMA can also enhance sensing and
ISAC capabilities. For example, to optimize sensing per-
formance with array-wise R-6DMA, the authors of [157]
proposed an efficient algorithm for target detection and param-
eter estimation, in which the Doppler shift resulting from

the array rotation was effectively compensated. Recently, the
authors of [52] proposed designing omnidirectional rotatable
6DMAs at the BS to enhance both communication and sensing
performance by exploiting the DoF offered by array rotation.
Specifically, this work considers an ISAC system where the
BS employs a rotatable 6DMA array comprising Mt trans-
mit antennas and Mr receive antennas. The BS serves K
single-antenna users in the downlink communication while
simultaneously detecting a target through echo signals in the
monostatic mode.

Based on the rotatable 6DMA channel model (11),
we define γ̃ = γ̄ + γ as the effective spatial angle of the
target by accounting for the BS array rotation, where γ̄ is the
target’s reference spatial angle and γ is the rotation angle of
the antenna array (see Fig. 6). In [52], it is demonstrated that
minimizing the CRB of γ̃ is equivalent to maximizing

fs

(
{wk}, ϕ

)
= cos2 γ̃ aH

T

(
γ̃
)
WaT

(
γ̃
)
, (46)

where W =
∑K

k=1 wkwH
k and aT (·) is defined in (9). Hence,

(46) depends on both the transmit beamforming vectors {wk}
for user k and the rotation angle ϕ. For communication users,
we use the achievable sum-rate as the performance metric

fc

(
{wk}, ϕ

)
=

K∑
k=1

log2

(
1 + rk

)
, (47)

where rk is the SINR of user k.
We aim to jointly enhance communication and sensing per-

formance by maximizing the sum-rate of the communication
users while minimizing the CRB for target angle estimation.
Therefore, the 6DMA sensing problem (P-SE) can be extended
to the following 6DMA-aided ISAC formulation [52].

(P-ORA) : max
{wk},ϕ

ω1 fc

(
{wk}

)
+ ω2 fs

(
{wk}, ϕ

)
s.t.

K∑
k=1

∥wk∥22 ≤ Pmax, (48a)

ϕ ∈
[
γmin, γmax

]
, (48b)

where ω1 and ω2 are weighting coefficients for the commu-
nication performance metric fc and the sensing performance
metric fs, respectively, with ω1 + ω2 = 1. Constraint (48a)
limits the total transmit power at the BS, and (48b) confines
the array rotation angle to the interval [γmin, γmax]. Because
of its non-convexity and the added rotation angle constraint,
solving (P-ORA) directly is challenging. In [52], (P-ORA) is
split into two subproblems. One subproblem optimized the
beamforming vectors while the other focused on the rotation
angle design.

To gain insights into the rotatable array’s performance
enhancement for both communication and sensing, we exam-
ine two scenarios: the communication-only case (i.e., ω1 =
1 and ω2 = 0) and the sensing-only case (i.e., ω1 = 0 and
ω2 = 1) in the following, respectively.

For the communication-only case, we focus on a single-
user setup (K = 1) with one LoS path and one NLoS path,
employing maximal ratio transmission (MRT). The resulting
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maximum SNR at the user is

r1 =
(
|ξ1,0|2 + |ξ1,1|2

)
Mt + 2 |ξ1,0 ξ1,1| ℜ

{
aH(γ̃1,0)a(γ̃1,1)

}
.

(49)

Based on (49), we state the following proposition [52].
Proposition 1: In the communication-only case, define

GR(γ) =

∣∣aH
(
γ̃1,0

)
a
(
γ̃1,1

)∣∣∣∣aH
(
γ1,0

)
a
(
γ1,1

)∣∣ , (50)

as the rotation gain, which is the ratio of the rotatable array’s
gain to that of a fixed antenna. Then, the maximum rotation
gain for communication is

GR

(
γ∗
)

= Mt

∣∣sin(π sin ζ1 cos ζ2

)∣∣
sin
(
Mt π sin ζ1 cos ζ2

) . (51)

where the optimal array rotation is set as γ∗ = nπ
2 − ζ2 with

n being an integer. In (51), ζ1 = γ1,0−γ1,1
2 and ζ2 = γ1,0+γ1,1

2 .
Note that, in Proposition 1, GR(γ) = 1 always holds if ζ1 ̸=

0. Intuitively, tuning γ can enhance the correlation between
aH(γ1,0) and aH(γ1,1), thereby increasing the SNR. For the
sensing-only case, we have the following proposition.

Proposition 2: The optimal beamforming solution for the
sensing-only optimization is W∗ = Pmax

Mt
aT (γ̃)aH

T (γ̃), based
on which, we have aH

T (γ̃)W∗ aT (γ̃) = Pmax Mt. Hence,
to maximize fs

(
{wk}, γ

)
, the rotation angle γ should be

chosen by solving maxγ cos2
(
γ̄ + γ

)
. It can be shown that

the corresponding optimal angle satisfies γ∗ + γ̄ = 0 or π.
To illustrate how the rotatable array balances commu-

nication and sensing performance, we plot the normalized
beamforming gain over the effective spatial angle in Fig. 29(a)
with K = 2, SNR = −10 dB, Mt = Mr = 16, and
Pmax = 1 W. We can see that for both the sensing-only and
communication-only scenarios, the transmit beam is oriented
toward the target or the users to either minimize the CRB or
maximize the achievable sum-rate. However, the normalized
beamforming gain in the joint communication and sensing case
is slightly reduced, which reflects the inherent performance
trade-off between communication and sensing.

In addition, Fig. 29(b) presents the communication and
sensing performance of the array-wise rotatable 6DMA system
under different strategies. Two benchmarks are evaluated:
(1) Beamforming optimization only, where the rotation angle
remains fixed while the beamforming vectors are optimized
using the method in [52]. (2) Rotation optimization only,
where the beamforming vectors follow the zero-forcing (ZF)
technique and the rotation angle is optimized. We observe that,
compared to these two benchmarks, the proposed rotatable
array approach consistently achieves a lower CRB and/or a
higher sum-rate. This result demonstrates the effectiveness of
rotatable arrays in enhancing both communication and sensing
performance.

B. Element-Wise Rotatable 6DMA

First, to characterize the impact of antenna element rota-
tion on the polarization characteristics and radiation pattern,
we consider a planar array consisting of N antennas, posi-
tioned at rn = [xn, yn, zn]T , n ∈ {1, 2, . . . , N}. Let a(θ, ϕ) =

Fig. 29. Array-wise rotatable 6DMA system.

[ej 2π
λ fT r1 , . . . , ej 2π

λ fT rN ]T denote the spatial steering vector
corresponding to the signal direction (θ, ϕ), where fT is
the DOA vector towards direction (θ, ϕ), given by f =
[sin θ cos ϕ, sin θ sin ϕ, cos θ]T . According to [158], the LoS
spatial polarization manifold vector can be expressed as

v(θ, ϕ,R(1)) = diag(a(θ, ϕ))R(1)G(θ, ϕ)p(ϑ, η), (52)

where R(1) = [u(1)
1 , . . . ,u(1)

N ]T ∈ RN×3 is the rota-
tion matrix for the element-wise R-6DMA with u(1)

n =
[sαncβn , sαnsβn , cαn ]T representing the rotation vector of the
n-th antenna element. G(θ, ϕ) is the polarization transforma-
tion matrix, which is given by

G(θ, ϕ) =

cos θ cos ϕ − sin ϕ
cos θ sin ϕ cos ϕ
− sin θ 0

 , (53)

and p(ϑ, η) = [cosϑ, sin ϑejη]T is polarization impinge on the
array [158], where ϑ and η denote the polarization auxiliary
angle and polarization phase difference, respectively.

In the considered rotatable 6DMA-aided communication
system, K far-field polarized signals [159], denoted by sk for
k = 1, 2, . . . ,K, arrive at the antenna array from directions
(θk, ϕk). The corresponding received signal at the antenna
array, denoted by y, is given by

y =
K∑

k=1

v(θk, ϕk,R(1))sk + n, (54)

where n is the AWGN noise. Based on (54), it can be shown
that rotating antenna elements allows to flexibly control the
power distribution in the observation plane, hence providing
new opportunities to enhance communication performance by
manipulating the spatial radiation pattern and polarization
characteristics [148]. In addition, element rotation also helps
to enhance the information sensing dimensions, thus enabling
ambiguity-free 2D DOA estimation by exploiting the sensitiv-
ity of polarization [158].

Next, by fixing the antenna positions in the general 6DMA
optimization problem (20), we present a generic framework for
the rotation optimization of element-wise R-6DMA, where the
main performance metrics capture the impacts of the antenna’s
polarization characteristics and radiation patterns [148]. The
optimization problem can be formulated as follows

(P1-EW) max
R(1)

U(R(1))

s.t. u(1)
n ∈ C(1), n ∈ N , (55a)
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fCO(R(1)) ≤ ΓXPL, (55b)

fSL(R(1)) ≤ ΓSL, (55c)

where the objective function aims to maximize the com-
munication/sensing performance U(R(1)) (e.g., achievable
rates) given a specified angular region C(1), where allow-
able rotational angles belong to C(1) as imposed by (55a)
to satisfy the maneuverability restriction and avoid antenna
coupling. In addition, it is necessary to consider other relevant
constraints to optimize the polarization characteristics and
radiation pattern. For example, constraint (55b) ensures that
the cross-polarization level (XPL), denoted by fCO(R(1)),
remains below a predefined threshold ΓXPL within the spec-
ified angle region. Similarly, constraint (55c) limits the
side-lobe (SL) value, denoted by fSL(R(1)), to be below a pre-
defined threshold ΓSL. Optimization problem (P1-EW) is gen-
erally challenging to solve, since it involves a larger number
of rotation variables for all antenna elements. Moreover, the
expressions of U(R(1)), fCO(R(1)), and fSL(R(1)) are func-
tions of the spatial polarization vector in complicated forms.

To solve this problem, convex relaxation methods can
be employed to obtain suboptimal solutions. For example,
a suboptimal rotation matrix R(1) for problem (P1-EW) can
be obtained by optimizing the pointing vector of each antenna
element through the successive convex optimization (SCA)
technique and the semidefinite relaxation (SDR) method.
Moreover, a variety of heuristic methods, such as PSO, dif-
ferential evolution, and genetic algorithms, can also be used
for obtaining high-quality solutions with low complexity. For
example, the authors in [160] employed the PSO method to
generate sum and difference patterns with reduced SL and
XPL. In addition, the dynamic differential evolution meth-
ods was utilized in [161] to optimize the element rotation
angles to design a targeted beam pattern. Besides stochastic
optimization algorithms, random sequential rotation random
sequential rotation was proposed in [146] to efficiently design
the radiation pattern. Specifically, random sequential rotation
combines the advantages of random array and sequential rota-
tion technique to simultaneously maximize the antenna gain
and control the side-lobe. Furthermore, the authors in [162]
and [163] reduce sidelobe and cross-polarization levels while
enhancing the co-polarization level of the main beam in the
desired direction. They solve the resulting optimization prob-
lem using both genetic algorithms and gradient-based methods.
To minimize the asymptotic NMSE in DOA estimation, the
authors in [158] optimized the orientation of each antenna
element by using a genetic algorithm. Then, in [164], the
receive beamforming and the 3D rotations of all antenna
elements were jointly optimized to maximize the minimum
SNR/SINR in both single-user and multi-user uplink systems
by exploiting AO algorithm. It was theoretically demonstrated
that element-wise R-6DMA with optimized orientations sig-
nificantly outperforms conventional FPA-based arrays that use
either directional or isotropic antennas.

C. Other Related Works and Future Directions

In Fig. 30, we illustrate several typical applications of
rotatable 6DMA in wireless networks. A rotatable 6DMA can

Fig. 30. Applications of rotatable 6DMA.

be utilized in high-speed rail wireless communication systems
to enhance performance in terms of array gain and spatial
multiplexing when installed on both the BS and the train
roof (see Fig. 30(a)). The rapidly changing channel conditions
in high-speed rail scenarios pose significant challenges for
configuring rotatable 6DMA. In this context, the authors
in [84] proposed an analytical framework for configuring
rotatable 6DMA-based extremely large-scale MIMO systems
in high-speed rail environments by leveraging spatial correla-
tion. Additionally, they developed an optimization algorithm
based on the differential evolution method to determine the
optimal rotation angles of the transceiver panels and validated
the proposed framework and algorithm through experimental
results.

It is also practically appealing to apply rotatable radar in
wireless sensing networks to enhance performance. By lever-
aging the adaptability of rotatable radar, the system can
dynamically adjust its scanning angles and beam directions
to optimize sensing coverage and accuracy (see Fig. 30(b)).
For example, the authors in [165] studied spectral coexistence
between rotating radar and power-controlled cellular networks
in the radar bands. For ISAC systems, rotatable 6DMA can
also be exploited to improve both the communication and
sensing performance. For example, the authors in [85] consid-
ered a rotatable 6DMA system, where multiple BSs equipped
with rotatable 6DMAs collaboratively design their rotations to
improve system performance (see Fig. 30(c)). An optimization
problem was formulated to jointly optimize the multi-BS array
rotation angles and the beamforming matrix to achieve optimal
sensing beam pattern matching while meeting communication
performance requirements and power constraints. Their results
demonstrate the effectiveness of the proposed approach in
achieving low beampattern MSE for given communication
requirements.

Tables IV and V summarize representative studies on rotat-
able 6DMA rotation optimization and channel estimation,
respectively. For example, in [102], the authors introduced
a DOA estimation scheme based on a rotatable 6DMA,
which demonstrates robust performance for under-determined
scenarios in which the number of sources exceeds the num-
ber of receive antenna elements. In [166], the achievable
rate in point-to-point LoS channels was studied, where both
the transmitter and receiver were equipped with a rotatable
6DMA. The reported findings indicated that rotatable 6DMA-
enabled systems can approach the LoS capacity at any desired
SNR. Furthermore, the authors of [151] and [167] explored
the use of rotatable 6DMAs for wireless energy transfer by
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Fig. 31. Positionable 6DMA-aided multi-group multicast system.

examining a setting in which a power beacon equipped with
a rotatable 6DMA rotates continuously and sends energy
signals to multiple low-power devices. These devices harvest
the transmitted energy to recharge their batteries. In [168],
a prototype was developed and tested for hybrid mechanical-
electrical beamforming in mmWave WiFi. The experiments for
a point-to-point configuration highlighted that optimal array
rotation can significantly boost throughput under both LoS
and NLoS conditions.

VI. POSITIONABLE 6DMA

In contrast to rotatable 6DMA with fixed antenna posi-
tion, positionable 6DMA refers to the other simplified
implementation of 6DMA with fixed antenna rotation (e.g.,
due to hardware limitation), but allowing antenna transla-
tion/movement along a line or a plane. Similar to rotatable
6DMA, positionable 6DMA generally performs inferior to
fully adaptive 6DMA, while it also has its unique design
challenges as well as suitable applications. Thus, in this
section, we study positionable 6DMA dedicatedly. In partic-
ular, by fixing the antenna rotation ub in the general 6DMA
system model (1), we obtain:

qb =
[
xb, yb, zb

]T
, ��ub =

[
��αb, ��βb, ��γb

]T
, b ∈ B. (56)

This setup is referred to as positionable 6DMA (P-6DMA),
which is a special case of 6DMA. We present the main
design issues, including joint antenna position optimization
and resource allocation, channel estimation, antenna move-
ment path planning, ISAC, etc., and propose potential solutions
for them.

A. Position Optimization and Resource Allocation

In the subsection, we present two typical examples for
position optimization and resource allocation for P-6DMA.

1) Positionable 6DMA-Aided Multi-Group Multicast Sys-
tem: First, we consider a positionable 6DMA-aided multi-
group multicast MISO communication system comprising a
BS equipped with Q transmit antennas, with a total of K
single-antenna users divided into Z groups. As depicted in
Fig. 31, both the transmit and receive antennas can move
within a 2D planar region. The transmit antennas are rep-
resented by set Q ≜ {1, . . . , Q} with cardinality |Q| = Q.
Denote by Gi the set of users in group i, where i ∈ Z ≜
{1, . . . , Z}. Each user is assigned to exactly one group, so for
any distinct groups i and q, we have Gi∩Gq = ∅, and the union
of all groups covers all users, i.e.,

⋃Z
i=1 Gi = K. Let Ct denote

the given 2D movement region for the Q transmit antennas.
The 2D movement region for the single antenna at user k is
denoted by Cr

k . Without loss of generality, we assume that both
Ct and Cr

k are square regions of size A×A. The positions of the
m-th transmit antenna at the BS and the single receive antenna
at the k-th user are represented by qt

m = [xt
m, yt

m]T ∈ Ct and
qr

k = [xr
k, yr

k]T ∈ Cr
k , respectively. Based on the positionable

6DMA channel model described in (13), the channel vector
from the BS to the k-th user is given by [169]

hk(qt,qr
k) = Gk(qt)HΣkck(qr

k), (57)

where qt ≜ {qt
m}, Gk(qt) = [tk(qt

1), · · · , tk(qt
Q)],

tk(qt
b) = [e−j 2π

λ (f tk,1)
T qt

b , · · · , e−j 2π
λ (f tk,Lk

)T qt
b ]T and

ck(qr
k) = [e−j 2π

λ (f rk,1)
T qr

k ,· · · ,e−j 2π
λ (f rk,Lk

)T qr
k ]T denote

the steering vector for all channel paths corresponding
to the antennas at the BS and the position of
the single antenna at user k, respectively. Vectors
f t
k,l = [cos(θt

k,l) cos(ϕt
k,l), cos(θt

k,l) sin(ϕt
k,l), sin(θt

k,l)]
T

and f r
k,l = [cos(θr

k,l) cos(ϕr
k,l), cos(θr

k,l) sin(ϕr
k,l), sin(θr

k,l)]
T

represent the transmit and receive pointing vectors,
respectively, where ϕt

k,l and θt
k,l denote the azimuth

and elevation AoD, respectively, for the l-th channel path
between the BS and the scatterers. Similarly, ϕr

k,l and θr
k,l

denote the azimuth and elevation AoAs, respectively, for the
l-th channel path between user k and the scatterers. Finally,
Σk = diag(τ k) represents the diagonal channel coefficient
matrix, as shown in (13).

At the BS, we assume linear transmit precoding with wi

denoting the beamforming vector for group i. Then, the SINR
of user k ∈ Gi, i ∈ Z , can be written as

rk

(
qt,qr

k, W
)

=

∣∣hk(qt,qr
k)Hwi

∣∣2∑Z
q=1,q ̸=i |hk(qt,qr

k)Hwq|2 + σ2
k

, (58)

where W ≜ {wi} and σ2
k is the noise power at user k.

For multicast communication systems, the max-min
fairness (MMF) design problem and the quality of
service (QoS) design problem are a dual pair. Let
f (qt,qr

k, W ) denote the MMF utility, which can take
the form of: (i) minimum SINR, f1 (qt,qr

k, W ) =
mink∈Gi,i∈Z rk (qt,qr

k, W ), or (ii) minimum rate,
f2 (qt,qr

k, W ) = mink∈Gi,i∈Z log2 (1 + rk (qt,qr
k, W )).

The MMF utility f (qt,qr
k, W ) can be improved by jointly

optimizing the position of each transmit/receive antenna
and the transmit beamforming, which is formulated as the
following problem [169]:

(P-MMF) : max
qt,{qr

k},W
f
(
qt,qr

k, W
)

(59a)

s.t.
Z∑

i=1

∥wi∥2 ≤ Pmax, (59b)

qt
m ∈ Ct, ∀m ∈ Q, (59c)∥∥qt

m − qt
p

∥∥ ≥ dmin, ∀m, p ∈ Q, m ̸= p,
(59d)

qr
k ∈ Crk, ∀k ∈ Gi, i ∈ Z, (59e)
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Fig. 32. Average max-min SINR versus the maximum transmit power at the
BS.

Fig. 33. Illustration of the two-timescale framework.

where Pmax > 0 in (59b) denotes the maximum instantaneous
transmit power of the BS, and (59d) guarantees that the
distance between every pair of transmit antennas is at least
dmin > 0, preventing coupling effects between them. The dual
QoS problem of minimizing the transmit power, subject to a
given QoS threshold on f (qt,qr

k, W ), can be formulated as

(P-QoS) : max
qt,{qr

k},W

Z∑
i=1

∥wi∥2 (60a)

s.t. f
(
qt,qr

k, W
)
≥ η, (60b)

(59c)− (59e). (60c)

Note that if each group consists of only a single user, these two
problems simplify to those examined for positionable 6DMA-
aided multiuser MISO downlink communication systems.

Problems (P-MMF) and (P-QoS) are challenging to solve
due to the coupling of optimization variables. To tackle
these problems, the AO method can be applied by dividing
the optimization variables into three blocks: qt, {qr

k}, and
W . By iteratively updating each block in succession until
convergence, suboptimal solutions for (P-MMF) and (P-QoS)
can be obtained. In each iteration, qt and {qr

k} can be updated
using techniques such as SCA [169], gradient descent [170],
or PSO [10]. In addition, W can be updated through SCA,
SDR [171], or the alternating direction method of multipliers
(ADMM) [172], as commonly applied in conventional multi-
cast systems. Besides, it is worth noting that due to the duality
between (P-MMF) and (P-QoS), a solution to (P-MMF) can
be found by iteratively solving (P-QoS) [171].

To assess the benefits of antenna position optimization in
improving multicast performance, we plot in Fig. 32 the max-
min SINR achieved by different schemes versus the maximum
transmit power at the BS. The BS is positioned at [0, 0]T ,
and users are randomly distributed within a disk centered
at [60, 0]T m with a radius of 20 m. The distance between
user k and the BS is denoted as dk. We set Lk = 10,

Fig. 34. Ergodic sum rate versus Rician factor.

∀k ∈ K and τk,ℓ ∼ CN (0,
c2

k

10 ), where c2
k = C0d

−ϵ
k , with

C0 = −40 dB (reference power gain at 1 m) and ϵ = 2.8
(path-loss exponent). The elevation and azimuth AoDs/AoAs
are assumed to be i.i.d., uniformly distributed over

[
−π

2 , π
2

]
.

The transmit/receive antenna regions are defined as Ct = Crk =
[−A

2 , A
2 ]× [−A

2 , A
2 ], where A = 4λ. Other parameters are set

as follows: M = 4, dmin = λ
2 , σ2

k = −80 dBm, K = 9,
Z = 3, and |G1| = |G2| = |G3| = 3. We also evaluate two
benchmark schemes for comparison: (i) Random position: For
each channel realization, 100 independent samples of qt

m and
qr

k are randomly generated, satisfying constraints (59c)-(59e).
Transmit beamforming is optimized for each sample, and the
best-performing solution is selected. (ii) FPA: The BS employs
a ULA with M FPAs spaced at λ

2 , while each user’s antenna
is fixed at the reference point in its receive region.

As shown in Fig. 32, the proposed antenna position opti-
mization scheme consistently achieves a higher max-min SINR
than the two benchmark schemes, as it maximizes the use
of the spatial DoFs to leverage both channel diversity and
interference mitigation gains in the spatial domain. The perfor-
mance loss caused by random antenna positioning underscores
the importance of optimizing antenna placement to enhance
system performance. Moreover, it is observed that the max-
min SINR achieved by the FPA scheme tends to saturate as
Pmax increases, primarily due to the increased severity of
inter-group interference. This is consistent with the theoretical
and numerical results in [173], which show that classical
beamforming cannot provide interference-free streams for all
multicast groups when the condition Q ≥ 1+K−mini∈Z |Gi|
is violated. In contrast, antenna position optimization facili-
tates an almost linear growth in max-min SINR with increasing
Pmax, showcasing its ability to effectively eliminate or, at the
very least, significantly mitigate inter-group interference even
when the above condition is not satisfied.

2) Two-Timescale Transmission Scheme: In 6DMA wireless
systems, acquiring accurate instantaneous CSI across the entire
movement region is challenging, especially for fast-fading
channels. Instead of dynamically repositioning antennas to
track instantaneous channel variations, a hierarchical two-
timescale transmission scheme can be employed, as illustrated
in Fig. 33. In the large timescale, antenna positions at the
BS are optimized based on relatively stable statistical CSI,
enhancing long-term system performance without frequent
repositioning. Once the optimal antenna positions are fixed, the
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beamforming matrix is designed in the short-term timescale
to address dynamic channel fluctuations, where instantaneous
CSI is acquired using conventional estimation techniques.
This two-timescale design reduces the updating frequency
of the antennas’ positions, lowering both channel estimation
overhead and movement energy consumption while retaining
beamforming gains from fast-fading components.

We consider a downlink MIMO system capable of antenna
position movement, where a BS equipped with Q transmit
antennas serves K single-FPA users. Unlike the P-6DMA
optimization problem (P-MMF), which relies on instantaneous
CSI, this two-timescale transmission framework maximizes the
ergodic sum rate by jointly optimizing the antenna positions
{qi}Qi=1 in the large timescale and transmit beamforming vec-
tors {wk}Kk=1 in the short timescale. The general optimization
problem is formulated as follows [174]

(P-TT1) : max
{qi}Q

i=1

E
[
max
{wk}

K∑
k=1

log2 (1 + rk({qi}, {wk}))
]

s.t.
K∑

k=1

∥wk∥2 ≤ Pmax, (61a)

∥qn − qi∥ ≥ dmin, ∀n ̸= i, (61b)
qi ∈ C, ∀i ∈ Q, (61c)

where rk({qi}, {wk}) denotes the receive SINR at user k,
C is the 2D movement region, the expectation is taken over
all possible channel realizations, (61b) ensures a minimum
separation distance between any two antennas, and (61c)
specifies the feasible region for antenna positions.

Solving (P-TT1) is challenging due to the intertwined vari-
ables and the lack of a closed-form expression for the ergodic
sum rate. Stochastic optimization or Monte Carlo methods can
approximate the solution using randomly generated channel
samples but incur high computational complexity. Alterna-
tively, adopting classical beamforming schemes such as MRT
and ZF reduces complexity [174], [175].

To evaluate the performance of two-timescale schemes,
Fig. 34 shows the ergodic sum rate as a function of the
channel Rician factor κ. The Rician fading channel model
with a common Rician factor κk = κ is employed for all
BS-user channels. Users are randomly distributed around the
BS with the BS-user distances uniformly sampled in [50 m,
70 m]. The movable regions for the transmit antennas are set
as C =

[
−NrAλ

2 , NrAλ
2

]
×
[
−NcAλ

2 , NcAλ
2

]
with NrNc = Q

and A = 2. We set Q = 4, K = 3, and Pmax = 30 dBm. The
following schemes are compared: positionable 6DMA with ZF
(P-6DMA-ZF) and positionable 6DMA with MRT (P-6DMA-
MRT), which employ ZF and MRT beamforming, respectively,
with fixed power allocation and optimized antenna positions
based on two-timescale CSI; FPA-ZF and FPA-MRT, which
employ ZF and MRT beamforming, respectively, with opti-
mized power allocation based on instantaneous CSI; and
FPA-OPT, which applies optimal beamforming using instan-
taneous CSI. As shown in Fig. 34, the positionable 6DMA
schemes significantly benefit from increasing κ, as the channel
becomes more deterministic and there is more potential for
antenna position optimization. Despite using equal power

allocation and a suboptimal beamforming scheme, P-6DMA-
ZF demonstrates remarkable performance under moderate
to strong LoS conditions, consistently achieving the highest
ergodic sum rate and even surpassing optimal beamforming. P-
6DMA-MRT also improves with increasing κ, benefiting from
stronger deterministic LoS components. When κ approaches
30 dB, P-6DMA-MRT reaches performance levels comparable
to that of FPA-ZF and even FPA-OPT, offering a simpler
alternative to more complex beamforming designs. However,
P-6DMA-MRT remains inferior to P-6DMA-ZF across all
values of κ, highlighting the limitations of MRT beamforming
in scenarios where interference suppression is crucial. These
results underscore the importance of wireless channel reshap-
ing and exploiting the spatial DoF enabled by positionable
6DMAs and indicate the synergy of combining beamforming
and positionable 6DMA techniques for effective interference
management.

B. Channel Estimation for Positionable 6DMA

In this subsection, we discuss the existing channel estima-
tion techniques for P-6DMA, which can be categorized into
two branches, i.e., those for sparse channels and those for
rich-scattering channels.

1) Rich-Scattering Channels: Due to the complexity of the
environment, positionable 6DMA systems often operate in
rich-scattering channels. Traditional channel estimation tech-
niques designed for sparse MIMO channels may not perform
effectively in such environments. To solve this problem, some
prior works have proposed to exploit some learning-based
tools such as successive Bayesian reconstructor and deep
neural networks. For example, the authors in [176] studied an
uplink channel estimation problem in a positionable 6DMA
(i.e., fluid antenna) system comprising a BS equipped with Q
P-6DMAs and a single-FPA user. The receive region at the BS
is equally discretized into M sampling points/ports, to which
the Q antennas can be repositioned. Let h and P denote the
channels from the user to the M points/ports as described
in (13) and the number of transmit pilots within a coherence
time frame, respectively. Define S ∈ {0, 1}Q×M as the
antenna-port association matrix in time slot p, p = 1, 2, · · · , P ,
where the (i, m)-th entry of S is equal to one if and only if the
i-th antenna is located at the m-th port. As such, the received
signal at the BS in time slot p is given by

yp = Sphsp + zp, (62)

where sp denotes the pilot transmitted by the user and
zp ∼ CN (0Q, σ2IQ) denotes the AWGN at the Q selected
ports in time slot p. For simplicity, we assume that sp =
1, p ∈ {1, 2, · · · , P}. Thus, over the P time slots for pilot
transmission, we have

y = Sh + z, (63)

where y = [yT
1 , · · · , yT

p ]T , S ∈ [ST
1 , · · · , ST

P ]T and z =
[zT

1 , · · · , zT
p ]T . The aim in [176] was to reconstruct the M -

dimensional channel h based on the noisy received signal y.
To this end, we can move the Q antennas to different

positions over the P time slots and measure their channels
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Fig. 35. Machine learning network architecture for positionable 6DMA
channel estimation.

with the user accordingly. It is noted that this is similar
to a successive sampling process. Moreover, as the spacing
between nearby sampling points/ports is small, their channels
with the user show high correlation. Inspired by the above, the
authors in [176] proposed to reconstruct h by using successive
Bayesian regression, where an experiential kernel was built
to facilitate channel reconstruction. Furthermore, the channel
h is modeled as a sample of a Gaussian process with zero
mean and prior covariance Ω ∈ CM×M , and the uncertainty
of this stochastic process is successively eliminated by kernel-
based sampling and regression. Specifically, the successive
Bayesian regression is divided into two stages, i.e., an offline
stage and an online regression. In the offline stage, the authors
determined the association matrix S and combining weights
w by following the principle of maximum posterior variance.
In the online regression stage, the designed switch matrix S
is employed at the BS to obtain the received pilots as in (63).
Then, the channel h can be reconstructed as ĥ = wHy.

Alternatively, the authors in [177] considered a single-
input-single-output (SISO) communication system with a
single P-6DMA receiver and a single-FPA transmitter. The
antennas could be switched to one of the M sampling
points/ports within the receive region. Since the total number
of points/ports in a positionable 6DMA system is huge,
the channel estimation overhead is costly. Estimating a sub-
set of the points/ports first and then recovering others via
interpolation is a more practical solution. To this end, the
authors in [177] introduced a new machine learning tech-
nique, as depicted in Fig. 35. The network is based on
ResNet, a lightweight network with 9 conventional layers
and 22000 tunable parameters, which is implementable on
mobile devices. In particular, the estimated channels at a set of
selected points/ports are used as input, and are reshaped into
their real and imaginary parts for subsequent processing. The
first layer is a convolutional layer comprised of 32 filters with
a kernel size of 3, followed by three ResBlocks which consist
of two convolutional layers, a Relu activation function and an
identity connection. The convolutional layers in the ResBlocks
use 32 filters with a kernel size of 3. Following these there is
an unsampling layer and a convolutional layer comprised of
2 filters with kernel size 3. The output of the network provides
the estimated channels at all points/ports [177].

2) Sparse Channels: With the advancement of millimeter-
wave and terahertz technologies, high-frequency positionable
6DMA channels often exhibit sparsity. For such sparse chan-
nels, the existing works have mostly focused on leveraging
their structural properties to recover the channel map within
the transmit/receive movement region with various algo-
rithms, e.g., via compressed sensing. For example, consider

a P-6DMA-assisted SISO communication system where the
transmitter/receiver is equipped with a single antenna. The
antenna can flexibly adjust its position in a specified 2D
transmit/receive region denoted by Ct/Cr [30], [55], [170],
[178], [179]. Based on the positionable 6DMA channel model
described in (13), the end-to-end transmitter-receiver channel
is given by

h(qt,qr) = cH(qr)Σt(qt), (64)

where receive steering vector c(qr), channel coefficient matrix
Σ, and transmit steering vector t(qt) are defined in (57).

It is unaffordable to estimate h(qt,qr) directly for each
pair of (qt,qr) in the transmit/receive antenna movement
regions Ct/Cr, as the pilot resources for channel estimation
are limited. However, it can be observed from (64) that
the end-to-end channel depends on the channel paths’ AoDs
{θt

l , ϕ
t
l}

Lt

l=1, channel paths’ AoAs {θr
l , ϕ

r
l }

Lr

l=1, and channel
coefficient matrix Σ, where Lt and Lr denote the number
of transmitter-side and receiver-side multipath components,
respectively. Motivated by this, a compressed sensing-based
method is proposed in [109], where the AoAs/AoDs/channel
coefficient matrix are successively estimated. Specifically, let
Mt denote the total number of sampled positions for the
transmit antenna, which are denoted by t̃ =

[
qt

1, · · · ,qt
Mt

]
with qt

m = [xt
m, yt

m]T ∈ Ct. We assume that one pilot is
transmitted for each qt

m, and the position of receive antenna
is fixed as qr

1 ∈ Cr. Then, the received signals are given by(
yt
)T = (xt)HG(t̃) +

(
zt
)T

, (65)

where G(t̃) ≜
[
t(qt

1), t(q
t
2), · · · , t(qt

Mt
)
]
, xt ≜√

pΣHc(qr
1) with p being the transmit power, and

zt ∼ CN (0, σ2IMt
) is the AWGN vector with σ2 denoting

the average noise power. To efficiently estimate the AoDs{
θt

p, ϕ
t
p

}Lt

p=1
by compressed sensing, we discretize θ ∈ [−1, 1]

and ϕ ∈ [−1, 1] into G grid points with G ≫ Lt, and can
show (xt)HG(t̃) ≈ (x̄t)HḠ(t̃), where Ḡ(t̃) ∈ CG2×M is
an over-complete matrix and its (g1 + (g2 − 1))-th row is in
the form of [ej 2π

λ ūT
g1,g2

qt
1 , ej 2π

λ ūT
g1,g2

qt
2 , · · · , ej 2π

λ ūT
g1,g2

qt
Mt ]

with ūg1,g2 ≜ [−1 + 2g1/G,−1 + 2g2/G]T , 1 ≤ g1, g2 ≤ G,
and x̄t ∈ CG2×1 is a sparse vector containing Lt non-zero
elements. When G≫ Lt, the problem of estimating AoDs can
be reformulated as a sparse signal recovery task. Specifically,
it involves finding a sparse vector x̄t that minimizes the norm
|| (yt)T − (x̄t)HḠ(t̃)||2. This optimization can be effectively
addressed using classical compressed sensing algorithms such
as OMP. Similarly, to estimate the AoAs {θr

q , ϕ
r
q}

Lr
q=1, the

transmit antenna is fixed at qt
1 while the receive antenna

moves to Mr different positions. The same method can then
be applied. Finally, based on the channel measurements in the
previous two steps and the estimated AoDs/AoAs, the channel
coefficient matrix is estimated using the LS algorithm.

However, the above sequential parameter estimation may
lead to a cumulative error and require high channel measure-
ment overhead. To overcome this limitation, a new channel
estimation framework based on compressed sensing was pro-
posed in [108], where the AoDs, AoAs, and complex channel
coefficients are jointly estimated via a smaller number of
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Fig. 36. An example of antenna position matching with N = 3.

channel measurements. In addition, the measurement matrix
is fundamentally determined by the antenna measurement
positions, which has a significant influence on the channel
estimation performance. To address this issue, the authors
investigated the mutual coherence of the measurement matrix
via Fourier transform, and proposed two criteria for the
antenna measurement positions to successively resolve the
multi-path components in the angular domain.

It is worth noting that the above two compressed-sensing
based channel estimation algorithms for SISO systems are also
applicable to MIMO systems. Nonetheless, both approaches
depend on discrete angle quantization for sparse channel
representations, which inherently restricts the accuracy of
channel estimation. To enhance channel estimation precision
while minimizing the pilot training overhead, the authors
in [180] introduced a method based on tensor decomposition to
estimate multi-path component parameters. Specifically, they
implemented a two-stage transmit-receive antenna movement
strategy during pilot training, ensuring that the received pilot
signals in each stage form a third-order tensor. The factor
matrices of this tensor are then derived using canonical
polyadic (CP) decomposition, which facilitates the estimation
of AoDs, AoAs, and the complex channel coefficients. This
process enables the reconstruction of the wireless channel for
any position pair within Ct/Cr.

C. Path Planning for Positionable 6DMA

After determining the optimized positions of P-6DMAs,
a practical challenge arises in scheduling their movement. This
involves transitioning the 6DMAs to their target positions over
time while minimizing disruptions to communication channels,
which may degrade system performance. Efficient scheduling
across all transmitters and receivers is critical to minimizing
performance loss, as well as reducing energy consumption and
time costs.

To address this challenge, an antenna position matching
method was proposed in [97], which employs a greedy
algorithm to minimize the total movement distance of anten-
nas. Specifically, the initial and optimized positions of the N
antennas, before and after position optimization, are denoted
as qinit

n and qopt
n , 1 ≤ n ≤ N , respectively. Specifically, the

problem of minimizing the total movement distance can be
modeled as a shortest-path search in a tree graph. For instance,

as illustrated in Fig. 36, when N = 3, the movement distance
between different positions is given by

ω
(
qinit

n ,qopt
n

)
= ∥qinit

n − qopt
n ∥2, 1 ≤ n ≤ N. (66)

Each antenna selects a destination position qdest
n based on

the movement distance. Once a destination is assigned to an
antenna, it becomes unavailable for the others. Exhaustive
evaluation of all possibilities is computationally infeasible for
large N . Instead, a greedy strategy is adopted to find a subop-
timal solution. The algorithm initializes the antenna index set
as N 0 = {1, . . . , N}. For each antenna, the destination qdest

n is
chosen from the updated index set to minimize the movement
distance

qdest
n = arg min

qopt
n

{
ω
(
qinit

n ,qopt
n

)
| n ∈ Nn−1

}
. (67)

Once a destination is selected, the corresponding antenna index
is removed from set Nn−1 \ {n̂}. This process continues
until all N antennas are assigned destinations. By focusing
on minimizing the movement distance, the algorithm helps
reduce energy and time costs in positionable 6DMA systems,
particularly when antennas operate in large movement regions.

In addition, an extended approach was proposed in [181] to
address movement delay minimization by considering not only
position assignments but also trajectory planning for antennas
moving from their initial positions to their destinations within
a 2D region. The goal is to minimize the movement delay
while maintaining a minimum distance between antennas to
avoid collisions. This problem is formulated as a continuous-
time mixed-integer linear programming problem, which is
computationally demanding. To simplify it, a two-stage frame-
work is used, where position associations are first determined
to map initial and destination positions optimally, followed
by trajectory optimization to design efficient movement paths
while avoiding collisions [181]. Furthermore, the study empha-
sizes that moving antennas along straight-line paths may
result in excessive delays due to the extended waiting times
required for collision avoidance. This finding indicates that
alternative trajectory designs, such as curved paths, could
further enhance scheduling efficiency. Other strategies such
as parallel movement, sequential movement, or collaborative
movement among 6DMAs are promising but require further
investigation to improve scheduling efficiency.

D. Positionable 6DMA-Aided ISAC

The introduction of P-6DMA also provides a transformative
improvement for ISAC systems. At the transmitter side, posi-
tionable 6DMA allows joint optimization of antenna positions
and precoders, facilitating the creation of favorable communi-
cation and sensing channels at the same time. At the receiver
side, positionable 6DMA mitigates interference caused by
radar sensing by leveraging channel envelope variations. This
technology also enables flexible spatial resource allocation,
which ensures a balance between radar sensing and commu-
nication functions. However, P-6DMA-aided ISAC systems
face significant challenges as well, particularly in optimizing
antenna positions and beamforming, which is an NP-hard
problem. To tackle this issue, advanced techniques, including
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Fig. 37. Beampattern for different sizes of the movement region.

deep reinforcement learning with pointer networks and the gra-
dient projection method, have been proposed in [93] and [95].
In addition, the traditional far-field assumption may no longer
hold in scenarios involving large antenna movement regions.
To enhance the performance of such systems, a full-duplex BS
equipped with multiple P-6DMA arrays for near-field ISAC
was proposed in [97]. The P-6DMA arrays at the BS could
simultaneously sense multiple targets and serve multiple users
in the uplink and downlink, respectively. The authors also
proposed a two-layer random positioning algorithm to max-
imize the weighted sum of sensing and communication rates
by designing transmit beamformers, sensing signal covariance
matrices, receive beamformers, and antenna positions.

To demonstrate the advantages of large movement regions
in near-field ISAC systems, Fig. 37 presents beampatterns
for a positionable 6DMA array with 128 transmit antennas,
optimized using the method from [97]. In the simulation, two
targets and two users are randomly placed within a ground-
level semicircle centered at the BS, with their horizontal
distances from the BS uniformly distributed between 25 m
and 30 m. The transmit and receive regions for the antenna
movement are square regions with side length of A. The
carrier frequency is set as 30 GHz. When the side length
of the transmit movement region is 100λ (see Fig. 37(a)),
the beam is precisely focused at multiple desired locations,
with extremely narrow main lobes. This shows that the beams
focused on the desired locations cause minimal interference
to other areas, enabling the near-field ISAC system to achieve
superior performance in multi-target sensing and multi-user
communication through joint resolution in both the distance
and angle domains. However, as A decreases (see Fig. 37(b)),
the main lobes of the beams become wider due to the reduced
maximum aperture provided by the positionable 6DMA array,
which results in significant interference to targets and users
at undesired locations and degrades the overall system perfor-
mance. In other words, when multiple targets and users share
the same direction relative to the BS, a far-field ISAC system
fails to provide effective sensing and communication services.

E. Other Related Works and Future Directions

Tables IV and V summarize representative works on
position optimization and channel estimation for P-6DMA,
respectively. While these studies highlight critical areas,
there are numerous other potential applications for P-6DMA
that remain unexplored in this tutorial [182]. For instance,

Fig. 38. (a) Mechanically-driven 6DMA communication prototype. (b) The
measured signal power (in dBm) with the 6DMA prototype.

P-6DMA also offers unique advantages in managing co-
channel interference without relying on precoding, which
makes it an excellent fit for cognitive radio networks [183].
Moreover, it can function as a hybrid beamforming solu-
tion in the analog domain without requiring phase shifters.
This suggests that hybrid signal processing techniques could
be employed to further optimize the performance of P-
6DMA architectures [184]. Another potential application
lies in the emerging field of semantic communications,
which is often deployed in challenging environments char-
acterized by narrowband and interference-rich conditions.
In such scenarios, P-6DMA could improve communication
reliability by mitigating interference and reducing reliance
on heavy channel coding. In addition, P-6DMA’s ability to
enhance wireless relaying is particularly noteworthy, as it can
improve both reception and transmission processes at source,
relay, and destination [185]. These examples underscore the
untapped potential of P-6DMA in wireless communication
systems, which offers opportunities for further innovation and
exploration.

VII. PROTOTYPES AND EXPERIMENTS

This section provides an overview of the prototypes devel-
oped for 6DMA-enabled wireless systems, including a 6DMA
prototype with both flexible antenna positions and rotations,
as well as rotatable 6DMA and positionable 6DMA prototypes.

A. 6DMA Prototype

Recently, Mei et al. from the University of Electronic
Science and Technology of China (UESTC) introduced a
mechanically driven 6DMA prototype capable of repositioning
a horn receive antenna along three spatial axes (x, y, z) and
rotating it by an angle γ, as depicted in Fig. 38 (a). The
transmitter antenna is an omnidirectional antenna. By mechan-
ically adjusting both the position and orientation, the horn’s
main lobe can be steered to align with various spatial angles.
Fig. 38 (a) illustrates the testing scenario for this prototype
in an indoor environment. In this setup, the horn antenna,
serving as the receiver, achieves a main-lobe gain of 12 dBi,
while the transmitter operates with 0 dBm of power at a carrier
frequency of 3.5 GHz.

The color map in Fig. 38 (b) depicts how the received signal
power (in dBm) in the 6DMA prototype varies with changes
in the antenna’s y-position and rotation angle γ. Notably,
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even when the antenna is held at the same location along
y, sweeping γ can alter the received power by more than
60 dB, with the peak power typically observed between 60◦

and 100◦. These measurements underscore that adjusting the
antenna rotation, on top of simply changing its position, yields
extra DoFs for enhancing channel quality.

To enable 6DMA with flexible antenna positioning and
rotation, the hardware design and implementation remain at an
early stage and are deliberately largely left open for engineers
to determine the optimal configurations. For example, future
experiments could extend the current single-user 6DMA pro-
totype to a multi-user setup, with multiple freely rotating and
positioning 6DMA surfaces at the transmitter controlled by
robotic arms. This approach will further validate how 6DMAs
adapt to the user distribution to achieve array, spatial mul-
tiplexing, and geometric gains while effectively suppressing
interference.

B. Rotatable 6DMA Prototype

More recently, a mechanically-driven rotatable 6DMA
prototype was demonstrated at South China University of
Technology (SCUT), which enables adjusting the antenna’s
rotation angle while keeping its position fixed. As shown in
Fig. 39, the prototype allows the 3D rotation of a directional
antenna to be mechanically adjusted by a servo, enabling
dynamic alignment of its main lobe to different spatial direc-
tions. Experimental results for the rotatable 6DMA prototype
in an indoor environment are presented in Fig. 39 (a). Specif-
ically, the rotatable antenna serves as a transmitter with a
main lobe beam gain of 10 dBi and operates at a carrier
frequency of 5.2 GHz (within Wi-Fi bands). The modulation
scheme adopted at the transmitter is 16-quadrature amplitude
modulation (16QAM), with a transmit power of 10 dBm and
a transmission rate of 0.5 Mbps.

During the experiment, as the receiver moved to another
position, the rotatable antenna adjusted the orientation of its
main lobe in real time to track the receiver’s current position.
This adjustment was controlled by visual equipment that uti-
lized a deep learning model for the identification and tracking
of the receiver (communication object). When the rotatable
antenna was properly configured, the receiver was able to reli-
ably receive the signal and accurately decode the constellation
diagram. In contrast, for the fixed orientation antenna system,
the receiver’s movement resulted in a discrepancy between the
antenna orientation of the transmitter and the receiver, thereby
leading to a distorted decoding of the constellation diagram,
as shown in Fig. 39 (b). It was observed that the orientation
adjustment capability of the rotatable antenna enhanced the
received signal power compared to the system with a fixed
orientation, offering a gain of over 10 dBm. Consequently,
the experimental results further verified that by dynamically
adjusting the orientation of the rotatable 6DMA, additional
spatial DoF can be achieved to significantly enhance the
received signal strength.

Other methods for implementing rotatable 6DMA proto-
types have also been explored. For example, the authors
of [186] proposed using parasitic elements to implement a

Fig. 39. Rotatable 6DMA communication prototype.

rotating antenna for MIMO receivers. Furthermore, a rotatable
6DMA prototype with 15 × 15 manually rotated elements
has been fabricated and presented in [187], where full-wave
simulation results demonstrated that the gain of the beam
focused in the user direction was 25.8 dB, with a 1-dB gain
bandwidth exceeding 28.6%.

C. Positionable 6DMA Prototype

The authors of [31] developed a wideband channel measure-
ment platform with a 0.2 mm-precision positionable 6DMA
system, which enables adjusting the antenna’s position along
a 2D plane while keeping its rotation angle fixed (see Fig. 40).
This setup consists of a computer for control, a displacement
system, and a measurement system comprising transmit-
ter/receiver modules and a Ceyear 3672C vector network
analyzer for RF and local oscillator signals. The transmitter,
mounted on the displacement system, moves in the x–z plane
at a precision of 0.02 mm. A 0.69 m× 0.61 m× 1.00 m
anechoic chamber confines the wireless channel, with one side
covered by a metal plate and the others lined with absorbers
to reduce multipath. The transmitter and receiver stand at
opposite ends, with the receiver fixed at the center of the
transmitter. The transmitter has 32× 32 ports (1 mm spacing).
The transmitter and receiver are separated by 0.86 m. The
system operates at 300 GHz. Experiments show that the use
of P-6DMAs mitigates multipath fading more effectively than
FPAs. In addition, the P-6DMA system combined with a
uniform-region SINR-optimized position selection algorithm
improves spectral efficiency by 11.48% within the 32 ×
32 mm2 area at THz frequencies, compared to a FPA.

Other positionable 6DMA prototypes have been inves-
tigated. For instance, the authors in [29] developed a
positionable 6DMA communication system prototype, where
the antenna is capable of moving along a one-dimensional
horizontal line with a step size of 0.01λ or within a two-
dimensional square region with a step size of 0.05λ. The
prototype employs feedback control to guarantee that each
power measurement is conducted only after the antenna has
reached the specified position.
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Fig. 40. Port selection-driven positionable 6DMA communication proto-
type [31].

D. Other Related Works and Future Directions

Various strategies have been explored for implementing
6DMA systems. One promising approach is the use of pixel-
reconfigurable antennas for positionable 6DMA, as proposed
in [188], where an antenna with 49 switches theoretically
supports up to 249 possible states. Furthermore, a pixel-based
positionable 6DMA antenna prototype described in [189]
achieved a signal power enhancement of approximately 30 dB
at 2.5 GHz. In addition, liquid-based positionable 6DMA pro-
totypes for wireless communication systems, as demonstrated
in [190], showed that in a 4-user system, double-channel
fluid antennas could reduce the outage probability by 57%
compared to static omnidirectional antennas. Each 6DMA
control method comes with unique advantages and limitations.
Current prototypes predominantly rely on a single control
mechanism, such as mechanical control, liquid-based con-
trol, or electronic tuning. However, hybrid control prototypes
for 6DMA systems remain largely unexplored, representing
a significant opportunity for further innovation. Moreover,
using prototypes for extensive channel measurements could
be instrumental in developing empirical channel models and
supporting performance analysis [191]. Effectively utilizing
these prototypes for such purposes remains a critical area for
future research. These efforts would substantially enhance our
understanding and optimization of 6DMA systems, paving the
way for improved performance and practical deployment.

VIII. CONCLUSION

In this paper, we have provided a comprehensive tutorial
on the emerging 6DMA technique as a promising enabler for
exploiting the wireless channel spatial variations. 6DMA-aided
wireless communication and sensing have led to a fundamental
paradigm shift in the design of wireless system/network from
the traditional one with fixed position antennas to a new archi-
tecture comprising agile and adaptable antennas that operate
in an intelligent way. Although research on 6DMA-assisted
wireless networks is still in an early stage, we have detailed
their new challenges and potential research directions for
future developments, covering topics ranging from theoretical
6DMA signal and channel modeling to practical 6DMA posi-
tion and rotation optimization, channel estimation, and path
planning. In addition, we have discussed two important special
cases of 6DMA, namely, rotatable 6DMA with fixed antenna

position and positionable 6DMA with fixed antenna rota-
tion. Furthermore, we have demonstrated the effectiveness of
6DMA-enhanced communication systems through prototype
development and experimental results. We hope this tutorial
will inspire further 6DMA research to unlock its full potential
in future generation (6G/Beyond-6G) wireless communication
and sensing networks.
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