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Abstract—Non-Terrestrial Networks (NTN) have emerged as
a key enabler for extending global connectivity, particularly
in remote or infrastructure-limited regions. Given the stringent
power constraints in satellite systems, especially in Low Earth
Orbit (LEO) satellites, energy efficiency becomes a critical design
requirement. In this paper, we propose a novel design for energy-
efficient holographic metasurface-based modulation and beam-
forming for LEO satellite communication. Our approach em-
ploys a single radio frequency (RF) chain, significantly reducing
power consumption compared to the conventional MIMO scheme
while maintaining communication performance. To address the
Lorentzian constraints inherent in holographic metasurfaces due
to their magnetic polarizability, we introduce a beamforming
strategy that effectively mitigates the impact of these physical
limitations. Simulation results show that our proposed system
achieves significant energy efficiency improvements over con-
ventional fully digital and existing holographic beamforming
architectures, with only a small trade-off in achievable data rate.

Index Terms—Holographic metasurface, HMIMO, single RF
chain, Lorentzian constraint, NTN, LEO satellite.

I. INTRODUCTION

THE evolution of communication systems has always been
driven by the constant demand for faster, more reliable,

and efficient connectivity across various platforms [1]. As we
transition from the era of the present 5G to the upcoming
6G communication systems, a significant leap in wireless
technology is anticipated [2]. Traditional terrestrial network
experiences difficulty to handle the surge of transmission
demands by countless mobile devices and applications because
of limited spectrum availability and restricted coverage [3].
Non-terrestrial networks (NTN) addresses these challenges
with extending coverage, dynamic spectrum allocation, and
employing beamforming [4]. On the other hand, NTNs have a
restrictive link budget, high propagation delays, and different
device capabilities [5]. Benefiting from lower latency transmis-
sion than the other satellite communication systems, low Earth
orbit (LEO) satellites become ubiquitously used to provide
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terrestrial users with higher data rates [6]. Conventional MIMO
has already been applied as a beamforming technique from
satellite to the user [7]. On the other hand, conventional
MIMO requires numerous radio frequency (RF) chains, which
in satellite communication system has detrimental effect in
power consumption and energy efficiency [8].

One promising approach that balances performance with
energy efficiency is holographic MIMO (HMIMO), which of-
fers transformative benefits for NTN systems [9]. HMIMO can
improve the energy efficiency as well as support beamforming
with a drastically reduced number of RF chains down to a
single RF chain [10]. While this is a similar concept to analog
beamforming, HMIMO structures do not require numerous
phase shifters [9]. As a result, HMIMO achieves improved
energy efficiency and simplified implementation, making it a
compelling approach for NTN [11].

The implementation of HMIMO relies on using recon-
figurable metasurfaces, which enable precise manipulation
of electromagnetic waves [12]. These metasurfaces serve
as the foundation for achieving efficient beamforming and
reducing system complexity, enabling the development of
modulation techniques that surpass traditional methods [13],
[14]. Metasurface-based modulation differs fundamentally
from spatial modulation and traditional antenna arrays in its
approach to encoding information [15]. Spatial modulation
encodes data by switching between active and inactive an-
tennas, while metasurfaces manipulate electromagnetic waves
directly through reconfigurable elements, eliminating the need
for extra hardware [14]. This innovative approach eliminates
the reliance on multiple RF chains, significantly reducing
complexity and power consumption.

Holographic metasurfaces can be applied in LEO satel-
lite communications due to their ability to form high-gain
directional beams [16], compensating for significant free-
space path loss at higher frequencies [17]. Unlike traditional
phased arrays, which rely on power-intensive phase shifters,
holographic metasurfaces use electromagnetic structures to
control radiation patterns with lower power consumption and
cost [18]. Their dynamic reconfigurability supports precise
beam steering, crucial for maintaining reliable links amidst
the high mobility of LEO satellites and ground terminals [19].
Additionally, they enable the use of larger radiation arrays
without the complexity or expense of scaling phased-array
systems.

More specifically, performance and analysis of holographic
beamforming have been presented in [20]. Additionally, a
technique known as wavenumber-division multiplexing was
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TABLE I
CONTRIBUTIONS OF OUR PAPER COMPARED TO EXISTING RESEARCH

Our Paper [19] [23] [24] [25] [26] [27] [28] [29]
Holographic MIMO ✓ ✓ ✓ ✓ ✓ ✓ ✓

NTN Channel Model ✓ ✓ ✓ ✓
Lorentzian constraint ✓ ✓ ✓

Single RF chain ✓ ✓ ✓
No digital beamforming ✓ ✓ ✓

Focus on energy efficiency ✓ ✓ ✓ ✓
Holographic Metasurface Based Modulation ✓

proposed in [21], which allows for low-complexity signal
processing and interference mitigation by operating in the
wavenumber domain. In contrast, there is also multi-user
HMIMO scenarios [22], which helps in steering individual
beams to different users in a downlink setup. It can create
multiple beams with high accuracy and low sidelobe levels to
serve multiple users with reduced interference.

Additionally, the earliest known holographic metasurface
is reconfigurable holographic metamaterial antennas (RHMA)
[30], which uses leaky-wave principle with recording and
reconstruction process [31]. Although the purpose of RHMA
has been applied for satellite communication, this model is
preliminary and only focuses on sidelobe cancellation for the
propagation. Afterwards, reconfigurable holographic surfaces
(RHS) [32] based on the same principle with RHMA has
been proposed. However, this architecture still requires hy-
brid beamforming method, where the digital beamforming is
performed in the base station (BS). The effort to reduce the
power consumption in the holographic metasurface is realized
by reconfigurable refractive surface (RRS) [23]. RRS uses
single feed and places the surface in the near-field regime
of the feed. This model also has similarity with the dynamic
metasurface antenna (DMA) [33], where metasurface consists
of microstrips and each microstrip corresponds to the number
of subelements.

The application of HMIMO systems to NTNs remains
limited in several critical aspects [9]. Most existing works
either overlook the physical constraints of metasurfaces, such
as the Lorentzian constraint [19], or rely on energy-intensive
digital beamforming architectures with multiple RF chains
[23], which are impractical for energy-constrained satellite
platforms. Additionally, only a few studies combine realistic
NTN channel models with HMIMO design, and even fewer
make energy efficiency a primary design objective. These
shortcomings underscore the need for practical and efficient
HMIMO solutions tailored to LEO satellite communication.

Several recent works, including [19], [23], and [25], have
begun to incorporate HMIMO concepts in NTN contexts, with
[19] and [25] considering NTN channel modeling. However,
these often assume idealized metasurface behavior or ignore
crucial physical constraints like the Lorentzian constraint,
which plays a significant role in real-world implementations.
In some prior works, the amplitude-phase trade-offs inherited
by Lorentzian constraint have been directly applied in the sys-
tem design without any mitigation [27], [28], while the latest
research addresses phase compensation methods for handling
the Lorentzian constraint [24], [34]. Although some efforts,

such as [23] and [24], adopt single RF chain architectures
to improve energy efficiency, [23] does not account for the
Lorentzian constraint, thereby limiting the practical feasibility
of their beamforming strategies, while [24] has individual
power amplifier for each surface element. Conversely, works
in [26] and [27] model the Lorentzian constraint but do
not focus on NTNs or energy-efficient system design. To
address these gaps, we propose a novel HMIMO system for
LEO satellites that integrates holographic metasurface-based
modulation and precoding under realistic hardware constraints.
Our design includes the Lorentzian constraint and achieves
energy-efficient transmission using a single RF chain. To
the best of our knowledge, this is the first such integrated
approach for NTN systems, and a detailed comparison of our
contributions against the state-of-the-art is provided in Table I.

Hence, in this paper, we propose a holographic metasurface-
based modulation and precoding technique designed for LEO
satellite systems, which achieves high energy efficiency by
utilizing a single RF chain. Our approach not only incorporates
the Lorentzian constraint inherent to physical metasurfaces but
also avoids digital beamforming on the satellite side, signif-
icantly reducing power consumption without compromising
performance. While most existing methods rely on digital
beamforming that demands multiple RF chains, our approach
eliminates this need, offering a lightweight and efficient al-
ternative. Our numerical results demonstrate higher energy
efficiency compared to the state-of-the-art methods. Explicitly,
our novel contributions can be summarized as follows:

• We design a holographic metasurface based modulation
and precoding scheme, that requires a single RF chain
for LEO satellite communications, where the holographic
metasurface is placed on the satellite for communications
with ground users.

• Our design incorporates a single RF chain aided feed
that transmits an unmodulated signal to the metasurface,
where the single-user signal is precoded and modulated
on the metasurface. Here, a single RF chain radiates
unmodulated signal to the holographic metasurface. The
modulation and precoding is governed by the control
module that is connected separately to the surface. In our
proposed structure, a single power amplifier is embedded
in the RF chain and amplifies the unmodulated signal.

• Our work adopts a realistic NTN channel model based
on the 3GPP standard [35], providing a practical and
accurate approximation for real-world applications.

• As the proposed method avoids digital processing, it sig-
nificantly reduces power consumption, making it highly
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Fig. 1. Holographic Metasurface Based Modulation Architecture.

efficient for NTN communication systems. Our sim-
ulation results show an improvement of almost 1.5
bits/Joule/Hz from the existing structure of holographic
MIMO and almost 2.5 bits/Joule/Hz from the fully digital
architecture.

The rest of paper is organized as follows. In Section II, we
introduce our system model, which is holographic metasurface
based modulation that is equipped in a LEO satellite. In
Section III, we discuss our simulation setup, e.g. NTN channel
model that we use and performance metrics analysis. In
Section IV, we provide the results and analysis. Finally, we
draw conclusions in Section V.

Notations: The operation of transpose, conjugate, and Her-
mitian conjugate are represented by (.)⊤, (.)∗, and (.)H,
respectively; ⊗ is the Kronecker product operation; |a| and
∠a denotes the amplitude and angle of the complex scalar
a; ∥a∥ denotes the Euclidean norm of vector a; an is the
nth element of vector a; CN (0, σ2) is circularly symmetric
complex Gaussian random number with mean 0 and variance
σ2.

II. SYSTEM MODEL

Fig. 1 shows our proposed system model, where we con-
sider a LEO satellite as a BS equipped with a holographic
metasurface that acts as the signal transmitter, communicating
with a ground user. The communication is in the downlink
direction, from the satellite to the ground terminal. The
satellite based holographic metasurface consists of multiple
antenna elements that creates beamforming according to the
holographic principle. The LEO satellite and ground user
communicate over the NTN channel, which is explained in
more detail in Subsection III-A. Since the communication
between the LEO satellite’s holographic metasurface and the
ground user is using power that is allocated by the LEO
satellite to the communication modules and is also limited,
it becomes essential to design communication systems that

have low power consumption and are cost-effective, hence a
single RF chain analog processing is considered.

Our system is depicted in Fig. 1, where an unmodulated
carrier signal is first generated by an oscillator, amplified via
a power amplifier, and then radiated toward the holographic
metasurface. Unlike conventional MIMO systems, where both
modulation and power are delivered to the antenna array
through the same RF signals, our architecture separates these
two functions. The metasurface modulates the signal, using
a predetermined modulation and precoding matrices, whilst
also considering the Lorentzian constraint. The precoding and
modulation are passed to the metasurface using the control
module, as shown in Fig. 1. Since the Lorentzian constraint
scales down the amplitude of the precoding weights, a capacity
loss is inevitable in this structure. Hence, we propose a
phase compensation technique to optimize the performance
in Section II-C. The function of modulation and precoding
is regulated by the digital processing module of the meta-
surface that is independent from the single RF chain used to
feed the metasurface. Using this modulation and precoding,
the transmitted signal constructively interferes in the desired
direction, creating a beamforming towards the ground user.
Each component of our proposed method is discussed in more
details as follows.

A. Holographic Metasurface Based Modulation

In this paper, the LEO satellite’s holographic metasurface
acts as a transmitter and consists of N ≜ Nx × Ny number
of elements. The metasurface receives an unmodulated signal
from the single RF chain feed source over the wireless channel
as seen in Fig. 1. These metasurface elements capture the
signals from the feed, modulate it using the surface elements
and then transmit it to the ground user. The output from
each element is determined by the signal processing module
that directly controls the metasurface [36]. While conventional
terminology may refer to control over both amplitude and
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phase, in our system the surface elements directly control
only the phase of the incident signal. However, due to the
Lorentzian constraint, the phase modulation inherently af-
fects the amplitude as well. This relationship constrains the
achievable complex-valued beamforming weights and should
be considered during system design. The control signal sets
the real-valued phase shifts across the surface, which modulate
the incident wave and enable beam steering toward the ground
user. This control is realized by tuning the resonance charac-
teristics of each metasurface element to implement the desired
beamforming weights under the physical hardware constraints.

The metamaterial elements of the holographic metasurface
function can be considered as resonant electrical circuits, with
their frequency responses typically modeled as weights, where
amplitude and phase are inherently linked by the Lorentzian
constraint [24]. This constraint, denoted as Q , is given by
[37]

Q =
j + ejϕ

2
, (1)

where ϕ represents the phase control signal, measured in
radians, and Q is the output complex-valued IQ signal.

Originating from the physical structure of the holographic
metasurface, the Lorentzian constraint plays a crucial role
in beamforming performance and must be accounted for in
system analysis. The following subsections provide a de-
tailed discussion of the channel model and the impact of the
Lorentzian constraint on beamforming design.

B. Proposed Holographic Metasurface Based Modulation and
Beamforming Design

In this paper, we propose a holographic signal modulation
that is integrated in the metasurface fed by single RF chain
to beam signals to a single user. The data is processed in
the digital processor, which forms the control unit that is
connected to the holographic metasurface. The processing
includes the modulation and precoding, which is separate from
the RF chain. The phase of the unmodulated signal that is
transmitted by the RF chain changes in the metasurface based
on the controller. The physical system of the metasurface
follows the concept of the Lorentzian constraint [26].

Conventionally, in a MIMO system, the data bits are modu-
lated into a symbol vector x, which is then precoded using
a precoding matrix P, resulting in Px. When applied to
holographic metasurface, this signal is then passed through
the physical metasurface response Q(·), producing the final
transmitted signal Q(Px). In our system, the modulation and
precoding are jointly applied in the control unit, and the
metasurface acts on the already precoded signal, giving the
final output

fHM = Q(Px), (2)

where Q(·) is the function of Lorentzian constraint, Px ∈
CN×1 is the precoded signal, and fHM ∈ CN×1 is the
vector of holographic modulated signal. Due to the Lorentzian
constraint, achieving independent control over both amplitude
and phase modulation is not feasible. This limitation prevents
the implementation of unit amplitude modulation.

For example, consider the bit sequence 0011, which is
modulated using QPSK, where 00 maps to 1√

2
(−1−j) and 11

maps to 1√
2
(1+ j). Each QPSK symbol is processed indepen-

dently in time, so we define x ∈ C as a scalar symbol selected
from the QPSK-modulated symbol sequence at a given time
instant. Suppose the metasurface consists of two elements, and
we apply a vector precoder P = [1 + 0.5j, 0.5 + j]

⊤ ∈ C2×1.
For the first symbol x = 1√

2
(−1 − j), the precoded sig-

nal becomes Px =
[
(1 + 0.5j)−1−j√

2
, (0.5 + j)−1−j√

2

]⊤
=[

−0.5−1.5j√
2

, 0.5−1.5j√
2

]⊤
. This precoded signal is then passed

through the metasurface response, giving fHM = Q(Px),
where Q(·) denotes the Lorentzian-constrained mapping that
adjusts the phase while changing the amplitude (e.g., to 0.5).
For example, the element 1√

2
(−0.5− 1.5j) would be mapped

to a Lorentzian-constrained equivalent −0.1581 + 0.0257j,
where ϕ = -1.8925 is the original signal’s phase. These
constrained outputs are then applied to the holographic meta-
surface elements as phase shifts, enabling beam steering and
modulation through surface-based signal processing.

Using this process, the control unit determines the necessary
local resonance tuning (e.g., magnetic polarizability) to imple-
ment the complex-valued modulation fHM, ensuring that the
resulting beam is steered in the desired direction with minimal
power consumption, despite the physical constraints imposed
by the metasurface.

Our proposed design works for any precoding methods,
where we use the singular value decomposition as an example
precoding in our analysis. The precoding vector of this system
can be extracted from the right singular value of the channel
h⊤ ∈ C1×N as follows

h⊤ = u ·Σ · vH, (3)

where u is scalar value since we consider a single antenna
ground user, Σ is C1×NxNy , and vH ∈ CNxNy×NxNy . Hence,
we can write P as

P = v(:, 1). (4)

Since the modulation of signal x is integrated in the
holographic surface, the value of fHM is restricted to the
Lorentzian constraint of function Q(·). It is intractable to make
the solution of this problem analytical. Therefore, to simplify
this holographic modulation system, we extract the phase of
the right singular matrix in (4), multiply it by x, and apply it
to the function of the Lorentzian constraint.

The Lorentzian constraint restricts the possible combina-
tions of phase and amplitude for beamforming weights, posing
a fundamental challenge in holographic metasurface design,
where precise control over these parameters is essential.
As a result, beamforming algorithms must account for this
constraint to ensure that the calculated phase and amplitude
settings are physically realizable by the metasurface. The
constraint changes the original amplitude and phase into
Lorentzian-modulated values (with amplitude fixed at 1

2 and
a scaled phase), which can result in infeasible values for fHM,
particularly when the elements of v(1, :) are not confined to
specific ranges.
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The signal received by the ground user is denoted as y,
represented as

y = h⊤fHM + n, (5)

where h ∈ CN×1 is the channel between the holographic
metasurface and the ground user and n is the noise within
the propagation, with n ∼ CN (0, σ2).

It is worth noting that our proposed holographic metasurface
based modulation and beamforming system is represented in
similar modeling approach by [24], where it has been shown to
provide accurate system-level insights. Although this approxi-
mation has not reflected hardware-specific nonlinearities, such
as amplitude–phase coupling, the subsequent analysis remains
valid for LEO satellite communication model. In Section IV,
we further evaluate our scheme under Lorentzian-constrained
conditions to demonstrate that our proposed method outper-
forms the benchmarkers for the energy efficiency.

C. Phase Compensation

Given the challenge of the Lorentzian constraint, we aim
to maximize the selection of the phase in the holographic
metasurface scenario, where we apply a phase compensation
method [34] to our system. Specifically, we use maximum
ratio (MR) principle to evaluate the phase compensation.
Let us consider transmitting a signal fMR, which is used to
calculate the optimum phase needed to maximize the signal’s
magnitude. In this case fMR is restricted by the Lorentzian
constraint, so that we have

fMR =


j+ejϕ1

2
j+ejϕ2

2
...

j+ejϕN

2

 , (6)

where ϕn, n = 1, . . . , N , denotes the phase of the n-th
element in the holographic metasurface. We aim to maximize
the value of

∣∣h⊤fMR
∣∣2 as

max
ϕ1,ϕ2,...,ϕN

∣∣h⊤fMR
∣∣2

s.t. ϕn ∈ [0, 2π), ∀n = 1, . . . , N,

∥fMR∥2 ≤ Pmax, (7)

where Pmax is the maximum transmit power. Eventually, the
maximum value for fMR (constructed by ϕ1, ϕ2, . . . , ϕN ),
which is f⋆MR can be summarized compactly by defining a
transformation operator Q(·):

f⋆MR = Q(h; θ) ≜
j + ej(∠h∗+θ)

2
, (8)

where θ equals to ∠
(∑N

n=1 hn

)
+ π

2 .
Proof: In the following we prove (8) using two methods.

First, we substitute the value of θ in f⋆MR and derive h⊤f⋆MR to
validate the maximum achievable result. In the second method,
we show how to obtain θ that maximizes (8) starting with
h⊤fMR.

1) Let c = ∠
(∑N

n=1 hn

)
, then θ = c+ π

2 and we can write
h⊤f⋆MR as:

h⊤f⋆MR = h⊤
(
j + ej(∠h∗+c+π

2 )

2

)
=

N∑
n=1

hn
j + ej(∠h∗

n+c+π
2 )

2

=
j

2

N∑
n=1

hn +
1

2

N∑
n=1

hne
j(∠h∗

n+c+π
2 )

=
j

2

N∑
n=1

hn +
1

2

N∑
n=1

hne
j∠h∗

nejcej
π
2 . (9)

Since ej
π
2 = j and |hn| = hne

j∠h∗
n , we get

h⊤f⋆MR =
j

2

N∑
n=1

hn +
j

2

N∑
n=1

|hn|ejc. (10)

Extracting the angle of both terms j
2

∑N
n=1 hn and

j
2

∑N
n=1 |hn|ejc, we get

∠

(
j

2

N∑
n=1

hn

)
= ∠

(
N∑

n=1

hn

)
+

π

2
, (11)

and since |hn| is a real number, it does not contain any phase.
Then, we substitute back the c = ∠

∑N
n=1 hn, we obtain

∠

(
j

2

N∑
n=1

|hn|ejc
)

= c+
π

2

= ∠

(
N∑

n=1

hn

)
+

π

2
. (12)

Because (11) is equivalent to (12), we guarantee that both
vectors in (10) align and achieve their maximum value.

2) We can find the value of ϕ1, ϕ2, . . . , ϕN by mathematical
derivation of (7). We first set the initial value of fMR = Q (h∗),

so that fMR =
[
j+e∠h∗

1

2 , j+e∠h∗
2

2 , . . . , j+e∠h∗
N

2

]⊤
. Hence, we

get

h⊤fMR =

N∑
n=1

hn
j + ej∠h∗

n

2

=
j

2

N∑
n=1

hn +
1

2

N∑
n=1

hne
j∠h∗

n . (13)

In this case, each channel coefficient can be written as hn =
|hn|ej∠hn , so that the magnitude is equivalently expressed as
|hn| = hne

−j∠hn = hne
j∠h∗

n , for n = 1, . . . , N . Then, we
can substitute (13) as

h⊤fMR =
j

2

N∑
n=1

hn +
1

2

N∑
n=1

|hn|. (14)

In (14), the term 1
2

∑N
n=1 |hn| is purely real and lies along

the positive x-axis, while the term j
2

∑N
n=1 hn is complex. To

maximize the magnitude of the sum in (14), we need to align
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Fig. 2. Lorentzian transformation of vectors and phase compensation.

these two vectors such that their phasors add constructively.
Geometrically, we can represent (14) as the vector sum of two
components separated by an angle θ. The optimal alignment is
achieved by adjusting the phases of the metasurface elements
to compensate for this separation, resulting in

θ = ∠

(
j

2

N∑
n=1

hn

)

= ∠

(
1

2

N∑
n=1

hn e
j π

2

)

= ∠

(
N∑

n=1

hn

)
+

π

2
. (15)

Therefore, the values of ϕ1, ϕ2, . . . , ϕN that obtain the max-
imum value for hfMR is ϕn = ∠h∗

n + θ, for n = 1, 2, . . . , N ,
which proves (8). This representation makes clear that the
Lorentzian constraint inherently enforces a π/2 phase rotation,
and the optimal phase compensation aligns the controllable
term accordingly to maximize (7).

Fig. 2 is the illustration of the phase compensation in
the Lorentzian constrained weights. The first row denoted by
h1, h2, and h3 is the original normalized weights with unit
magnitude. Then, we extract the phase and apply it in the
Lorentzian form as seen in the second row of Fig. 2, which
is l1, l2, and l3. It can be seen that if, for example, we have
h1 = ejϕ1 , then we have l1 = j+ejϕ1

2 . The last row of Fig. 2 is
the weights after the phase compensation, which are denoted
by f1, f2, and f3.

Without loss of generality, the top subfigures of Fig. 2 show
the unconstrained beamforming vectors of Px. Let us consider
an example with h1 = ejπ/4, h2 = ej0, and h3 = ej−π/4.
The figures in the second row of Fig. 2 are when the phase

of the unconstrained beamforming vectors is applied directly
to the Lorentzian function (1), so that l1 = j+ejπ/4

2 and
the same thing happens to l2 and l3. We can see that the
top subfigures are scaled in such a way that they construct
half magnitude vectors shown in the second row of Fig. 2.
The third row of Fig. 2 represents the beamforming vectors
after applying the proposed phase compensation. For instance,
after the calculation of the vector in (15), we find the phase
compensation θ to apply in (8). With the selection of h in
Fig. 2, the calculated θ is π

2 , so that f1 = j+ej(π/4+π/2)

2 . In
Fig. 2, f1, f2 and f3 are 90◦ rotation from l1, l2, and l3,
respectively. The phase rotation may vary with the other values
of h according to (15).

III. SIMULATION SETUP

In this paper, to have realistic performance results, we apply
the 3GPP NTN channel model in our simulations. We evaluate
the system performance by analyzing the capacity as a function
of the number of holographic metasurface elements. Subse-
quently, we calculate the power consumption of our proposed
method, and compare with the existing DMA structure as well
as the fully digital architecture. From these metrics, we can
compute the energy efficiency for each method and compare
them in the same simulation environment. We also evaluate
the simulation results, when considering single and multiple
streams communication to a single antenna user.

A. NTN Channel Model

In our simulations, the 3GPP NTN channel model [35] is
considered for the link between the holographic metasurface
with the user u located at the ground [38]. The metasurface
in the satellite is considered in the xy-axis and the z-axis
refers to the vertical direction to the Earth. For more realistic
channel model, we also incorporate channel parameters for
NTN suggested by [35]. Here, NTN communication channel
adopts tapped delay line (TDL) model that has already been
adjusted and measured for communication between satellite
and ground user. It has two main models, which are line-of-
sight (LOS) and non line-of-sight (NLOS) schemes, each of
which has different parameters. Here, we represent NTN-TDL-
A channel as the LOS model and NTN-TDL-C channel as
the NLOS model, where both models have different multipath
delays. In [35], the values for multipath delays are limited to
the elevation angle of 50◦ only.

Moreover, we adopt uniform rectangular planar array
(URPA) [38] for our rectangular form holographic metasur-
face, which implements planar wave assumption. As seen in
Fig. 1, the URPA model of the metasurface adhered to satellite
considering xy-axis is described as

s(θu, ϕu, ru) = ax(θu, ϕu)⊗ ay(θu, ϕu)

=
1√
N

[
1, ej

2π
λ d sin θu cosϕu , . . . , ej

2π
λ ...

...(Nx−1)d sin θu cosϕu

]
⊗
[
1, ej

2π
λ d sin θu...

... sinϕu , . . . , ej
2π
λ (Ny−1)d sin θu sinϕu

]
, (16)
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where s(θu, ϕu, ru) denotes the location of the user, with θu,
ϕu, and ru being the elevation, azimuth, and radius of the
user from the perspective of the satellite. Moreover, ⊗ is the
Kronecker product which multiplies steering vector in the x-
axis ax(θu, ϕu) and steering vector in y-axis ay(θu, ϕu) in
element-wise manner as follows

ax(θu, ϕu)⊗ ay(θu, ϕu) =
[
ax(1)(θu, ϕu)ay(θu, ϕu),

ax(2)(θu, ϕu)ay(θu, ϕu),

. . . ,

ax(Nx)(θu, ϕu)ay(θu, ϕu)
]
.

(17)

Therefore, combining (16) and (17), we have

s(θu, ϕu, ru) =
1√
N

[
1, ej

2π
λ d sin θu sinϕu , . . . ,

ej
2π
λ d sin θu cosϕu , . . . ,

ej
2π
λ d sin θu

(
(Nx−1) cosϕu+(Ny−1) sinϕu

)]
.

(18)

The corresponding row vector channel h⊤ ∈ C1×NxNy can
be represented as [38]

h =
√
Lb(θu, ϕu, ru), (19)

where L denotes the large-scale pathloss between the satellite
and the user, while b(θu, ϕu, ru) ∈ C1×NxNy encapsulates the
element-dependent small-scale channel gains. Specifically, the
n-th entry of b(θu, ϕu, ru) can be expressed as

bn =
√
βn sn(θu, ϕu, ru), (20)

where βn accounts for the element-specific gain incorporating
spherical wavefront effects and atmospheric attenuation, which
depends on carrier wavelength, rain attenuation coefficient, and
antenna gain [39], while sn(θu, ϕu, ru) denotes the propaga-
tion direction from the (nx, ny)-th element of the metasurface
to the user.

B. Capacity

In this holographic metasurface based modulation, the
continuous-input continuous-output memoryless channel
(CCMC) capacity is defined as

CHM = log2

(
1 +

Pt

σ2
n

∣∣h⊤fMR

∣∣2) . (21)

Our aim is to maximize the capacity, which is also reflected
in maximizing the h⊤fMR term in (7). Theoretically, using a
single RF chain for modulation and precoding will possibly
reduce the capacity compared to full RF chain utilized by the
fully digital scheme. We aim to optimize the capacity of this
single RF chain design as a means of minimizing the capacity
loss from reducing the number of RF chain.

In the conventional phased antenna array, the distance
between elements is usually λ

2 , while holographic metasurface
allows inter-elements distance < λ

2 [40]. This phenomenon
will compensate the capacity loss due to the mutual coupling

of elements in the holographic metasurface. The discrete-input
continuous-output memoryless channel (DCMC) capacity of
holographic metasurface system is given by [15].

C. Power Consumption

The power consumption of holographic metasurface aided
communication system with a single RF chain can be calcu-
lated as [41]

PHM = PT/κ+ µ+ 2PDAC + PRF + ηCHM, (22)

where PT, κ, µ, PDAC, PRF, η, and CHM denote the trans-
mit power radiated through the system, the power amplifier
efficiency, the passive circuit power of the holographic meta-
surface, the digital-to-analog converter power, the RF chain
power, the signal coding regulator, and capacity, respectively.
In addition, the control unit of the holographic metasurface
is included in the passive circuit power of the holographic
metasurface1 µ.

Generally, the link between the power amplifier as a part of
RF chain and holographic metasurface can be modeled as near
field channel. Since holographic metasurface is fully passive
device, it does not consume power unlike the antenna array.

In this paper, we compare our system’s performance with
fully digital architecture and existing DMA methods. The digi-
tal architecture has a significantly different power consumption
with our method. Meanwhile, the power consumption of ex-
isting DMA methods have similarity with our method’s power
consumption. For the existing DMA structure, the number of
RF chain is the same with the number of microstrip, which is
denoted by NRF

T . The power consumption for the fully digital
and the DMA architectures are, respectively, denoted as [42]

PFD = PT/κ+ µ+NT (2PDAC + PRF) + ηCFD, (23)

PDMA = PT/κ+µ+NRF
t (2PDAC + PRF)+ηCDMA. (24)

The power consumption between fully digital system and
the holographic metasurface based modulation can be differ-
entiated by the number of RF chain as the multiplier for RF
chain power PRF . In our proposed holographic metasurface,
the power consumption contributed by RF chain is low, since
we use a single RF chain, while in the fully digital system,
the number of transmit RF chain is the same as the number
of transmit antennas.

As benchmarkers for power consumption, we consider the
hybrid beamforming method for LEO satellite communica-
tion [43]–[45]. Here, we use fully connected and partially
connected hybrid beamforming schemes, where the power
consumption can be evaluated as [46]

PFCH =
PT

κ
+ µ+NRF

t (2PDAC + PRF)

+NtN
RF
t PPS + ηCFCH,

(25)

PPCH =
PT

κ
+ µ+NRF

t (2PDAC + PRF)

+NRF
t NRF

t PPS + ηCFCH,
(26)

1The control unit power consumption is inherently included in (22),
following the system-level modeling approach in [41].
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where PFCH, PPCH, and PPS denote power consumption of
the fully connected hybrid architecture, the partially connected
hybrid architecture, and the phase shifters, respectively.

D. Energy Efficiency

Energy efficiency is measured as the ratio of data capacity to
power consumption, indicating the number of bits transmitted
per Joule of energy. This metric is important for our system
to evaluate the performance against the power constraint that
exists in LEO satellite communication. The energy efficiency
of holographic metasurface based modulation EEHM is given
by

EEHM =
CHM

PHM
. (27)

We will compare the performance of energy efficiency for
our proposed methods, fully digital scheme, and the existing
DMA structure. We expect a higher energy efficiency for
our method, since our method has significantly lower power
consumption as the RF chain is reduced down to one.

For hybrid beamforming architectures, we use the upper
bound capacity for energy efficiency analysis, which is the
capacity of fully digital antenna. Therefore, the hybrid beam-
forming architectures’ performance here is the best perfor-
mance that can be achieved by the hybrid beamforming
architectures.

E. Multiple Stream Analysis

In the multiple stream scenario, we consider multiple
data streams transmitted simultaneously from the metasurface,
where applying this using a single-RF chain presents a poten-
tial challenge. To ensure that our proposed system works in
multiple data streams scenario, we implement multiple users
with different channels. Then, the channels expands into a
matrix H⊤ ∈ CM×NxNy , with the SVD of H⊤ defined as

H⊤ = U ·Σ ·VH, (28)

where U is an (M×M) matrix. We expand (4) into a multiple
streams scenario as

Q(P) = V(:, 1 : M), (29)

where M is the number of streams used in this system.

IV. RESULTS AND DISCUSSIONS

In this section, we analyze the performance of our proposed
technique and compare the results with some benchmark
schemes, such as existing DMA structure and fully-digital
scheme. In the following figures, we refer to our proposed
method as Holo-MBM, which means holographic metasurface
based modulation method. The DMA structure with MISO
system presented in [24] is the most comparable system with
our proposed method. Firstly, we analyze the capacity, where
the fully digital scheme acts as the upper bound of the capacity
calculation. Additionally, since our focus is on the energy
efficiency, we present the energy efficiency of our proposed
method.

TABLE II
SIMULATION PARAMETER

Passive Circuit Power: µ 0.1 W
RF Chain Power: PRF 0.02 W

Phase Shifter Power: PPS 0.0216 W
Power Amplifier Efficiency: κ 0.65

Transmit Power: PT 0.125 – 8 W
Number of Metasurface Elements: N 56, 504

Number of Digital Antenna: NT 28, 252

Number of RF Chains: NRF

1
4, 18

56, 504
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Fig. 3. Capacity comparison of our proposed method with the benchmarkers
for N = 56.

In our simulations, we use N = 56 elements consisting of
4 × 14 holographic metasurface elements. Given the smaller
distance between the metasurface elements compared to the
phased antenna arrays, we use the number of elements in the
holographic MIMO twice that of the fully digital schemes [24].
In the same surface area, the holographic metasurface has more
elements than phased antenna array, since it is more dense and
packed. The parameters used in the simulation are shown in
Table II.

Fig. 3 shows the CCMC capacity of our proposed method
compared to the existing methods, such as fully digital antenna
array and multiple RF chain DMA with the number of antenna
elements N = 56, where in the fully digital method, the
number of antenna is N = 28. Additionally, Fig. 4 shows the
result for N = 504. For the same number of antenna elements
in the holographic metasurface and fully digital antenna array,
the capacity loss caused by Lorentzian constraint is significant.
Nevertheless, this is the physical constraint of holographic
metasurface that cannot be avoided. However, compared to
the structure having the same constraint but using multiple
RF chains, the capacity loss is insignificant.

Fig. 5 shows the DCMC capacity for BPSK, QPSK, and 16-
QAM. As given in the theory, our proposed method will reach
the maximum of 1 bps/Hz, 2 bps/Hz, and 4 bps/Hz for BPSK,
QPSK, and 16-QAM, respectively. Here, the DCMC capacity
is shown to give a clearer visualization how quick each method
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Fig. 5. Capacity comparison of our proposed method with the benchmarkers.

reaches the asymptotic value for each modulation.
Additionally, we analyze the power consumption of our

proposed scheme and the existing methods. From Fig. 6, we
can see that the power consumption of the fully digital antenna
array is significantly larger than the other schemes, since the
power for the digital beamformer is multiplied by the total
number of antenna elements in the system. When the antenna
array uses the larger number of antenna elements, the power
consumption will also increase. Meanwhile, in our proposed
scheme, the power consumption is low thanks to using only
single RF chain and single power amplifier. In NTN, especially
LEO satellite, having an energy efficient design is beneficial
as the power source in the satellite is not abundant as it is in
terrestrial network.

In Fig. 7 and Fig. 8, we show the simulation results for
energy efficiency of our proposed method and the benchmark
methods. Our proposed method with the phase enhancement
has the best result, where it has highest energy efficiency in
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Fig. 6. Power consumption of the proposed holographic metasurface system
compared to the benchmark methods.

lower transmit power. There is a state when the capacity can
no longer compensate for the power consumption, when the
curve of the energy efficiency starts to decline. To reach the
energy efficiency peak, our proposed method need a transmit
power of 21 dBm, which is categorized as low and reasonable
to put in the satellite. Meanwhile, the conventional DMA
culminates in transmit power of 28 dBm with the same energy
efficiency. The energy efficiency of the fully digital antenna
array remains the worst as predicted, despite its high capacity.
However, when we increase the number of elements as shown
in Fig. 8, the peak is shifted to the left, which is to the lower
transmit power, and the fully connected hybrid beamforming
architecture has the worst performance because of much higher
number of phase shifters according to (25). Meanwhile, for
both numbers of antenna elements, the partially connected hy-
brid beamforming architecture has less energy efficiency than
the conventional DMA with multiple RF chains, because in our
simulations, both conventional DMA and partially connected
hybrid beamforming have the same number of RF chains with
the latter having more power consumption contribution from
the phase shifters. However, conventional DMA still benefits
from less power consumption of the metasurface. It means
that with higher number of antenna elements, our proposed
method needs lower transmit power to attain the highest energy
efficiency.

To add more insight to our results, we also provide the
power efficiency graph, defined as the ratio of the transmit
power over power consumption, as seen in Fig. 9. As we
define our power amplifier efficiency κ = 0.65, we expect to
see that our proposed method has the best performance, which
is proven in the figure. In the same radiated power PT , our
proposed method has the highest power efficiency, because
there is only small loss from the other power contributing
factors. Meanwhile, the main contributing factor in fully
digital scheme’s power consumption is not the power amplifier
efficiency, but the power consumption of the RF chain. The
existing DMA structure has lower power efficiency than our
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Fig. 7. Energy efficiency of the proposed holographic metasurface system
compared to the benchmark methods, for N = 56.
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Fig. 8. Energy efficiency of the proposed holographic metasurface system
compared to the benchmark methods, for N = 504.

proposed method, because it has significant loss in the power
divider that is connected to each of the microstrip of the DMA,
which affects the power amplifier efficiency. Meanwhile, the
fully connected hybrid beamforming power efficiency has
worse performance than that of partially connected hybrid
beamforming, while it is still under our proposed method’s
performance.

We show the performance of LOS model, which is the NTN-
TDL-C channel model defined by [35]. This channel model
has different multipath delays than the NTN-TDL-A channel
model. As seen in Fig. 10 and Fig. 11, the capacity increases
drastically when using NTN-TDL-C channel model, which
results in an improved energy efficiency. This is due to the
higher beamforming gain in the LOS channel model.

Additionally, we present the results for multiple stream
transmission based on the proposed holographic metasurface
communication system, with the number of stream M = 4
and M = 8. In the NLOS channel model, which is the
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Fig. 9. Power efficiency of the proposed holographic metasurface system
compared to the benchmark methods.
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Fig. 10. Capacity comparison of our proposed method with the benchmarkers
for N = 56 in NTN-TDL-C channel model.
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Fig. 11. Energy efficiency of the proposed holographic metasurface system
compared to the benchmark methods, for N = 56 in NTN-TDL-C channel
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Fig. 12. Capacity of the holographic metasurface system compared with the
benchmarkers for M = 4 streams.
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Fig. 13. Capacity of the holographic metasurface system compared with the
benchmarkers for M = 8 streams.

NTN-TDL-A channel model, increasing the number of streams
can increase the capacity as seen in Fig. 12 and Fig. 13
with the assumption of ideal channel separation, with no
inter-stream interference between the streams. Moreover, the
energy efficiency for our proposed method increases by 1
bit/Joule/Hz if we increase the number of streams from 4
to 8 as shown in Fig. 14 and Fig. 15. Note that joint phase
optimization is needed in multi-stream scenario to find the
optimum phase compensation values. The results in Fig. 14
and Fig. 15 show the potential of applying our method in
multiple stream scenarios, where we plan to design phase
compensation techniques in multiple stream and multiple user
scenarios, in our future work.

V. CONCLUSION AND FUTURE WORK

In this paper, we proposed a holographic metasurface-based
modulation and precoding scheme attached to a LEO satellite
employing a single RF chain. The beamforming in the holo-
graphic metasurface was designed to reduce the capacity loss
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Fig. 14. Energy efficiency of the holographic metasurface system compared
with the benchmarkers for M = 4 streams.
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Fig. 15. Energy efficiency of the holographic metasurface system compared
with the benchmarkers for M = 8 streams.

due to the physical structure limitation of the surface, i.e., the
Lorentzian constraint. Since the LEO satellite communication
system has stringent link budget requirements, we maximized
the energy efficiency of our proposed method by optimizing
the power consumption of the system. Applying a single RF
chain in our system was shown to reduce power consumption
significantly. The results show that holographic metasurface-
based modulation can increase the energy efficiency compared
to the existing structure of holographic beamforming and
conventional fully digital phased-array antennas.

For future work, we plan to extend this framework to multi-
stream and multi-user scenarios. In Section IV, we presented
preliminary results for multi-stream scenarios. These results
show that increasing the number of streams can increase
system capacity under the NTN channel model, assuming
ideal channel separation. Using our proposed method, energy
efficiency also improves by approximately 1 bit/Joule/Hz
when scaling from 4 to 8 streams. However, we note that
in realistic scenarios, inter-stream interference will require a
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careful design. Therefore, in future work we will develop joint
phase optimization techniques under the Lorentzian constraint
to mitigate inter-stream interference, enabling practical deploy-
ment of multi-stream transmission. We expect this extension
to significantly enhance both capacity and energy efficiency in
holographic metasurface based modulation and beamforming
in NTN systems. In addition, our future work will address
multiple-user NTN scenarios, including the minimum number
of RF chains required to support M users, the number of
users a single RF chain can serve with acceptable performance
degradation, and the impact of the Lorentzian constraint on
inter-user interference.
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