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Abstract—This paper presents an energy-efficient downlink
framework for single-satellite LEO systems, addressing chal-
lenges from limited power and satellite mobility. A hybrid
analog—digital beamforming (HBF) architecture with a fully
connected phased array is proposed to reduce RF chain us-
age while supporting multi-user coverage. The beamforming
is optimized for energy efficiency under practical hardware
constraints. A digital beamforming benchmark is first derived
using fractional programming, followed by a hybrid algorithm
based on alternating and manifold optimization with phase
quantization. Simulations show notable energy gains over other
schemes from the literature, confirming HBF’s promise for next-
generation Non-Terrestrial Networks (NTN).

Index Terms—Non Terrestrial Networks (NTN), Hybrid ana-
log—digital BeamForming (HBF), Energy Efficiency (EE).

I. INTRODUCTION

LEO satellite constellations are key to future Non-Terrestrial
Networks (NTNs), enabling services from remote emergency
response to global broadband. Compared to GEO systems,
LEO offers lower latency and better link budgets due to
its lower altitude [1, 2, 3]. However, high orbital velocity
causes fast channel variation and Doppler shifts, challeng-
ing multi-user reliability [4, 5]. Limited payload and power
constrain complex or power-hungry methods, emphasizing
energy-efficient resource use [6]. As NTNs grow in B5SG/6G,
efficient precoding is essential to manage power and interfer-
ence [7, 8]. Though both uplink and downlink are vital, the
downlink receives more attention due to its key role in high-
data-rate broadband and multimedia services. Due to limited
power and simple antennas, ground terminals struggle with
uplink multi-antenna techniques. In contrast, a multi-antenna
LEO satellite can form multiple downlink beams, boosting
spectral efficiency for many users [9]. This high demand and
power constraint call for advanced beamforming to optimize
coverage, throughput, and energy efficiency.

Full digital beamforming (DBF) offers optimal control and
interference management [10], but is impractical for LEO
satellites due to high hardware, power, and complexity de-
mands [11, 12]. Hybrid beamforming (HBF) is a more feasible
alternative, splitting precoding between digital baseband and
analog RF stages using phase shifters or amplifiers [13].
However, it faces challenges like phase quantization loss,
amplifier nonlinearity, and complex real-time beam tracking
[14, 15]. Early HBF research focused on mmWave and ter-
ahertz systems, where fully digital beamforming was limited

by bandwidth and cost [16, 17]. Later studies showed that
combining analog and digital precoding can closely match
DBF performance with lower complexity [18]. These insights
led to applying HBF in satellite systems, but LEO-specific
challenges emerged, such as wide coverage, inter-beam in-
terference, and dynamic channels [19, 20]. Solutions range
from heuristics to joint analog—digital optimization, but higher
phase-shifter resolution increases power and heat. Efficient,
low-complexity algorithms are also needed for onboard au-
tonomy [21, 22, 23, 24].

This paper presents a novel hybrid analog—digital precoding
framework for single-satellite downlink, aiming to maximize
energy efficiency under practical hardware constraints. Un-
like methods assuming perfect CSI or focusing solely on
throughput, our approach uses finite-resolution phase shifters
and statistical CSI. We introduce a low-complexity algorithm
combining fractional programming, quadratic transform, and
alternating manifold optimization to handle non-convexity and
discrete constraints. Simulations across various scenarios show
our method outperforms conventional digital and hybrid beam-
forming in energy efficiency and interference management.

II. DOWNLINK TRANSMISSION MODEL

This section summarizes the key aspects of the downlink
transmission model, including the description of the hybrid
beamforming structures and the characteristics of the channel
equations modeling the system.

A. Hybrid Beamforming

Hybrid beamforming (HBF) combines digital and analog
precoding to balance performance and hardware efficiency. By
splitting precoding into a digital baseband and an analog RF
stage (using phase shifters or amplifiers), HBF reduces RF
chain requirements, lowering cost and power consumption.
HBF can be implemented in two configurations: fully con-
nected, where each RF chain connects to all antenna elements,
and partially connected, where each RF chain is linked to
a subset of antennas. These configurations are illustrated in
Figs. 1 and 2, respectively.

The number of RF chains is significantly smaller than
the number of antenna elements, thus reducing hardware
complexity and digital beamforming dimensions. Though the
partially connected design simplifies the layout and lowers
implementation costs, it also introduces challenges such as
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more complex signal modeling and wider beamwidths due to
fewer antennas per sub-array, leading to reduced array gain
and a more diffuse beam pattern. For LEO satellite systems,
balancing hardware complexity and data-rate performance is
critical. Thus, this section focuses on fully connected hybrid
beamforming architectures [25].

B. System Model

The system is modeled as a single-satellite LEO downlink,
where one satellite provides service to multiple single-antenna
users within its coverage area, which is the 3-dB satellite
footprint described in [26]. As depicted in Fig. 3, the antenna
elements on the satellite are arranged in a planar array, spaced
half a wavelength apart from each other. We assume a nadir-
pointing satellite antenna. Users have known distances from

Fig. 3. Schematic Diagram of Multi-beam Downlink Transmission of a Single
LEO Satellite.

the satellite (available via the GNSS-aided beacon uplink) and

the channel gains between the satellite and different users are
uncorrelated [27]. Let the total number of users be K and let
the user index be k = 1,..., K. Denote the channel matrix at
time ¢ and frequency f from the N satellite antenna elements
to the single k-th user antenna by h (¢, f). The channel matrix
can be written as

hi(t, f) = vigr(t, £)". D
where
v = (e—j27'((21 sin(0x,1)+y1 cos(G;@,l)sin(gokyl))/)\7 s

e~ 327 (zn, sin(0k, Ny ) +yn, cos(Ok, vy Sin(<ﬂk,Nt))/>\> " (2)

The vector v;, € CVt*1, defined in (2), represents the column
steering vector of the planar array and remains unaffected by
individual multipath components due to the large satellite dis-
tance. The coordinates (y;, z;) specify the position of the i-th
antenna element within the planar array, as illustrated in Fig. 3,
while the angles 6 ; € (—7/2,7/2) and ¢y ; € [0, 27) corre-
spond to the elevation and azimuth of each antenna element,
respectively. The scalar g (¢, f) denotes the time—frequency-
dependent channel gain between the satellite and the k-th user,
expressed as

Py

gk(t f) =D k- exp 2 (1 — [Thp), 3)

p=1

where P, is the number of multipath components, and «y, p,
Ok.p» and T, represent the complex gain, Doppler shift, and
propagation delay of the p-th path to the k-th user. Applying
the Central Limit Theorem (CLT), we get the approximation:

[ Beve Y

The transmitted signal vector is denoted by

K
z(t, f) =D brse(t, f)- (5)
k=1

Here, b, € CM*! is the beamforming vector for the k-
th user. As a consequence, x(t, f) € CM>*1, too. Dropping
the dependence on the time-frequency variables (¢, f), the
received signal for the k-th user is:

yp = hlz +ng

= thkak —l-thZbZSZ + ng. (6)
i#k

Here, ny ~ CN (0, Ny) is the circularly-symmetric zero-mean
complex Gaussian random variable characterizing the noise
component for the k-th user, and s, is the symbol transmitted
by the k-th user. We assume that E[|s;|?] = 1. For the
fully connected HBF architecture, the beamforming vectors are
by, = Vwy, where V 2 (vy,...,v5) € CN*M: represents
the RF analog beamforming matrix characterizing the RF
network and w;, € CM:*! represents the digital baseband



beamforming vector for the k-th user. The number of RF
chains M, satisfies the inequalities: K < M; < N;. The RF
architecture includes mixers, local oscillators, low-pass filters,
baseband amplifiers, and power amplifiers.

The first step in signal transmission is baseband processing.
Let s £ (s1,82,...,5k5)7 € CKX1 represent the digital
baseband transmit symbols, and let E{ss } = I,. After pro-
cessing the signal vector s by the digital beamforming matrix
W £ (wy,ws,...,wg) € CM*E the resulting baseband
signal vector becomes u £ Ws,u = (uy,us,... ,th)T S
CM:*1 The baseband signal is upconverted to RF, processed
by the analog beamforming matrix V/, and transmitted via
antenna elements. With limited b-bit phase shifter resolution,
phase angles are constrained to steps of A = 27/2%, so that
V e SéV‘XM‘, where S, = {w,w2,‘..,w2b} and w = &2,
The case b — oo denotes the fully-digital scenario. The
downlink SINR for the k-th user is given by

|hi br|?
Dok [REbe|? + No-
Due to challenges in obtaining instantaneous CSI (iCSI) in
LEO systems, statistical CSI (sCSI) is used, with the average
rate for user k defined as Ry = E[log,(1 4+ SINRy)].

According to [28], the overall system energy efficiency (EE)
can be expressed as

SINR,, &

)

®)

where B represents the system bandwidth, and P is
the total power consumption in the fully connected HBF
architecture. Specifically,

P*?(B) =¢|B|% + P, ©)
P, = Ny M;Pps(b) + M{Prrc + PLo + Pgg, (10)
Prrc = Poac + Prixer + PLpF + PaBA; (11)

where £ is the inverse of the amplifier efficiency, Pps(b),
Prec, PLo and Pgg represent the power consumption of phase
shifter (depending on the bit resolution b), RF, local oscil-
lator and baseband beamforming respectively. Additionally,
B £ (by,...,bg). The power consumption of the RF device
consists of four parts: digital-to-analog converter, mixer, low-
pass filter and baseband amplifier, which are represented by
Poac, Pmixer» PLpr and Pgpa respectively. Since the total
power consumption for a fully digital architecture is

Prpgr = NePrrc + Plo + Pag, (12)
the optimization problem considered consists of maximizing
the EE with discrete phase constraints:
s B Zszl Ry,
Py :ma&l&me W
st. |[VW% < P, Ve S
In the fully-digital case (b — c0), the last constraint is omitted:
K
B Zk:l R
PtotaI(B)

13)

st. ||B||% < P. (14)

P : max
B

III. OPTIMIZATION ALGORITHM

The optimization framework proposed in this work is di-
vided in two steps:

« Fully Digital Beamforming optimization consisting of de-
termining the beamforming matrix maximizing an upper
bound on the average user rate by using the Quadratic
Transform method [29].

o Alternating and Manifold Based Hybrid Analog-Digital
Beamforming consisting in the optimum approximation
of the beamforming matrix as the product of its analog
and digital parts.

A. Fully Digital Beamforming

To solve the energy-efficiency optimization problem in a
LEO single-satellite system, an equivalent fully digital beam-
forming approach is first presented. The key idea is to consider
a unified digital beamformer, allowing the problem to be
reformulated using an upper bound on the average user rate.
By leveraging this upper bound and applying the Quadratic
Transform (QT) method [29], the non-convex energy efficiency
maximization problem is transformed into an iterative opti-
mization framework. Each iteration involves updating auxiliary
variables and solving a constrained optimization problem via
Lagrangian duality.

Due to the high orbital speeds of LEO satellites, it is
essential to compute beamforming coefficients rapidly. To
address this challenge, we developed an efficient beamforming
solution that leverages the Woodbury matrix identity, sig-
nificantly reducing the computational complexity of matrix
inversion. A detailed description of the optimization algorithm
is reported in [30].

B. Alternating and Manifold Based Hybrid Analog-Digital
Beamforming

A hybrid beamforming approach that approximates the
fully digital solution using the minimum Euclidean distance
criterion is proposed. The core problem is approached as a
least-squares optimization to minimize the difference between
the digital beamformer and the product of analog and dig-
ital hybrid beamformers. The resulting algorithm alternates
between the following steps:

o Digital beamformer update: Solved in closed form
using the pseudo-inverse of the fixed analog beamformer.

e Analog beamformer update: Formulated as a con-
strained optimization problem on a complex oblique
manifold to satisfy constant-modulus constraints.

To solve the non-convex analog subproblem, manifold op-
timization is used. A Riemannian gradient is computed by
projecting the Euclidean gradient onto the manifold’s tangent
space. Then, an Armijo backtracking line search determines
the step size, and a retraction step ensures compliance with
hardware-imposed phase quantization. Since initialization of
the analog beamformer significantly affects convergence, ran-
dom initialization is used to avoid getting stuck in poor local
optima. The results obtained by this approach are better than



TABLE I
SIMULATION PARAMETERS

Parameter Value

Phased array Square array
Number of full array elements 64

Element spacing 0.5X

Center frequency 1.9GHz

Total n. of users 8

Br 18dB

System bandwidth B 20 MHz

13 2
TABLE II

POWER PARAMETERS

Parameter Value (mW)
Ppac 400

Pmixer 15

Pppa 5

Po 5

Pgp 200

Pps(2), Pps(3), Pps(4), Pps(co)  12,18,24,30

using deterministic schemes like Maximum Ratio Transmis-
sion (MRT). The complete algorithm iteratively updates analog
and digital matrices until convergence. Manifold optimization
ensures constraint satisfaction and improved performance un-
der hardware limitations. A complete description is reported
in [30].

IV. SIMULATION RESULTS

A near-hexagonal planar array with half-wavelength spacing
is assumed, with coherent combining user antennas. Simula-
tion parameters are listed in Table I (see [8]). The large-scale
downlink channel power gain for the k-th user terminal (UT)
is given by

_ Ve
47chdk

where G5 and G, are the satellite and ground antenna gains, f.
the carrier frequency, v. the speed of light, and dj, the distance
between the k-th UT and the LEO satellite. The antenna gain
is modeled according to the ITU-R S.1528 specifications [26]
and the power consumption settings are shown in Table II
[31, 32].

Fig. 4 describes the EE versus the number of RF chains
with different phase shifter resolutions based on the AMHB
algorithm and P = 10dBW. With the fully connected HBF
architecture, the smaller the number of RF chains, the greater
the corresponding EE. However, as the resolution increases,
the EE decreases because the higher resolution of the phase
shifter increases the power consumption. When the number of
RF chains is equal to the number of users, the EE performance
of the fully connected HBF structure is better than that of
the DBF structure. Therefore, the use of a fully connected
HBF architecture with a limited number of RF chains can
effectively reduce hardware complexity while improving the

2
Vk.GSGuNt( > VEke{l,...,K}, (I5)
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Fig. 5. Plot of the sum rate versus the number of RF chains with different
resolutions and P = 10 dBW.

EE performance. Fig. 5 illustrates the sum rate versus the total
number of RF chains. As the resolution increases, the sum
rate increases, too, but saturates at 4 bits. The diagrams show
an optimum number of RF chains M; =~ 16 in the scenario
considered. Fig. 6 shows the EE vs. the power budget for
different phase resolutions with 8 RF chains. Solid lines use
the AMHB algorithm and the dashed line uses the ideal DBF
with infinite resolution. The EE peaks near P = 6 dBW for
HBF with 2-bit resolution and saturates beyond that due to
a transmission power threshold in LEO satellites. Fully con-
nected HBF outperforms DBF in EE under infinite resolution
by reducing the RF chain count and trading slight spectral
efficiency loss for lower power consumption. Finally, in Fig. 7,
the Hybrid Design by Fast Unitary Matching (HD-FUM) [33]
and the Accelerate Proximal Gradient (APG) [34] algorithms
are compared with our proposed AMHB algorithm. It can be
seen that the proposed algorithm has better EE performance
under the fully connected HBF architecture in both finite
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resolution and infinite resolution, and the gain is greater with
fewer RF links.

V. CONCLUSIONS

In this paper, we investigated a downlink transmission
framework for a single LEO satellite system using a fully con-
nected hybrid analog—digital beamforming (HBF) architecture.
Our work focuses on the enhancement of the energy efficiency
under realistic hardware constraints, such as finite-resolution
phase shifters and limited power amplifier capabilities. An
equivalent fully digital beamforming solution was derived by
using fractional programming and the QT algorithm to provide
a performance upper bound. Building upon this foundation, we
proposed an alternating and manifold based hybrid analog-
digital beamforming (AMHB) algorithm that efficiently ap-
proximates the fully digital solution with substantially fewer
RF chains. Numerical results show that the proposed AMHB
algorithm significantly reduces system power consumption and

improves energy efficiency under the premise of small system
sum rate loss. The effect is more obvious for HBF structures
with fewer RF numbers.
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