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Abstract—Low Earth Orbit (LEO) satellite networks are ca-
pable of improving the global Internet service coverage. In this
context, we propose a hybrid beamforming design for holographic
metasurface based terrestrial users in multi-altitude LEO satellite
networks. Firstly, the holographic beamformer is optimized by
maximizing the downlink channel gain from the serving satellite
to the terrestrial user. Then, the digital beamformer is designed
by conceiving a minimum mean square error (MMSE) based
detection algorithm for mitigating the interference arriving from
other satellites. To dispense with excessive overhead of full chan-
nel state information (CSI) acquisition of all satellites, we propose
a low-complexity MMSE beamforming algorithm that only relies
on the distribution of the LEO satellite constellation harnessing
stochastic geometry, which can achieve comparable throughput
to that of the algorithm based on the full CSI in the case of
a dense LEO satellite deployment. Furthermore, it outperforms
the maximum ratio combining (MRC) algorithm, thanks to its
inter-satellite interference mitigation capacity. The simulation
results show that our proposed holographic metasurface based
hybrid beamforming architecture is capable of outperforming
the state-of-the-art antenna array architecture in terms of its
throughput, given the same physical size of the transceivers.
Moreover, we demonstrate that the beamforming performance
attained can be substantially improved by taking into account
the mutual coupling effect, imposed by the dense placement of
the holographic metasurface elements.

Index Terms—Low Earth Orbit (LEO) satellite communi-
cation, holographic metasurface, hybrid beamforming, inter-
satellite interference, stochastic geometry.

I. INTRODUCTION

LTHOUGH traditional terrestrial communication net-
works have been widely rolled out across the globe for
providing significantly increased throughput by leveraging a
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whole suite of sophisticated techniques, it is still challenging
to support global Internet connectivity [[1]], [2]. The growing
interest in satellite constellations harnessed for ubiquitous
communications and global Internet coverage highlights the
importance of low Earth Orbit (LEO) satellites in bridging the
digital divide and enhancing connectivity in remote region-
s [3], [4]. Compared to its Geostationary Earth Orbit (GEO)
and Medium Earth Orbit (MEO) counterparts, LEO satellites
offer notable advantages such as reduced latency and higher
data rates due to their proximity to the Earth [5]], [6].

A. Related Work

Substantial research efforts have also been dedicated to the
exploration of various aspects in LEO satellite communica-
tions, including multiple-input and multiple-output (MIMO)
technologies, hybrid beamforming methods, and robust secure
transmission strategies. Specifically, Li et al. [7] focused their
attention on the design of downlink transmission strategies for
massive MIMO LEO satellite communications. It was demon-
strated that using massive MIMO is beneficial for enhancing
the spectral efficiency and mitigating the limitations imposed
by the dynamic nature of LEO satellites. In this context,
the advanced beamforming designs have been conceived for
robust communications between satellites and the base stations
(BSs) on the ground. Simulation results indicated significant
throughput improvements, demonstrating the benefits of har-
nessing massive MIMO in LEO satellite systems. To avoid
the excessive complexity and energy consumption of the fully
digital beamforming architecture, You et al. [8] conceived
hybrid analog-digital precoding techniques for LEO satellite
systems. Specifically, a novel hybrid precoding architecture
was proposed relying on statistical channel state information
(CSD) for maximizing the energy efficiency and/or reducing
the complexity. Their simulation results demonstrated that the
proposed hybrid precoding schemes achieve significant energy
efficiency gains over existing baselines, especially when dis-
crete phase shift networks are employed for analog precoding.
Considering the imperfect hardware factors, including low res-
olution phase shifters and nonlinear power amplifiers (NPAs),
an efficient algorithmic approach was formulated in [9] for
LEO satellite networks in the context of a twin-resolution
phase shifting (TRPS) based hybrid precoding problem. This
design struck an attractive energy efficiency versus computa-
tional complexity trade-off. In [[10], Huang et al. presented
a quality of service (QoS)-aware precoding design, which
aimed for optimizing both the energy efficiency and user



satisfaction in the downlink of massive MIMO aided LEO
satellite communications. A multi-objective optimization prob-
lem was formulated by striking a trade-off between the energy
efficiency and the proportion of users meeting their QoS re-
quirements. Furthermore, an efficient algorithm was developed
for solving a multi-objective problem, resulting in improved
QoS and energy performance. In [11]], Liu et al. focused on
robust downlink precoding strategies for LEO satellite systems
operating under per-antenna power constraints. Moreover, a
robust precoding scheme was proposed for optimizing the
performance under individual power limits for each antenna.
The proposed technique enhanced the communications integri-
ty, particularly in environments associated with fluctuating
channel conditions and stringent power constraints.

Albeit the massive MIMO technique is of substantial benefit
for high-speed data services and global connectivity in LEO
satellite networks, traditional antenna arrays face limitations
in terms of scalability, cost, and power consumption. It is
infeasible to realize extremely large-scale MIMO (XL-MIMO)
schemes relying on a large number of conventional radio
frequency (RF) chains and active antennas due to the excessive
power consumption requirements [12], [13]. As a remedy,
holographic MIMO (HMIMO) technology has emerged as a
promising design alternative, exhibiting improved hardware
efficiency and energy efficiency. This ambitious objective
is achieved by utilizing a spatially near-continuous aperture
and holographic radios having reduced power consumption
and fabrication cost [14]], [[15], [[16]], [[17]. Recent advances
in non-terrestrial networks highlighted the effectiveness of
metasurface-based receiver architectures, which are capable
of enhancing the communication quality and mitigating inter-
ference through configurable multi-layer or multi-functional
metasurface designs [18]], [19], [20]. In [21], Deng et al
introduces a reconfigurable holographic surface (RHS) aided
uplink communication system, where a user terminal equipped
with RHS transmits data to multiple LEO satellites. A novel
holographic beamforming algorithm was proposed for max-
imizing the sum rate, which is proved to be robust against
tracking errors in satellite positions. Their simulation results
indicated that the RHS outperforms traditional phased arrays in
terms of its sum-rate and cost-efficiency, owing to its compact
element spacing and low hardware costs. Furthermore, in [22],
a closed-form expression was derived for maximizing the sum
rate of LEO satellite communications relying on a RHS. The
authors theoretically analyzed the minimum number of RHS
elements required for the sum-rate of the RHS-aided system to
exceed that of the phased array system. The simulation results
showed that the RHS-based LEO satellite communications
is capable of outperforming traditional phased array based
systems in terms of both the sum rate and hardware efficiency.
Stacked intelligent metasurfaces (SIM) are also capable of
improving the performance of LEO satellite communications.
Lin et al. [23] proposed a SIM-based multi-beam LEO system,
which performs downlink precoding in the wave domain for
reducing both the processing latency and computational bur-
den. Based on the statistical CSI, an optimization problem was
formulated for maximizing the ergodic sum rate, which was
solved by a customized alternating optimization algorithm.

The results demonstrated significant improvements in sum rate
and computational efficiency compared to traditional digital
precoding methods.

The above contributions were focused on single LEO satel-
lite architectures. Considering the ultra-dense deployment of
LEO satellites to achieve global connectivity, several research
efforts were dedicated to LEO constellations, resulting in
inter-satellite interference. In [24], Okati et al. derived the
analytically tractable expression of the downlink coverage
probability and the data rate of LEO satellite constellations
relying on stochastic geometry. Jung et al. [25]] focused on the
performance analysis of LEO satellite communication systems
under the shadowed-Rician fading model. The binomial point
process (BPP) was employed to model the distribution of
LEO satellites. Based on this, both the outage probability
and the system throughput were evaluated. In [26], Park et
al. presented a tractable method for the downlink coverage
analysis, highlighting the pivotal role of satellite density and
altitude in optimizing the network performance attained. This
approach facilitates the efficient characterization of diverse
deployment scenarios. Moreover, Sun et al. in [27] utilized
a homogeneous Poisson Point Process (PPP) to analyze LEO
networks, focusing on user fairness and transmission reliabili-
ty. It showed that deploying satellites at lower altitudes benefits
dense networks by enhancing both the coverage probability
and user fairness, while higher altitudes are preferable for
sparser networks. In [28]], Choi et al. provided a comprehen-
sive analysis of downlink communications in heterogeneous
LEO satellite networks using Cox point processes to model
the distribution of satellites. They characterized both closed
and open access scenarios, demonstrating that open access
significantly improves the coverage probability. Complement-
ing the homogeneous models, Okati et al. in [29] applied
non-homogeneous stochastic geometry for analyzing massive
LEO satellite constellations. Their approach accounts for the
variations in satellite density and spatial distribution across
different regions. Then various new performance metrics, such
as the conditional coverage probability and user throughput,
were derived under non-homogeneous conditions. The results
demonstrated that considering non-homogeneous distributions
provides a more accurate representation of real-world satellite
networks. Furthermore, Hu et al. [30] investigated the end-to-
end performance of LEO satellite-aided shore-to-ship commu-
nications using stochastic geometry in maritime communica-
tion contexts. They evaluated the impact of influential factors
such as satellite altitude, transmission power and environmen-
tal conditions on the communication links between ports and
ships.

To meet the growing demand of beamless global connectiv-
ity and efficient communication infrastructure, multi-altitude
LEO satellite networks have emerged as a pivotal solution.
They can offer numerous advantages in terms of coverage,
latency, and bandwidth efficiency over the single-altitude
LEO satellite architecture in [24]-[30]. In particular, Okati
et al. [31] provided a comprehensive analysis of the coverage
probabilities in multi-altitude LEO satellite networks, where
the satellites are modelled as a BPP assuming their altitude is
an arbitrarily distributed random variable. Their simulation re-



sults showed that the coverage performance becomes saturated
when the constellation size reaches a certain threshold. In [32],
Choi et al. introduced an innovative technique of modeling
satellite networks using Cox point processes. Specifically, the
orbits vary in altitude and the distribution of satellites on each
orbit are modelled as a linear PPP. Some useful statistics,
including the distribution of the distance from the typical
terrestrial user to its nearest visible satellite and the outage
probability, were theoretically derived.

B. Motivation

The above LEO satellite communication architectures have
the following limitations. Firstly, the existing beamforming
designs conceived for multi-satellite networks ignore the
inter-satellite interference, which significantly limits the data
rate in dense satellite constellations. Although inter-satellite
interference can be mitigated through cooperative satellite
networks, as suggested in [33]], which brings in increased cost
of establishing and maintaining inter-satellite links. Secondly,
the above beamforming designs rely on the acquisition of
full CSI, which significantly increases the communication
overhead. The process of obtaining full CSI across all satellite
links not only requires substantial bandwidth but also leads to
high computational complexity, especially in dense satellite
constellations. To deal with these challenges, we propose a
holographic metasurface-based beamforming architecture for
multi-altitude LEO satellite networks, purely relying on the s-
tatistical distribution of the LEO satellite constellation. Against
this background, Table [[] explicitly contrasts our contributions
to the literature at a glance, which are further detailed as
follows.

o The holographic metasurfaces achieve high directional
gain despite using a compact antenna for mitigating the
severe path loss of satellite communications. In this paper,
we conceive a metasurface based hybrid holographic and
digital beamforming architecture for the multi-altitude
LEO satellite downlink, where a holographic metasurface
is employed by the terrestrial user for spectral-efficient
information transfer.

« Since designing the metasurface coefficients of the holo-
graphic beamformer and of the digital receiver combining
(RC) vector is a non-convex problem, we decompose it
into two sub-problems. Specifically, the RF holographic
beamformer is optimized for maximizing the channel
gain from the serving satellite to the terrestrial user.
Once the holographic beamformer weights are given, the
baseband equivalent channel from satellites to the RF
chains can be obtained. Afterwards, the digital RC vector
is optimized based on the minimum mean square error
(MMSE) criterion for mitigating the interference imposed
by the interfering satellites on the terrestrial user.

o To avoid the high overhead of acquiring full CSI, we
propose a low-complexity MMSE detection algorithm.
In this approach, the digital beamformer is designed
based on the statistical characteristics of the LEO satellite
constellation, specifically leveraging the average number
and spatial distribution of interfering satellites within the

visible region through stochastic geometry. By focusing
on the distributional properties of visible interfering satel-
lites, this method significantly reduces channel estimation
complexity.

o Our numerical results show that the proposed holographic
metasurface based hybrid beamforming architecture is
capable of achieving higher throughput than the state-of-
the-art (SoA) antenna array architecture. More explicitly,
they show that the MMSE RC algorithm outperforms the
maximum ratio combining (MRC) algorithm, thanks to
the inter-satellite interference mitigation. The throughput
can be improved by explicitly considering the mutu-
al coupling effect in the beamforming design, which
arises due to the dense placement of the holographic
metasurface elements. Furthermore, the proposed low-
complexity MMSE algorithm based on the distribution
of the satellites can achieve similar throughput to that of
the idealized algorithm based on the perfect knowledge
of the full CSI associated with all satellites in the case
of a dense deployment of LEO satellites.

C. Organization

The rest of this paper is organized as follows. In Section
we present the system model, while both the hybrid holo-
graphic and the digital beamforming design is described in
Section [[I] Our simulation results are presented in Section [[V]
while we conclude in Section [V]

D. Notations

Vectors and matrices are denoted by boldface lower and
upper case variables, respectively; sets are denoted by cal-
ligraphic letters; ()T and ()" represent the operation of
transpose and Hermitian transpose, respectively; |a| and Za
denote the amplitude and angle of the complex scalar a,
respectively; |.A| represents the cardinality of the set A; ||al|
denotes the norm of the vector a; C"™*"™ is the space of m xn
complex-valued matrices; Oy is the NV x 1 zero vector; Iy
represents the N x N identity matrix; Diag{a1,as, - ,an}
denotes a diagonal matrix having elements of a1, as,--- ,ay
in order; a, is the nth element in the vector a; CN(u, X)
is a circularly symmetric complex Gaussian random vector
with the mean g and covariance matrix X; fx (z) and Fx ()
represent the probability density function (PDF) and the cu-
mulative distribution function (CDF) of the random variable
X, respectively.

II. SYSTEM MODEL

In this section, we describe our proposed holographic
metasurface-based multi-altitude LEO satellite network. The
system model of the downlink multi-altitude LEO satellite
network is shown in Fig. [lﬂ In contrast to the conventional

'In this paper, we investigate narrowband satellite communication networks.
In wideband networks, both spatial-wideband effects and frequency-selective
effects should be considered [34]]. The satellite communications of wideband
networks considering the spatial-wideband effect and the frequency-selective
effect is part of our future work.
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Fig. 1. System model of holographic metasurface-based multi-altitude LEO
satellite networks.

single-altitude LEO satellite networks, which consider a con-
stellation consisting of LEO satellites at the same altitude, the
multi-altitude LEO satellite network considers a constellation
consisting of LEO satellites at different altitudes, positioned
between H; and H,. We assume that the Earth is a perfect
sphere with a radius of R, centred at the origin of (0,0,0) €
R3 in the three-dimensional (3D) Cartesian coordinate system.
We also assume that the single-antenna LEO satellites are
uniformly distributed within the shell determined by Q =
{Re + Hi < /2> +y?+2% < Re + Hy|(z,y,2) € R3}
forming a 3D BPP , denoted as A, ensuring an even spatial
distribution across the different altitudes in the specified range.
Furthermore, we denote the number of satellites within the
region of 2 as | Al

Each terrestrial user is served by the nearest satellite,
which is referred to as the serving satellite, resulting in
a spherical Voronoi tessellation for the satellites’ coverage
areas. We assume that all satellites in the region of ) share
the same time/frequency resource. Hence, a typical terrestrial
terminal served by the nearest satellite is interfered by all
other satellites. We consider a typical terrestrial user located at
the Cartesian coordinate of (0,0, R.). We denote the serving
satellite as the Oth satellite, while the interfering satellites are
indexed as the 1st, 2nd, - - -, (].A|—1)st satellites, based on their
distances from the terrestrial user considered. Furthermore,
we denote the coordinates of these interfering satellites as
P1,P2, " ,P|4|-1, respectively. As illustrated in Fig. EI, all
the satellites that are visible above the horizon can com-

Impinging signals on metamaterial elements

Ir r T T
y dﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
F

Waveguidt

Isignal for RF chain

Digital
Beamforming

Holographic Beamforming

Fig. 2. Holographic metasurface-based hybrid beamforming architecture.

municate with the terrestrial user. The visible region can be
represented as ' = {z > R.|(z,y,2) € Q}.

A. Holographic Metasurface-Based Beamforming

Due to the large distance from the satellites to the terres-
trial users, a holographic metasurface is employed by each
terrestrial user to compensate the signal attenuation due to the
path loss. The complete architecture includes a holographic
beamformer and a digital beamforming.

As shown in Fig. [2] at the holographic metasurface of the
beamformer is composed of M microstrips, each of which
is connected to an RF-chain. Each microstrip consists of
three components, including a feed, a waveguide and N sub-
wavelength metamaterial elements. Specifically, each element
in the microstrip is made of artificial composite material,
which is capable of adjusting the coefficients of the elec-
tromagnetic (EM) waves with the aid of a software con-
troller, such as a field programmable gate array (FPGA) [35],
(361, [37]1, [38], [39)]. The waveguide acts as the propagation
medium of the EM wave spanning from the reconfigurable
metasurface elements to the feed. The feed then transforms
the EM wave into high frequency current for the RF-chain.
Afterwards, the RF-chain converts the RF signals to the
baseband signals for the digital beamformer.

We denote the weighting coefficient of the nth reconﬁ%-
urable metasurface element at the mth microstrip as ﬂ(m .

n

Under the Lorentzian-constrained phase model of [34], [40],
[41]], we can get

(m),ﬂ

ﬂn 9 1,2,"',M,TL:1,2,"',N

)

ey

where ¢$lm) € [0, 2). Furthermore, the response from the nth



reconfigurable metasurface element at the mth microstrip to
its connected feed is given by

g = e IR, @)

where 5,(17”) is the distance between the corresponding recon-
figurable metasurface element and its connected feed.

B. Channel Model

In this section, we describe the channel model between the
satellites and the terrestrial user. We denote the link spanning
from the Ith satellite to the mth microstrip of the terrestrial
user as f(™) € CN*1, given by

£ = Jagtm. 3)

In (3), o represents the link attenuation between the Ith
satellite and the terrestrial user, given by

A\ 2
—Q
Qz<C<47r) D, )
where A denotes the carrier wavelength, ¢ is the rain atten-
uation coefficient, ( represents the antenna gain, « denotes
the path loss exponent and D is the distance between the [th
satellite and the terrestrial user. Furthermore, g(l””) represents
the small-scale fading. Referring to [42]], the shadowed-Rician
fading model is widely employed for describing the distribu-
tion of the channel links in satellite communications. Specif-
ically, the nth entry in g(>™), denoted as gﬁf ’m), represents
the small scale fading between the [th satellite and the nth
reconfigurable metasurface element of the mth microstrip at
the terrestrial user. We denote the shadowed-Rician fading as
SR(w, by, v), where w is the average power of the line-of-sight
(LoS) component, 2b, is the average power of the scattered
component and v is the Nakagami parameter. The CDF of the
channel’s power gain |g{"™ |2 is given by

2bg v
Flggma (@) = (gbwﬂ) '

o (V)i w s 1
Zz‘!F(z‘Jrl) (2bov+w) L <Z+1’2b0$>’ )

=0

where (v); is the Pochhammer symbol, I'() is the Gamma
function, and T (-, -) is the lower incomplete Gamma function.
For the mutual coupling, we adopt the Z-parameter based
representation to model this effect [43ﬂ Specifically, the
mutual coupling matrix, denoted as C € CMNXMN ' g

C=(Za+2Z)(Z+2Z D) ", (6)

where Z,4 is the antenna impedance and Zj is the load
impedance, both of which are fixed as 50 Ohms. Furthermore,
Z € CMNXMN jq the mutual impedance matrix, with the
(i1,12)th entry represented as

Zi i, = Za, (N
2The mutual coupling model used here is based on the analysis in [43]

and has been widely applied in holographic metasurfaces, demonstrating its
general applicability in dense antenna arrays [34].

for 71 = i9, and

2nd;, 4 2md;, 4
Z:, ., = 60Cy (”A) — 608 (”A)

— 300 M 308, %(%;Jr%)
~ 130G M + 308 M ’

(®)

for iy # ia, where d;, ;, = ,l/dflj2 +62. In , di, i, Tepre-
sents the distance between the 7;th and the i5th metasurface

element, Jg is the dipole length, C; denotes the cosine integral
and St represents the sine integral.

C. Distribution of Satellite Constellation

In this section, we theoretically derive the distribution of
the distance between the satellites and the terrestrial user.

Firstly, we derive the CDF of any specific satellite being
in the visible region Q' of the terrestrial user. For ease of
exposition, we define a spherical cap ) = {22 + y? + 22 <
(Re + H1)?, 2 > Re|(,y,2) € R®}. Then its volume V/ can
be calculated as

™

Vi==-

Y3

Similarly, we define a second spherical cap Q) = {22 +y? +

2?2 < (Re + H3)?, 2 > Re|(x,y,2) € R*} and its volume VJ,
which can be calculated as

Hy (2R, + Hy) (3Re + 2H,). ©)

V3 = TH (2R + Hy) (3R. + 2H2) (10)
Thus, the volume of the visible shell can be calculated as
V=V -V
=2 (Ha (2R, + H2) (3R, + 212)
—Hi (2Re + H1) (3R + 2H))) . (11)

Theorem 1. The CDF of the distance Fp/(d) from any
specific satellite in the visible shell )’ to the terrestrial user
can be formulated as shown in , when \/H; (2R, + H1) <
H>, and as shown in otherwise.

Proof: See Appendix [A] [ |

Corollary 1. By taking the derivative of the CDF of the
distance from any specific satellite in the visible shell Q' to
the terrestrial user as described in Theorem |1} we arrive at its
PDF formulated as

B T nH? ~
i d® + A — pabd, de [Hy, Hy)
(=] 7 - d €, i)
— 7l d + i, d € [Hy, H)
0, d ¢ [Hy, Hy)



O’ de [O, Hl)
™ T mHy(2Ro+H: mH? (4R +3H1
IRV d* + %dg - 2(129VJ'r Ld? + 1(2RSV’ L, d € [Hi,\/H1 (2Re + H1))
Fp(d) = { fpd® — T, de [VH QR+ H) ) (12)
. 7 Hs(2Ro+H n(H3(4Ro+3H2)+4R.H (3R +2H:)
T ARV d* + zéize\; 22 — (2 212Rev' - - )7 d € [Hy,\/H2 (2R, + Hy))
1, de [ Hs (2R, + Hs),0)
07 de [O’ Hl)
™ 27 7Hy(2Ro+H TH¥(4Ro+3H1)
1RV’ d* + 3V7 d* — SIQ(REV/ 1 g2 :r RV =, d € [Hy, Ha)
77 . n(H3(ARe+3Hy)— H3 (4Ro+3H, )
Fp/(d) = H22(?21:VTH2)d2 _ (H3 12R(V; )7 2 | d € [Hy, /H: (2R. + Hy))
™ mHy(2R.+H m(H5(4Re+3H2)+4R.H7 (3R +2H1)
_41%cv'd4+ 22(1?,0\;r 22 — 212120\// , d€[\Hi (2Re + H1),\/H2 (2R + H>))
1, de [\/HQ (2RC+H2),OO)
(13)
when \/H; (2R, + H1) < Hs and as Corollary 3. Given that the serving satellite is located in the

s 21 mH?
@d?)‘i_WdQ_ﬁd, dE [Hl,HQ)
+%d d e [Hy H
for(d) = Rev‘lr ) , . S [~25 ~1) ,
_RCV’d + RC‘/z'd’ d S [leli[?)
Oa d ¢ [HlaHQ)
(15)

otherwise. In (14) and 1| we have Hy, = \/2R.H, + H?
and H2 = 2ReH2 + H22

Then, we derive the probability of the serving satellite being
in the visible shell Q' as follows.

Corollary 2. The probability Ps of the serving satellite
being in the visible shelling can be expressed as

| Al
)

Ps=1—(1-P) (16)

where P’ denotes the probability of any specific satellite being
in the visible shell Q’, given by
_ H22 (3Re + 2H2) - I—Il2 (3Re + 21{1)

” 4 ((Re 4 Hy)® — (R + Hl)g)

A7)

Proof: According to (TT)), the probability of any specific
satellite being in the visible shell ' can be expressed as
V/
In (I8), V represents the volume of the shell €2, given by
HZ (3R, + 2Hy) — H? (3R, + 2H)

4 ((Re + Hy)® — (R + H1)3)

P’ (18)

V=

(19

and V' is the volume of the visible shell €/, as shown in
. According to , and , P’ can be expressed
as shown in (T7).

Among all | A| satellites, the serving satellite is the one hav-
ing the minimal distance from the terrestrial user. Therefore,
the probability of the serving satellite located in the visible
region can be formulated as shown in (I6). ]

visible shell €’ and the distance between the serving satellite
and the terrestrial user is Dy = do, the probability F; that
one of the other satellites is within the visible shell, can be
formulated as

P T (H2 (3Re + 2Ho) — H? (3Re + 2H,)) — V'Fp/(do)

= - - .
4?71' ((Re + I‘IZ)3 - (Re + H1)3> - V/FD/ (d())

(20)

Proof: Given that the distance between the serving satel-
lite and the terrestrial user is Dy = dj, the probability that
one of the interfering satellites is within the visible shell €
is

V' = Vpna/(d) V' — Fpi(d)V’
|4 B V '
Upon substituting (T1), (I2), (I3) and (I9) into I, P can

be expressed as seen in (20). [ |

P = 21

Theorem 2. Given that the distance between the serving
satellite and the terrestrial user is Dy = dj, the conditional
PDF fp/ p,(d|do) of the distance between any of the interfer-
ing satellites located in the visible shell 2 and the terrestrial
user can be formulated as

72
THY{

= d*+25d’— L d _
RL:W;;FVD/(do)R“V , d€[Hy, H)
_yrd .
Foypy(dldo) = 4 TFor @) d € [Hy, Hp)
-7 Pz d N
%—/(;:)V7 de [H2,f~]2)
0, d ¢ [Hy, )
(22)



when \/H1 (2R, + Hy) < H», and
w25 d - 2h
@y 4€ [Hi )
i3
ReV/ ad
foypo(dldo) = § T=Fpi(de) d € [Ha, Hy)
_Rfv’d3+;{{\§/d F7 o
TPy (do) de [Hh{{Q)
0, d ¢ [Hy, Hy)
(23)
otherwise.
Proof: See Appendix [ |

III. HYBRID HOLOGRAPHIC AND DIGITAL BEAMFORMING
DESIGN

In this section, we design the metasurface-based holographic
beamformer and the digital beamformer at the terrestrial user
for maximizing the throughput of the LEO system considered.

According to (1), (@), (@) and (6), the baseband channel
spanning from the /th satellite to the RF chains of the terrestrial
user is given by

h®) = AF'®), (24)
where A € CM*MN g formulated as
q(l)TB(l) 0% 0%
A= O q(Q)éB(Z) O . (25)
0;"1:] 0‘]”1; . q(hf)fB(M)

In || B(™) = Diag{ﬁ§m),ﬁém),-~- ,B](Vm)}, and F'() ¢
CMNXL is given by

f(l,l) f/(l,l)
f(l,Z) fl(l,2)

FO-c|  |= , (26)
f(l:M) f/(l:JW)

where /() € CN*! represents the link spanning from
the Ith satellite to the mth microstrip embodying the mutual
coupling. According to (24), (23) and (26), the baseband
channel h") can be further expressed as
qOTBM L)
q@TB@¢(2)

h®) = (27)

q(M)TB(.M)f/(l,M)

Therefore, the baseband received signal of the terrestrial
user, denoted as y € CM*1, can be formulated as

y =v/ph@so+ > /phWs; + ACw
piEQY

= \/ﬁh(o) s+

Signal at RF-chains

+ W
~—

Additive noise

Z vph®s,

pIEQY

Inter-satellite interference at RF-chains

(28)

where p is the transmitted power of the satellites, s; € C!*!

is the signal transmitted from the [th satellite satisfying
E[|s;|?] = 1, and w € CMN*1 is the additive white Gaussian
noise (AWGN) at the reconfigurable metasurface elements sat-
isfying w ~ CN'(0xrn, 02 I5sn). Furthermore, w' represents
the equivalent additive noise at the RF-chains, given by w’ =
ACw. Therefore, we have w’ ~ CN(0y7,02 ACCHAM).

According to (28), the signal-to-interference-plus-noise ratio
(SINR) is given by

pVHRO) P
= szEQ’ plVERD |2 4 [vHw/|2

(29)

where v € C'*M s the digital combining vector. Thus, the
throughput can be represented as

R =Ps -log, (1 + o)
> eer VARG 1 viw e | - OO

=Ps - log, (1 +

Here, our aim is to optimize the digital beamformer v and
the reconfigurable metasurface element coefficient matrix B
in order to maximize the throughput R. The corresponding
optimization problem can be formulated as

p[viR() 2
1: 1 1 31
" I?’%X Og2< " ZPLEQ’ pIVEhD]2 + [vHw!|2 Gh
I
st B = ”QT (32)
oM e0,27), m=1,2,--- , M, n=1,2,---,N.
(33)

Since P1 is a non-convex problem, we can decouple it into a
pair of sub-problems and optimize them separately. Specifical-
ly, the metasurface-based holographic beamformer is designed
to maximize the baseband channel gain between the serving
satellite and the terrestrial user, while the digital beamformer
is optimized based on the MMSE detection method to reduce
the inter-satellite interference.

A. Holographic Beamformer

Maximizing the baseband channel gain in metasurface-
based holographic beamformers is crucial for precise beam
shaping and for achieving high directional gain. This enhances
the signal strength and compensates for the path-loss of
satellite-to-ground links, making it ideal for robust commu-
nication in dense LEO satellite networks [17]]. To maximize
the baseband channel gain between the serving satellite and
the terrestrial user, the corresponding problem of optimizing
the holographic beamformer can be formulated as

2
P2 :mgx Hh(O)H (34)
m +e]¢5LM)
s.t. B = % (35)
¢£lm) = [0,27’()’ m = ]_’2’... 7M’ n = ]_72’... 7N'
(36)



According to (27), the baseband channel gain ||h(®)||? can be
further reformulated as

2 M 2
[ = Py [ TR0

M N
Z Z /(O 'HL) (37)
Therefore, the problem P2 can be recast as
N (m) 2
J+ ej¢ 1(0,m)
P3: max Z Z (2 ) In (38)
m=1 |n=1

st. o™ e[0,27), n=1,2,--- , N, (39)
form =1,2,--- , M. Finally, the closed-form solution for P3

can be expressed as

(m) _ (Z q(m)f/(O m))

<4q +4f’<0m), n=1,2,--- N. (40)

B. Digital Beamformer

Based on the holographic beamformer in (40), the baseband
channel between the serving satellite and the terrestrial user
can be formulated as

_ ;( g:l NORCR N g:l 0 7/1(0,1)’)
N "N
1 (2) £(0,2) (2) /(0,2)’
h(o) _ 3 (ni_:l%i fn +n2::1 dn n )
% ( ]Ziel quM)ffz(O’M) I X]jjl qglM) fr/L(O’M)D
41)

By contrast, the baseband channel between the interfering
satellites and the terrestrial user can be characterized by:

(J Z S E Uffl(l’l)emil))
102 2) p(1.2) ¢<2>)
+ el
h® = (Jw;l 712:1 f
N N
% <] 21 qéM)f?’l(lvM) + Zl qéM)f,/l(LM)em("M))
42)
for [ =1,2,-- | A| — 1, with ¢{™ optimized in (40).

To design the digital beamformer, we employ the MMSE
combining methods based on the required amount of CSI as
follows.

1) MMSE RC method based on full CSI: Firstly, we focus
our attention on the case of the MMSE RC based on the full
CSI, assuming that the terrestrial user can acquire the CSI
from both the serving satellite and all the interfering satellites.
Therefore, the MMSE RC vector based on the full CSI can be

designed as follows:

vi = (h<0>h<0>H + U) ' ho), 43)
which leads to the attainable throughput of
VRO
R =Ps - log, (1 + v?va>
—Ps - log, (1 + h<O>HU*1h<O>) , (44)

where U = 2 h(OpOH 4 Zw ACCHAH

2) MMSE RC method based on the distribution of satellites:
In practical systems, acquiring the full CSI of all interfering
satellites is infeasible. Hence, we propose an MMSE RC
method based on the distribution of the satellite constellation
by harnessing stochastic geometry. More explicitly, our MMSE
RC method utilizes only the average number and spatial dis-
tribution of interfering satellites within the visible region Q' as
statistical information. Notably, it does not rely on the full CSI
h h® ... hlA=D or on the precise positional details
such as azimuth and elevation angles of individual interfering
satellites. By focusing on the distributional characteristics
of visible interfering satellites, this approach reduces the
complexity of channel estimation. Specifically, the MMSE RC
vector based on the statistical information can be formulated
as

2 —1
v, = (h<0>h<0>H +Ri+ U“’ACCHAH> h®, (45
p

where R] represents the covariance matrix of the baseband
channels between all interfering satellites in the visible shell Q'
and the terrestrial user. Explicitly, Ri = E[}_ o h(OhOH],

Theorem 3. The covariance matrix of the baseband channel-
s spanning from all interfering satellites in the visible domain
' to the terrestrial user can be expressed as

2
Ri =< (1) (141~ 1) Rlao)

Q (cct + (ccH) oIyy) QH
) (46)
4
where Q € CM*MN g formulated as

qWT (()TA), . oy

OT q 2)T .. OT
a=| T @

0% oy - qMT

and L(r) denotes the average small scale fading of the link
spanning from each interfering satellite located in the visible
shell Q' to the terrestrial user, given the distance Dy = dy
from the serving satellite to the terrestrial terminal. If o = 2,
the value of L(dp) is given by

S+ 2ndy — T Indy, d e [Hy,H))
E(do) = 27Td0, de [Hl,Hg) )
— 5% + - H3Indy, d € [Hy, Hy)
(48)



when \/H1 (2R, + Hy) < H», and
Jﬁd%ﬁ-?Wd()— 3 de [HhHg)
L(d()) = RL (.Hg — le) h’ldo, de [HQ,.E[l) y
— 5% + - H3 Indy, d e [Hy, Hy)
49)

otherwise. Furthermore, if o = 3, the value of £(dp) is given
by

rr2 ~
Zdo+2rIndy + G-, d € [Hi, )
L(do) = 2mIndy, i d € [Hy, Ha)
—f-do — f-H3 7 d € [Hz, H>)
(50
when \/H; (2R, + H;) < Hs, and
ﬂ,"2
fiodo + 2mIndo + L L dem, {12)
L(do) =4 —# (H2 H2> ) d e [Hy, Hy)
Rledo—RLFHQQ%, de [Hl,HQ)
(51)

otherwise. Finally, if o = 4, the value of £(dy) is given by

Rlelﬂdo _27rd1 + 2R. d2’ de [{117I~{1)
L(do) = —27rd—107 d € [Hy, Hs)
_Rlelndo— 2}7‘%9 22d713’ de [HQ,HQ)
(52)
when \/Hq (2R, + H;) < H,, and
Rllndo —orl 4 I & d€[Hi H)
L(do) = (H2 H2) 2, d e [Hy, i)
_Rielndo_ﬁﬁgd%? dE [Hl,gg)
(53)

otherwise. If o # 2, 3,4, the value of £(dp) is given by
d4 a+ 27 dS a

(4—a)R. a)R
— d2 ° d € [Hy, Hy)
L(do) =< FZ=di°, d € [Hy, Hy)
4 «
T4 o¢)Re ~2
wH. a o
RN d~ d € [Ha, Hy) 8
when \/Hy (2R, + H;) < H,, and
(4 5 d4 a+ 27 d3 a
71']‘12 «
— iR 3 , d € [Hy, Hy)
Lldo) = oty (A3 = HF) d3™, de (Mo M)
T d4 «
(4—a)Re ~02
wH —a it i
+aatmdo de [H17H2)(55)
otherwise.
Proof: See Appendix [C| [ |

Given the satellite distribution, the throughput of the hybrid

beamforming method can be formulated as in (56).

C. Computational Complexity of the RC Methods

The computational complexity of the MMSE RC methods
can be quantified in terms of the calculation of v?y or
vily for every received signal y at the terrestrial user. The
complexity of additions and subtractions is neglected, since
it is considerably lower. Hence, we quantify the complexity
by counting the number of floating-point multiplication and
division operations required for the calculation of v?y or
vily.

The complexity of the MMSE RC is presented in Table
where 7 denotes the number of information symbols with-
in each coherence interval. Specifically, in the MMSE RC
method based on the full CSI, the computational complexity
includes the calculation of the combining vector vy in (43)
and that of the information recovery vf y. Specifically, in
terms of vy, the calculation of hOpOH Z h(l)h(l)
requires an average number of [(|A| — 1)P; + 1}M 2 floating-
pomt multiplications, while the complexity of calculating

p‘“ ACCHYA! can be ignored, since it remains unchanged
in each statistical block. Furthermore, th2e inverse of the
matrix h®OhO" + 5 o hOhOH 4 2w ACCHAM and
the multiplication with the vector h(®) require A/ number of
floating-point multiplications and M floating-point divisions
by utilizing the LDLY decomposition [44]. In terms of the
information recovery of vi'y, we require M floating-point
multiplications. By contrast, in the MMSE combining method
based on the statistical CSI, the computational complexity
includes the calculation of the combining vector v in (@3] and
that of the information recovery vily. Specifically, in terms of
v,, the calculation of h(Oh(OH requires the average number
of M? floating-point mu]tiplicatlons while the computational
complexity of calculating R} and 2= ACCHA! can be read-
ily ignored, since they remain unchanged in each statistical
block JFurthermore, the inverse of the matrix h(OnOH 4
R+ o ACCHAH and its multiplication with the vector h(®)
require M? number of floating-point multiplications and M
floating-point divisions by utilizing the LDL" decomposition.
In terms of the information recovery of vi'y, we require M
floating-point multiplications.

In summary, the MMSE RC method based on full CSI
requires a higher computational complexity due to the need for
complete CSI acquired from both the serving and interfering
satellites, which includes calculating the full covariance ma-
trix. By contrast, the MMSE RC method based on the satellite
distribution significantly reduces complexity by relying on
the statistical characteristics of the satellite constellation, thus
avoiding the overhead associated with acquiring full CSI. This
approach has lower computational demand, making it more
feasible for dense LEO satellite deployments.

IV. SIMULATION RESULTS

In this section, we numerically evaluate the performance
of proposed beamforming methods for the holographic
metasurface-based multi-altitude LEO satellite communica-
tions. We assume that the holographic metasurface elements



2 —1
vHRO | h(OH (Rg + %ACCHAH> h(©
R:P3~10g2 1+SHT :PS‘IOgQ 1+ 5 —1 2 -1
Vs Uvs hO¥ (R} + ZLACCUAN) U (R{+ Z-ACCAH)  h©)
(56)
TABLE II
COMPLEXITY OF THE MMSE RC METHODS BASED ON VARIOUS LEVELS OF CSI.
Schemes Calculation of combining vectors Information recovery Total calculation complexity
Multiplication Division | Multiplication | Division Multiplication Division
| __ MMSE fulcstL __ [ ((A[-DRA+2)M° [ M_ | __ Mo [0 [ WA-DRA+)MZ+TM | M|
MMSE, satellite distribution o2M?Z M M 0 2M=* + 1M M
TABLE III . .
SIMULATION PARAMETERS. has a lower overhead and a lower computational complexity.
Parameters Values | Compared to the MRC method, where the RC vector is
Cartier frequency 7.—=28GHz | designed as v = h(®), the MMSE RC method exhibits higher

b=03,v=3 w=04

Shadowed-Rician fading coefficients

are compactly packed, i.e. the physical size of each microstrip
is Ndy. In all simulations, mutual coupling is modeled
based on (@), providing a realistic assessment of the element
interactions under dense element configurations. Each dipole
is arranged parallel to the holographic surface, ensuring uni-
form orientation across the planar array. This configuration
maximizes surface efficiency and simplifies mutual coupling
modeling by allowing a consistent application of the coupling
model across the elements. The simulation parameters are
similar to those in [45], [46], which are given in Table
unless specified otherwise.

Fig. [3| compares the throughput R versus the number N
of holographic metasurface elements in each microstrip. The
holographic metasurface element spacing is fixed to oy = %
in each microstrip, which means that the physical dimension
of each microstrip is %N . The legend ‘consider MC’ indicates
considering the effect of mutual coupling in the beamforming
design, while ‘ignore MC’ means that the mutual coupling
is present among the holographic metasurface elements but
not accounted for in the beamforming designs. Observe in
Fig. [3| that as expected, the throughput can be significantly
improved upon considering the effect of mutual coupling in
the beamforming design. Furthermore, the MMSE RC method
based on the satellite distribution can achieve almost the same
throughput as that based on the full CSI, even though it

throughput since it can effectively mitigate the inter-satellite
interference.

Fig. [ portrays the throughput R versus the number of
holographic metasurface elements N in each microstrip, with
a fixed physical dimension of 4\ per microstrip. This setup
implies that the holographic metasurface element spacing is
oN = %. Fig. |4 demonstrates that increasing the number of
holographic metasurface elements in each microstrip enhances
the throughput. Moreover, employing more RF chains can fur-
ther boost the throughput at the expense of increased hardware
and energy costs. Notably, the throughput may degrade as
the number of elements in each microstrip increases when
the effect of mutual coupling is ignored in the beamforming
design. This degradation occurs due to the intensified mutual
coupling caused by the reduced spacing between metasurface
elements.

To provide further insights, Fig. [5 illustrates the throughput
R as a function of the physical size of the microstrip, con-
sidering different holographic metasurface element spacings.
Observe that the throughput can be improved by decreasing
the holographic metasurface element spacing, which allows for
more elements to be employed within the fixed physical size of
the microstrip. Additionally, the throughput of the holographic
metasurface is compared to that of the SoA antenna array
architecture. In the latter, the antenna spacing is % and full-
digital beamforming is employed. The results indicate that the
holographic metasurface outperforms the SoA antenna array
upon decreasing the holographic metasurface element spacing.

Fig. [6] compares the throughput R versus the dipole length
do across various detection methods. The legend ‘ideal hard-
ware’ refers to the absence of mutual coupling among holo-
graphic metasurface elements, i.e., when the mutual coupling
matrix obeys C = Ip;n. Observe that the throughput of
the holographic metasurface relying on non-ideal hardware
approaches that of the ideal hardware when the dipole length
is small, as the side effects of mutual coupling on the system
performance are reduced. By contrast, when the dipole length
is long, mutual coupling significantly reduces the throughput.
However, incorporating mutual coupling into the beamforming
design can effectively compensate for the reduced throughput.

In Fig. [/} the throughput R is compared against the number
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microstrip, i.e. for the holographic metasurface element spacing of oy = 4

N

of satellites |.A| for different transmit power levels p. When
the satellites are sparse, i.e., |A| < 30, the throughput can be
improved by increasing the number of satellites. This can be
attributed to the fact that when the satellites are sparse, the
throughput is primarily determined by the probability Pg of
the serving satellite located in the visible domain. Increasing
the number of satellites enhances this probability Ps, thereby
improving the throughput. However, as the number of satellites
further increases, the throughput will be degraded due to the
increased inter-satellite interference.

In satellite communications, the path loss exponent varies
due to factors like atmospheric conditions, terrain features, and
ground reflections within the propagation environment. Fig. [§]
compares the signal-to-interference ratio (SIR) denoted as g,
versus the path loss exponent « for the various beamforming
methods. This shows that the throughput can be improved as
the path loss exponent « increases, since a higher path loss
exponent mitigates inter-satellite interference.

Finally, to investigate the effect of varying the altitude of
the satellite constellation on the throughput, we consider the
specific case of a single altitude, i.e., when H; = Hs = H.
Fig. 0] compares the throughput R versus the altitude of the
satellite orbit H for different numbers of satellites |.A|. When

Throughput R versus the number of holographic metasurface elements in each microstrip N, with the fixed physical dimension of 4\ for each

the number of satellites is small, i.e. |A 10, a higher
throughput can be attained as the altitude of the satellite
constellation increases. This can be explained by the fact that
when the satellite density is low, increasing the altitude im-
proves signal coverage probability. However, when the number
of satellites is moderate, i.e. |A| = 30, the throughput initially
increases and then decreases with the altitude of the satellite
constellation. Conversely, when the number of satellites is
high, i.e. |.4| = 300, the throughput consistently decreases as
the altitude of the satellite constellation increases. This can be
attributed to the fact that at high satellite densities, increasing
the altitude exacerbates inter-satellite interference.

V. CONCLUSIONS

In this paper, we conceived a hybrid beamforming design
for holographic metasurface-based multi-altitude LEO satellite
networks. Specifically, the holographic beamformer was opti-
mized for maximizing the channel gain of the serving satellite
link, while the digital beamformer was designed for mitigating
the interference. To reduce the CSI acquisition overhead, we
proposed the low-complexity MMSE RC scheme based on
the statistical information of the LEO satellite constellation
by leveraging stochastic geometry, which achieves comparable
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throughput to using full CSI in the case of a dense deployment
of LEO satellites. Furthermore, the holographic metasurface-
based hybrid beamformer can achieve higher throughput than
the full digital beamformer relying on the SoA antenna array,
given the same physical size of the transceivers. The dense
placement of holographic metasurface elements underscores
the importance of explicitly considering the mutual coupling
in the beamforming design.

15 T T ™{-©-p = 40dB, full CSI
-G -p = 40dB, Satellite distribution
-@-p = 40dB, MRC
—A-p = 50dB, full CSI

10k -A .p = 50dB, Satellite distribution

~&-p = 50dB, MRC
N |-&-p = 60dB, full CSI
, Satellite distribution

Throughput R [Mbit /s]

- aa&ga-&éﬁﬂﬁéﬂ-&éﬁ&éﬂ-&aﬁﬁ-éﬂ-&éﬂﬁ
&

0 . . . . .
0 20 40 60 80 100 120
Number of satellites |A|

Fig. 7. The throughput R versus the number of satellites |.4], at different
transmit power p.

@ -©-Full CSI, ideal hardware
-A-Full CSI, consider MC R
-g-Full CSI, ignore MC
75 |-@-Satellite distribution, ideal hardware 1
- Satellite distribution, consider MC
g Satellite distribution, ignore MC
-» MRC

15F

-w--ﬂp»—*——-’*——*--1’——*—--;——*--
2 24 2.8 32 3.6 4
Path loss exponent o

Fig. 8. Comparison of the SIR g versus the path loss exponent « in various
beamforming methods.

24 T T o~ | A[ = 10, full CST
-G |A| = 10, Satellite distribution
-©-|A| = 10, MRC
2ol A | A| = 30, full CST
-A | A| = 30, Satellite distribution
A |A| = 30, MRC
- 5| A| = 300, full CSI
S 16t -3 |A| = 300, Satellite distribution|
] g |A| = 300, MRC
=3
~ A
= 127
=Y
=
&0
=
g sl “-é_\t ~.-o-——o---9-<-§
3 o’ _.o " TTA-L A
S
G, 8 A
4+ 4
0 1
0 1200 1600 2000

8
Altitude of satellite orbit H [km)]

Fig. 9. The throughput R versus the altitude of satellite orbit H, for 10, 30
and 300 satellites.

APPENDIX A
PROOF OF Theorem/[I]

Firstly, we consider the case of /H1 (2R, + Hy) < Hy. We
define the ball B(d) = {2% +y* + (2 — Re)? < &?|(z,y,2) €
R3}, which represents the set of points whose distance from
the terrestrial user is no higher than d. When d € [0, H;), the
volume of the intersection of the ball B(d) and the visible
area ), denoted as Vgnq/(d), is

Vine (d) = 0. (57)



When d € [Hy, H;), the volume of the intersection of the ball
B(d) and the visible domain €’ is

T 27 mHy (2R, + H
VBnar(d) :Ele + ?d?’ _ T 2R+ Hy) o 1)d2
e e
wH} (4R. + 3H,)
+ i . (58)

By contrast, when d € [\/H1(2R. + H1), H3), the volume of
the intersection of the ball B(d) and the visible shell Q' is

o2 7H? (3R, + 2H
Vpnar (d) = ?d?’ - L ; 1)~

For d € [Hz,\/H2(2R. + H2)), the volume of the intersec-
tion of the ball B(d) and the visible region £’ is

0 wHy (2R, + H

Virar(d) = - f-at 4 722l 2 1H2)
7 (H3 (4R, + 3Hy) + 4R.H? (3R, + 2H,))

- 12R. :

(59)

d2

(60)

Finally, when d € [\/H2(2R. + H2), o), the volume of the
intersection of the ball B(d) and the visible region €2’ is

Vo (d) = V', 1)

According to (57), (58), (39), (60) and (6I), the CDF of the

distance from any specific one of the satellite in the visible
region ' to the terrestrial user is
_ Vpnar(d)

Fp/(d) = ———,

v (62)

as shown in (12).

By contrast, when /H1(2R. + H1) > Ha, the CDF of the
distance from any specific satellite in the visible region to the
terrestrial user can be derived as shown in (I3).

APPENDIX B
PROOF OF Theorem[2]

Given the distance between the serving satellite and the
terrestrial user Dy = dy, the value of fpy| D, (d|dp) can be
derived as

(d
fD{IDo(d|d0) = 1_‘@7[5/()%)-

Substituting (I4) and (I3) into (63), we can arrive at

fpi1p, (d|do) as shown in and .

APPENDIX C
PROOF OF Theorem[3]

According to , , and , Eh®h®H] can be

expressed as

A 2
E [hOn®H] ¢ (M> £(do)-

Q(CCH + (CcCH) oIyn)QH
4 )
where £(dy) = E [dy®] can be further represented as shown

in @8), @), G0, (1. 2).G3). G4) and G3) by substituting

(63)

(64)

d = dy into (T4) and (T3). Furthermore, the average number
of interfering satellites located in the visible region, denoted
as |A'|, is

(Al = (Al - 1) A (65)

According to (64) and (63)), we have:

Ri=E | ) hOn®H
P

=|A| E [hmh(z)H}

¢ (jﬁ) (141 - 1) PiL(do)

Q(Ccc! + (cCcH) oIyn) QY
1 )

(66)
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