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Abstract: In recent high-throughput satellite communication (SatCom) systems, the use of reconfig-
urable intelligent surfaces (RISs) has emerged as a promising solution to improve spectral efficiency
and extend coverage in areas with limited terrestrial network access. However, the RIS may amplify
the inter-beam interference (IBI) caused by multibeam transmission at the satellite, and multiple RISs
can also cause inter-RIS interference (IRI) to terrestrial users. In this paper, the performance of the RIS-
assisted SatCom system is asymptotically analyzed for both full and partial channel state information
(CSI) scenarios. In particular, zero-forcing beamforming is considered as the active beamforming
for data transmission, while the co-phasing scheme is considered as the passive beamforming for
RIS reflection. Based on the asymptotic analyses, deterministic active and passive beamforming
techniques using partial CSI are proposed that can gradually eliminate both IBI and IRI, ultimately
achieving ideal performance. Simulation results validate the accuracy of asymptotic analyses and
demonstrate the superiority of deterministic active and passive beamforming techniques using partial
CSI. The simulation results also confirm that the proposed beamforming can achieve approximately
92.8% of the ideal performance, even though it only requires partial CSI.

Keywords: active and passive beamforming; co-phasing technique; full frequency reuse (FFR);
reconfigurable intelligent surface (RIS); satellite communication; zero-forcing beamforming (ZFBF)

MSC: 94A05

1. Introduction

Recently, the demand for high-throughput satellite (HTS) systems has been increasing
rapidly due to the growing number of Internet of Things (IoT) devices and emerging
6G applications [1–3]. However, existing satellite communication (SatCom) systems en-
counter limitations regarding signal attenuation and the ability to maintain a line-of-sight
(LoS) communication link between the satellite and terrestrial user equipment (UE) caused
by obstacles and shadowing. Recently, reconfigurable intelligent surfaces (RISs) have been
proposed as a promising solution for supporting high-throughput SatCom systems [4–7].
RISs are passive reflecting surfaces that can control the phase, frequency, and amplitude
of incoming radio frequency (RF) signals and reflect them to a desired destination [8–10].
Therefore, by using unmanned aerial vehicles (UAVs) equipped with RISs, it becomes
possible to enhance the signal strength of satellites and expand the coverage of SatCom
systems, especially in areas inaccessible due to obstacles and shadowing. Importantly, this
can be achieved without consuming additional UAV battery power.

Previous studies [11–13] have focused on the challenges of employing UAVs as mobile
relays in SatCom systems. The authors in [11] analyzed the performance of SatCom systems
using UAVs equipped with multi-antenna arrays, operating as moving decode-and-forward
relays. Another approach proposed in [12] explored blind beam-tracking techniques, where
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UAVs equipped with large-scale antenna arrays acted as relays between satellites and
terrestrial networks. Additionally, in [13], a relay architecture for UAVs operating between
the ground and satellites was investigated. The studies in [5–7] examined the concept of
RISs deployed on man-made structures, such as buildings and walls, to reflect or refract
signals from satellites to the destinations. However, the assumption of UAVs as active relays
consuming additional energy for signal processing, as presented in [11–13], is impractical
due to the limited battery capacity of UAVs and the need for energy-efficient operation.
Moreover, the deployment of RISs on the surface of ground structures, as assumed in [5–7],
may not adequately complement existing SatCom systems or fully harness the potential for
enhancing network capacity.

Meanwhile, to achieve high spectral efficiency and throughput in the upcoming
multibeam HTS systems, full frequency reuse (FFR) is generally considered in SatCom
systems [14]. This approach allows each beam to exploit all the available bandwidth,
ensuring maximum resource utilization. However, the performance of FFR-based SatCom
systems can be degraded by inter-beam interference (IBI) resulting from the overlapping
side lobes between the multiple beam radiation patterns. In an RIS-assisted SatCom system,
the FFR in the RIS–UE links may cause amplification of IBI, and multiple RISs may also
result in inter-RIS interference (IRI) to terrestrial UEs. Moreover, acquiring full CSI for
all RIS-related channels is challenging in practice [15]. Hence, integrating RIS into the
SatCom system poses the inevitable challenge of mitigating IBI and IRI by relying on partial
CSI of the desired channel. Recently, in [16], the performance of a two-layer RIS-assisted
UAV communication system was analyzed. In [17], the authors jointly optimized user
scheduling and phase shift in the simultaneously transmitting and reflecting (STAR)-RIS-
assisted multicast SatCom systems. However, these studies did not consider the impact of
IBI and IRI introduced by RIS on the performance of the considered system. In this paper,
we conduct a performance analysis considering the impact of IBI and IRI, which are crucial
factors in RIS-assisted SatCom systems.

To overcome the aforementioned limitations, we propose a deterministic zero-forcing
beamforming (ZFBF) combined with the co-phasing technique that only requires partial
CSI of the desired channel. In particular, the contributions of our work can be outlined
as follows:

• First, we analyze the performance of the ZFBF combined with the co-phasing technique
based on full channel state information (CSI) as the number of RIS elements increases
towards infinity.

• To make the analysis more practical, we propose a novel deterministic ZFBF and co-
phasing technique that only requires partial CSI while eliminating IBI and achieving
near-optimal performance.

• Furthermore, we derive a closed-form expression for the asymptotic ergodic capacity
of the proposed scheme.

• We then analyze the outage probability and demonstrate that the outage probability
decreases as the number of RIS elements increases, thereby confirming the RIS’s ability
to provide reliable SatCom services in scenarios with a large number of RIS elements.

The simulation results validate the asymptotic optimality of the proposed scheme,
showing that it closely approaches the ideal performance. Moreover, the outage probability
exhibits a potential convergence to zero as the number of RIS elements increases, further
supporting the reliability and efficiency of the proposed scheme.

Notations: Throughout the paper, boldface upper- and lower-case symbols represent
matrices and vectors, respectively, and IN and 1M×N are, respectively, a size-N identity ma-
trix and an M × N matrix of ones. The conjugate, transpose, inverse, and Hermitian trans-
pose operators are (·)∗, (·)T, (·)−1, and (·)H, respectively. The operator diag (a1, · · · , an)

is a diagonal operator that constructs a diagonal matrix from a vector [a1, · · · , an]
T. The

amplitude and phase of a complex number a are denoted by |a| and ∠a, respectively.
E[·] and Var[·] denote expectation and variance operators, respectively, and O(·) denotes
the big O notation. L2N

(
η, σ2) denotes a double-log-normal distribution with mean η
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and variance σ2, and ⊗ and a.s.−→, respectively, denote the Kronecker product and almost
sure convergence.

2. System Model

We present an RIS-assisted SatCom system composed of a multibeam satellite, a single
Earth station (ES), K UEs with single antennas, and K UAVs each equipped with an RIS
consisting of N reflecting elements. As illustrated in Figure 1, the UAVs operate as mobile
reflectors between the satellite and the UEs. The satellite generates K spot beams with K
feeds; each beam is fed by a single feed, and the satellite’s payload is considered to be
transparent. The UAVs reflect the incident signals from the satellite using their RISs, and the
phases of the incident wave are adjusted by N reflecting elements. It is assumed that the
ES assigns one appropriate RIS to each UE, which means one RIS is allocated per UE, and a
dedicated wireless control link is utilized to deliver a control signal from the ES to each RIS
for the information of the reflection phase shift. In summary, the system operates as follows:
(i) a satellite generating K beams receives signals from the ES and transmits signals to K
UAVs. Subsequently, (ii) each UAV transmits a signal to each designated user through N
reflecting elements. In this configuration, (iii) the UE receives IBI from the satellite through
the RIS and simultaneously receives interference from adjacent RISs, referred to as IRI.

Figure 1. System model of the RIS-assisted SatCom system.

2.1. RIS-Assisted SatCom Channel Model

To achieve high spectral efficiency and throughput in multibeam HTS systems, FFR
is generally considered in SatCom systems [18]. However, the performance of the FFR-
based SatCom system can be degraded by co-channel interference among inter-beam
UAVs, particularly for UAVs at the beam edge. Consequently, the RISs installed on those
UAVs reflect the incident signals, including the IBI, to the UEs. This results in severe
performance degradation due to the phase-aligned and amplified IBI. Thus, in order to
mitigate IBI, we assume that beamforming (i.e., active beamforming) is performed at the ES.
Additionally, we consider that the feeder link is ideal, similar to most related works [5–7].
Then, the received signal at UE k is obtained as:

yk =
√

ρk f H
k,kΦkDkBkwkxk + nk
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+
K

∑
i ̸=k

(
√

ρi f H
k,kΦkDkBkwixi︸ ︷︷ ︸

IBI

+
√

ρi f H
i,kΦiDiBiwixi︸ ︷︷ ︸

IRI

), (1)

where ρk and wk ∈ CK×1 are, respectively, the transmit signal-to-noise ratio (SNR) and the
transmit beamforming vector for UE k, and f i,k ∈ CN×1 and Dk ∈ CN×N are, respectively,
the fading channels between RIS i and UE k and between the satellite and RIS k. Also, xk
and nk are the transmit signal and additive complex Gaussian noise with zero mean and
unit variance, respectively, and Φk ∈ CN×N is a reflection matrix that operates as a passive
beamformer and can be controlled by the ES. The reflection matrix Φk can be obtained
as follows:

Φk = diag
(√

αk,1ejθk,1 ,
√

αk,2ejθk,2 , · · · ,
√

αk,Nejθk,N
)

, (2)

where √
αk,n ∈ [0, 1] and θk,n ∈ [0, 2π ) are, respectively, the amplitude and phase shifting

response of the reflection element n in RIS k. Assuming lossless reflection power at all the
RISs, we consider that αk,n = 1, ∀k, n. In (1), the signals directly transmitted from the satellite
to the UEs are neglected because of severe path loss and shadowing. For a practical air-to-
ground (A2G) channel, f i,k is generated by a correlated Rician fading channel composed of
a deterministic LoS path and a fading non-LoS (NLoS) path, as follows:

f i,k = β̄i,k f̄ i,k + β̃i,k f̃ i,k, (3)

where

β̄i,k =

√
κi,kζi,k

κi,k + 1
, (4)

β̃i,k =

√
ζi,k

κi,k + 1
. (5)

Here, κi,k and ζi,k are, respectively, the Rician factor and the path loss between RIS i
and UE k, and f̄ i,k ∈ CN×1 comprises the deterministic LoS components whose entries are
determined depending on the locations of RIS i and UE k. Defining f̄i,k,n as the nth element
of f̄ i,k, we have f̄i,k,n = exp(−j2πdi,k,n/λ), where di,k,n denotes the distance between
reflecting element n of RIS i and UE k, and λ denotes the wavelength of a signal [19]. Also,
f̃ i,k = G1/2

i f̂ i,k ∈ CN×1 consists of the correlated NLoS components between RIS i and UE
k, where Gi ∈ CN×N is the spatial correlation matrix at RIS i, and f̂ i,k is the independent
NLoS component. In (1), Dk is a rain fading matrix, and Bk ∈ CN×K is the coefficient matrix
whose entries represent the gains of the beam radiation pattern with path loss between the
satellite and RIS k, respectively, given as [18]:

Dk = |ck| exp(jψk)IN , (6)

Bk =
√

ξkaT
k ⊗ 1N×1. (7)

In (7), ξk and the entries of ak ∈ RK×1 are the coefficients representing, respectively,
the effects of the path loss and beam pattern as given by:

ξk =

(
λ

4πdk

)2
, (8)

ak,m =
√

Gmax

(
J1(uk,m)

2uk,m
+ 36

J3(uk,m)

u3
k,m

)
, (9)

where ak,m is the mth element of ak, dk is the distance from the satellite to RIS k, Gmax is
the maximum gain of the satellite beam, Jn(·) is the first-kind Bessel function of order n,
and uk,m = 2.07123 sin ϕk,m

sin ϕ3dB
. Also, ϕ3dB and ϕk,m are the 3 dB angle of the beam and the angle
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between the center of beam m and RIS k, respectively. In (6), |ck| is the rain fading channel
gain that follows a double-log-normal distribution such as |ck| ∼ L2N

(
ηk, σ2

k
)
, and ψk is

the phase of the fading channel at RIS k that is distributed uniformly over [0, 2π ), as in [18].
Hence, the elements in ak and Bk are deterministic values depending on the locations of
the satellite and UEs.

2.2. ZFBF and Co-Phasing Technique

In (1), the term
√

ρi f H
k,kΦkDkBkwixi represents IBI caused by the ith on-board feed

wixi, while the term
√

ρi f H
i,kΦiDiBiwixi represents IRI resulting from the ith on-board feed

reflected by the ith RIS. Note that the acquisition of full CSI for RIS-related interference
channels, such as f i,k and Di, is challenging in practice [15]. Also, ZFBF and the co-
phasing technique can be designed solely based on information about the desired channels,
without requiring any information about the RIS-related interference channels [18,20].
Hence, we consider ZFBF at the ES to eliminate IBI while adopting the co-phasing technique
at the RIS as a suboptimal strategy to mitigate IRI.

The effective channel between the satellite and UE k via RIS k and the aggregate
effective channel for K UEs are, respectively, given as:

hk,k = f H
k,kΦkDkBk, (10)

H =
[
hT

1,1, hT
2,2, · · · , hT

K,K
]T

. (11)

Consider that H is perfectly known at the ES. Then, the corresponding ZFBF matrix is
obtained as T = H−1. Then, the ZFBF vector for UE k can be expressed as wk = tk/(K∥tk∥),
where T = [t1, t2, · · · , tK]. Here, the equal power allocation is assumed because, in high
transmit power systems such as SatCom systems, the equal power allocation can achieve
the performance resulting from the water-filling solution [21]. Also, to maximize the
desired signal power, the phase shifts at the RIS can be designed based on the co-phasing
technique such that the reflected N signals from the RIS are aligned in phase as follows:
θk,n = −∠ f ∗k,k,n, ∀k, n, where fk,k,n is the nth element of f k,k. Then, the received signal-to-
interference-plus-noise ratio (SINR) at UE k can be obtained as follows:

γk =
ρk

K2∥tk∥2(1 + K
∑

i ̸=k
ρi
∣∣gT

i,kDiBiwi
∣∣2) , (12)

where we define

gi,k =
[∣∣ fi,k,1

∣∣ejϑi,k,1 ,
∣∣ fi,k,2

∣∣ejϑi,k,2 , · · · ,
∣∣ fi,k,N

∣∣ejϑi,k,N
]

and ϑi,k,n = ∠ f ∗i,k,n −∠ f ∗i,i,n. We can observe from (12) that the IBI is perfectly eliminated,
while the IRI still remains. However, we will demonstrate that the co-phasing technique at
the RIS can asymptotically mitigate the IRI as well.

3. Active Beamforming and Phase Shift Design

We provide an asymptotic analysis of γk in the following two scenarios: (i) full CSI
is available at the ES and (ii) only partial CSI composed of the deterministic information,
such as the locations of satellites and UEs, is available at the ES.

3.1. ZFBF and Co-Phasing Technique Using Full CSI

Considering the ZFBF at the ES and the co-phasing technique at the RIS, the effective
channel between the satellite and UE k via RIS k and the corresponding ZFBF vector for UE
k can be rewritten, respectively, as follows:

hk,k =
√

ξk|ck| exp(jψk)aT
k ∑n

∣∣ fk,k,n
∣∣, (13)
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wk =
t̄k

K exp(jψk)∥t̄k∥
. (14)

Here, t̄k is defined as the kth column vector of T̄, where
T̄ = H̄−1 and H̄ =

[
aT

1 , aT
2 , · · · , aT

K
]T. Then, the received signal at UE k can be obtained as:

yk =

√
ρkξk|ck|∑n

∣∣ fk,k,n
∣∣

K∥t̄k∥
xk

+ ∑K
i ̸=k

√
ρiξi|ci|∑n

∣∣ fi,k,n
∣∣ejϑi,k,n

K∥t̄i∥
xi + nk,

(15)

where ϑi,k,n = ∠ f ∗i,k,n −∠ f ∗i,i,n. The second term in the right-hand side of (15) represents the
residual IRI generated by the reflected signal from other RISs. As N increases, the residual
IRI and the noise become negligible compared to the desired signal as follows:

yk
a.s.−→
(a)

√
ρkξk|ck|∑n

∣∣ fk,k,n
∣∣

K∥t̄k∥
xk. (16)

In (16), (a) results from the following two observations: (i) as N increases, ∑n
∣∣ fk,k,n

∣∣
increases with O(N), while (ii) ∑n

∣∣ fi,k,n
∣∣ejϑi,k,n and nk do not increase because the values

of ϑi,k,n, ∀n are different from each other. Hence, as N increases, we can determine the
asymptotic SINR at UE k for ZFBF with the co-phasing approach as follows:

γfull
k =

N2ρkξk|ck|2
(

∑n
∣∣ fk,k,n

∣∣/N
)2

K2∥t̄k∥2

a.s.−→
N2ρkξk|ck|2E

[∣∣ fk,k,n
∣∣]2

K2∥t̄k∥2 .

(17)

In (17), E
[∣∣ fk,k,n

∣∣] represents the expectation of the random variable
∣∣ fk,k,n

∣∣ for n, where
n ranges from 1 to N. From (17), it can be observed that, as N increases, the received SINR
increases with O

(
N2), and this is equivalent to the asymptotic SNR of an ideal RIS-assisted

cellular network, as demonstrated in [22]. While the implementation of the ZFBF and
the co-phasing technique may not be optimal, they have the potential to achieve optimal
performance in the asymptotic regime. However, a general ZFBF requires complete CSI of
hk,k, and the co-phasing technique requires complete CSI of f k,k. Acquiring complete CSI
at the ES leads to a considerable increase in signaling overhead and introduces significant
latency due to extended round-trip delays, particularly in SatCom systems. Therefore,
in the next section, we propose a deterministic ZFBF and co-phasing technique that utilizes
partial CSI.

3.2. ZFBF and Co-Phasing Technique Using Partial CSI

Acquiring complete CSI at the ES results in substantial signaling overhead, leading to
significant latency. Additionally, due to the fully passive nature of the RIS, the ES cannot
accurately estimate RIS-related channels such as Dk and f k,k. In this regard, we propose a
deterministic ZFBF and co-phasing technique that utilizes partial CSI.

Based on (13) and (14), we can observe that hk,k t̄i = 0, ∀i ̸= k. Motivated by this
observation, we propose a ZFBF vector as wk = t̄k/(K∥t̄k∥), which can perfectly eliminate
the IBI as follows:

∑K
i ̸=k

√
ρihk,kwixi

= ∑K
i ̸=k

√
ρiξk|ck| exp(jψk)∑n

∣∣ fk,k,n
∣∣ aT

k t̄i

K∥t̄i∥
xi = 0.
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To design the proposed ZFBF vector wk = t̄k/(K∥t̄k∥), the ES requires access to
ak for all k, which consists of the deterministic beam pattern coefficients. These coeffi-
cients are deterministic information and can be accurately estimated using location-aware
channel estimation based on global navigation satellite systems (GNSSs) [18]. Also, to max-
imize the desired signal power using partial CSI, the phase shifts at the RIS can be de-
signed such that the reflected N signals from N LoS paths are aligned in phase as follows:
θk,n = −∠ f̄ ∗k,k,n, ∀k, n. Similarly, in (16), as N increases, both the IRI and the noise become
negligible compared to the desired signal as follows:

yk =

√
ρkξk|ck|ejψk ∑n

(
β̄k,k + β̃k,k f̃ ∗k,k,ne−j∠ f̄ ∗k,k,n

)
K∥t̄k∥

xk

+ ∑K
i ̸=k

√
ρiξi|ci|ejψi ∑n

∣∣ fi,k,n
∣∣ejϑ̃i,k,n

K∥t̄i∥
xi + nk

a.s.−→
N
√

ρkξk|ck|ejψk
(

β̄k,k + β̃k,kE
[

f̃ ∗k,k,ne−j∠ f̄ ∗k,k,n
])

K∥t̄k∥
xk

=
(b)

N
√

ρkξk|ck|ejψk β̄k,k

K∥t̄k∥
xk,

(18)

where f̃k,k,n is the nth element of f̃ k,k and ϑ̃i,k,n = ∠ f ∗i,k,n −∠ f̃ ∗i,i,n. In (18), (b) arises from

the fact that E
[

f̃ ∗k,k,ne−j∠ f̄ ∗k,k,n
]
= E

[
f̃ ∗k,k,n

]
· E
[
e−j∠ f̄ ∗k,k,n

]
= 0. Thus, to design the proposed

RIS phase shift matrix, the ES only requires f̄ k,k, which consists of the deterministic LoS
components, which can also be accurately estimated using location-aware channel estima-
tion based on GNSSs. Using the proposed deterministic ZFBF and co-phasing technique,
we can obtain the asymptotic SINR at UE k as follows:

γ
part
k =

N2ρkξk|ck|2 β̄2
k,k

K2∥t̄k∥2 . (19)

From (19), we can observe that as N increases, the received SINR also increases with
O
(

N2), as seen in the case of the ZFBF with co-phasing approach using full CSI. Further-
more, in practical A2G channel models, the average and maximum values of the Rician
factor measured in [23] are 10 dB and 20 dB, respectively. As a result, E

[∣∣ fk,k,n
∣∣] is approx-

imately similar to β̄k,k
∣∣exp(−j2πdk,k,n/λ)

∣∣ = β̄k,k, leading to γ
part
k ≈ γfull

k . In summary,
the proposed beamforming scheme comprises two stages. First, to perfectly eliminate
the IBI, the ZFBF vector is designed as follows: wk = t̄k/(K∥t̄k∥). Next, to maximize the
designed signal power based on the partial CSI, the phase shifting of the RIS is designed as
follows: θk,n = −∠ f̄ ∗k,k,n, ∀k, n.

3.3. Asymptotic Performance Analysis

Next, we conduct an asymptotic analysis of the mean of the capacity (i.e., ergodic
capacity) for the proposed deterministic beamforming. From (19), the ergodic capacity can
be derived asymptotically for a large N as follows:

µRk = E

[
log2

(
1 +

N2ρkξk|ck|2 β̄2
k,k

K2∥t̄k∥2

)]

≈ log2

(
N2ρkξk β̄2

k,k

K2∥t̄k∥2

)
+ 2E[log2|ck|]

=
(c)

log2

(
N2ρkξk β̄2

k,k

K2∥t̄k∥2

)
−

log2 10
10

eµk+
σ2

k
2 ,

(20)
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where µk = ηk − log(log 10) + log 20 [18]. In (20), (c) arises from the characteristic of the
double-log-normal distribution of |ck| ∼ L2N

(
ηk, σ2

k
)

and a large N. Similarly, the variance
of Rk can be obtained by the following:

σ2
Rk

= Var

[
log2

(
1 +

N2ρkξk|ck|2 β̄2
k,k

K2∥t̄k∥2

)]
≈
(d)

4Var[log2|ck|]

=

(
log2 10

10

)2(
eσ2

k − 1
)

e2µk+σ2
k ,

(21)

where (d) results from a large N approximation. Given that the values of ρk, ξk, β̄k,k,
µk, σk, and ∥t̄k∥ are deterministic, it is possible to obtain µRk and σ2

Rk
deterministically.

Consequently, we can assess the performance of an RIS-assisted SatCom system in terms of
ergodic capacity without the need for extensive simulations.

Based on the scaling law for N, we can observe from (20) that the ergodic capacity
increases with O(log N), while (21) shows that σ2

Rk
remains constant regardless of N.

Therefore, we can characterize the outage probability, defined as the probability that Rk
falls below a target value R0, as follows:

Po = Pr(Rk < R0) = Pr
(

Rk − µRk < R0 − µRk

)
. (22)

Consider a target value R0 = ϵ · µRk where 0 < ϵ ≤ 1. Then, we can obtain the outage
probability as follows:

Po = Pr
(

Rk − µRk < (ϵ − 1)µRk

)
. (23)

From (20), we can observe that

Rk − µRk ≈ 2 log2|ck|+
log2 10

10
eµk+

σ2
k
2 , (24)

and thus, a random variable Rk − µRk is unrelated to N. Then, the probability density func-
tion (PDF) of the random variable Rk − µRk is not affected by the increase in N, while µRk
increases with O(log N). Hence, as N increases, the PDF of Rk − µRk remains unchanged,
and (ϵ − 1)µRk decreases, resulting in a decreasing Po. Hence, with the increase in N,
the outage probability decreases, thereby verifying the ability of an RIS to offer reliable
SatCom services for a large N regime.

4. Simulation Results and Analysis

We conduct extensive simulations to evaluate the performance of a practical RIS-assisted
SatCom system, considering a limited number of reflecting elements N. It is assumed that a
low equatorial orbit (LEO) satellite serves a cluster of 7 UEs through 7 RISs (i.e., K = 7). The
noise power at each UE is given by κBTB, where κB, T, and B are the Boltzmann constant,
noise temperature at each UE, and bandwidth per beam, respectively. To ensure statistical
reliability, all simulations are averaged over a large number of independent runs, and the
simulation parameters used are provided in Table 1 based on [17].

Table 1. Simulation parameters.

Parameter Value

Orbit LEO (3.6 × 700 km)

Distance between UAV and UE 1 km

Carrier frequency 2 GHz (L-band)

K, Gmax, ϕ3dB 7, 49.5 dB, 3.2 ◦

Rician factor (κi,k, ∀i, k) 10 dB
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Table 1. Cont.

Parameter Value

UE antenna gain 38.16 dB

Transmit power 50 dBW

Boltzmann’s constant (κB) 1.38 × 10−23 J/m

Bandwidth per beam (B) 20 MHz

Noise temperature (T) 300 K

RIS element layout 2D square lattice

RIS element spacing 0.01 m

Average rain attenuation (∀k) 3 dB (ηk = −1.5617, σk = 1)

In Figure 2, the asymptotic ergodic capacity of the proposed scheme analyzed in (20)
is verified. In this figure, “MRT without IBI and IRI” shows an ideal performance repre-
senting the case where the ES employs the maximum ratio transmission (MRT) to generate
beamforming weights wk = hH

k,k/
(
K
∥∥hk,k

∥∥) that align the transmitted signals towards the
intended UE. On the other hand, “random phase shift” represents the scenario of random
passive beamforming, where the phase shifts θk,n, ∀k, and n are randomly determined. The
figure demonstrates that the asymptotic ergodic capacity derived from (20) aligns well
with the simulation results as the value of N increases. The proposed deterministic ZFBF
combined with the co-phasing technique utilizes partial CSI but achieves a performance
close to that obtained using full CSI. Moreover, when N = 64, the proposed deterministic
beamforming achieves approximately 92.8% of the ideal performance, and it increases as N
increases, further confirming the asymptotic optimality of the proposed scheme.
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Figure 2. Performance comparison of the ergodic sum capacities for N.

In Figure 3, the outage probability analyzed in (23) is verified. The figure compares
the outage probabilities obtained from the simulations for different values of ϵ, specifically
for ϵ = 0.90, 0.85, and 0.80. As shown in Figure 3, the outage probabilities tend to decrease
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towards zero as N increases. This decreasing trend in the outage probability indicates
improved system performance and enhanced reliability as the RIS is able to mitigate
potential communication outages. Furthermore, Figure 3 demonstrates that the proposed
deterministic ZFBF combined with the co-phasing technique utilizes partial CSI while
achieving outage performance close to that obtained using full CSI. In conclusion, this
result provides empirical evidence that supports the notion of the RIS as a viable solution
for ensuring reliable SatCom in the presence of a large number of RIS elements.

0 10 20 30 40 50 60

Number of reflecting elements (N)

0.05

0.1

0.15

0.2

0.25

0.3

0.35
O

u
ta

g
e 

p
ro

b
ab

il
it

y

P
o
 when  = 0.90 (Proposed)

P
o
 when  = 0.85 (Proposed)

P
o
 when  = 0.80  (Proposed)

P
o
 when  = 0.90 (full CSI)

P
o
 when  = 0.85 (full CSI)

P
o
 when  = 0.80 (full CSI)

Figure 3. Performance comparison of the outage probabilities for N.

5. Conclusions

In this paper, we conducted an asymptotic analysis of a ZFBF combined with the co-
phasing technique for mitigating IBI and IRI in RIS-assisted SatCom systems. In particular,
we analyzed the performance of the ZFBF combined with co-phasing technique based on
full CSI and demonstrated that IBI and IRI are asymptotically eliminated as the number of
RIS elements increases to infinity. To make the analysis more practical, we proposed a novel
deterministic ZFBF and co-phasing technique that only requires partial CSI, while still
achieving asymptotic elimination of IBI and IRI. Furthermore, we derived a closed-form
expression for the asymptotic ergodic capacity of the proposed scheme, allowing us to ac-
curately determine the system’s performance without extensive simulations. Additionally,
we proved that the outage probability decreases as N increases, confirming the RIS’s ability
to provide reliable SatCom services in a large N regime. The simulation results validated
the accuracy of our asymptotic analyses, and we observed consistent results between the
approximated ergodic capacity and actual simulation results. Moreover, the proposed
scheme demonstrated asymptotic optimality as it closely achieved the ideal performance,
and this verifies the effectiveness of the proposed scheme in achieving optimal performance.
Additionally, the outage probability demonstrated a potential convergence to zero as the
number of RIS elements increases to infinity, further supporting the reliability and efficiency
of the proposed scheme.
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