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ABSTRACT An important part of designing non-geostationary satellite orbit (NGSO) constellations
is to ensure that they can co-exist with the legacy geostationary satellite orbit (GSO) systems in
terms of interference levels. According to the current radio regulations defined by the International
Telecommunication Union (ITU), NGSO systems shall not cause unacceptable interference to GSO
systems. However, the traditional interference avoidance methods considered for the NGSO systems
impact the coverage and overall service quality of their users. Embracing the trends of equipping NGSO
satellites with phased array antennas, this paper investigates downlink beamforming strategies to improve
NGSO users’ service and mitigate the interference caused at GSO systems, ensuring seamless co-channel
operation for NGSO and GSO network systems. Our proposed aggregate interference-constrained (AIC)
beamforming optimization, limits the co-channel interference at GSO ground stations while minimizing
the NGSO satellites’ transmitted power. The AIC beamformer is designed under average channel state
information (aCSI) to consider a practical scenario in NGSO satellite communications where acquiring
perfect instantaneous channel information is challenging due to satellite mobility and long propagation
roundtrip. Furthermore, for a more general scenario, this study considers robust AIC beamforming to
account for the uncertainty in GSO ground stations’ location when suppressing interference. Numerical
results evidence the benefits of our proposed method ensuring service quality and providing the lowest
probability for unaccepted interference levels at GSO ground stations among other benchmarks.

INDEX TERMS Beamforming, interference management, GSO-NGSO satellite co-existence.

I. INTRODUCTION

WE ARE witnessing the growth of non-geostationary
satellite orbit (NGSO) mega-constellations driven by

their promising potential to offer extensive and seamless
global coverage [1]. This expanding deployment of mega-
constellated satellite networks represents a significant shift
in the satellite communication landscape, with several
major players, including SpaceX, OneWeb, Telesat, and
Amazon, actively working to establish global Internet
networks [2], [3]. This transformative wave is characterized
by innovation and significant investments, positioning low

Earth orbit (LEO) satellites at the forefront of the evolving
satellite communication domain [4].
The increasing adoption of NGSO satellites necessitates

the prioritization of complex issues related to interference
management and spectrum allocation. As more mega-
constellations become operational, an increased number of
satellites will share frequency bands, expanding coverage
to more geographical regions and leading to greater over-
lap in satellite footprints. Consequently, the likelihood of
interference is significantly rising [5]. This elevation in
interference poses potential risks to existing geostationary
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satellite orbit (GSO) networks, which have priority of oper-
ation, increasing the likelihood of co-channel interference
and interruptions in radio communication services [6], [7].
TheNGSO-GSO spectrum challenge is currently a hot-topic

in the International Telecommunication Union (ITU) Radio
Regulations. Given the increasing proliferation of commercial
NGSO systems, there is a new agenda item in the upcoming
World Radiocommunication Conference’s (WRC-27) aiming
at the revision of the ITU regulations related to the interference
levels caused by NGSO systems towards the GSO systems [8].
The international regulatory bodies are concerned about the
space spectrum congestion and actively looking for strategies
allowing an increased flexibility in spectrum access [9]. In this
work, we focus on the satellite space-to-Earth transmission,
where it is crucial to restrict the aggregation of emitted powers
from satellites operating in the same frequency band toward
the GSO ground stations [10].
Early works on NGSO-to-GSO downlink interference

assumed that satellites lacked beamforming capabilities. This
is due to the fact that early NGSO payload platforms did
not incorporate advanced multi-antenna technology. In such
cases, the proposed methodologies aimed at interference
avoidance techniques employed at the NGSO satellites, to
prevent the interference from occurring in the first place.
Interference avoidance approaches include arc avoidance
or exclusion zone [11], band-splitting [12], and look-
aside methods [13]. While such techniques are effective in
reducing interference at the GSO receivers, they have a
strong negative impact on the coverage and quality-of-service
(QoS) offered to the NGSO users, thus suggesting the need
for more advanced solutions [7]. Even when considering
power allocation alongside interference avoidance seems not
enough to achieve a good coverage to the NGSO users,
whose coverage gets impacted by the tilting of the NGSO
satellites [14]. Moreover, the research in [15], concludes that
the interference risks are a serious problem by presenting
the probability of in-line events of OneWeb and Starlink
LEO satellite constellations and a GSO receiver. To this
reason, they suggest beam steering techniques to mitigate
the NGSO-to-GSO interference.
While most of the earlier generation satellites were based

on simple antenna architectures (e.g., single-feed per-beam),
current antenna designs have evolved tremendously, embrac-
ing the progress and benefits observed in the terrestrial
communication counterpart. Phased arrays are present in
most of the recently manufactured satellites [16], opening the
door to the use of beamforming. Beamforming1 refers to the
signal processing technique that enables steering the signal
towards the desired direction using specific weight vectors,
and reducing or eliminating mutual interference [17].

In the next section, we provide an review of the most
relevant state of the art works related to interference man-
agement considering multi-antenna technology. Furthermore,

1Throughout this paper, the terms “beamforming” and “precoding” are
used interchangeably.

we position our work with respect to general spectrum-
sharing literature, and conclude by highlighting the main
contributions of our work.

A. PREVIOUS WORKS AND CONTRIBUTIONS
1) PREVIOUS WORKS: GENERAL SPECTRUM SHARING

Dynamic spectrum access was initially proposed in early
2000’s, providing the capability to unlicensed users to share
the wireless channel with licensed users in an opportunistic
manner [18]. Since then, the flexible and uncoordinated use
of the spectrum has been investigated in many different
scenarios and with different flavors. In this work, we face an
interference-sharing scenario very relevant nowadays which
is the NGSO-GSO spectrum co-existence, where the GSO
system represents the “primary” system, and the NGSO
constellation represents the “secondary” system.
The NGSO-GSO spectrum co-existence scenario poses

some particularities, which are detailed in the following.
First, the coverage area and transmit power levels of NGSO
satellites differ significantly from those of secondary systems
in cognitive terrestrial scenarios. NGSO constellations are
composed of a dense network of small satellites flying in a
coordinated manner. Such satellites provide coverage to areas
with significant overlap. As a consequence, the aggregated
interference becomes a concern. Moreover, considering the
wide coverage of the satellites, a larger number of primary
users (GSO ground stations) may fall within the NGSO
satellite beams. Consequently, the interference issue between
primary and secondary systems becomes more complex
compared to terrestrial communications. Furthermore, the
transmit power of the NGSO satellites is significantly higher
compared to terrestrial systems due to the considerable
propagation distances that their signals travel before reaching
the Earth. In terrestrial cognitive literature, the secondary
base station mostly considers low-range communications
with reduced transmit power [19] and their aggregated
impact is neglected due to spatial separation. In addition,
most cognitive studies are based on the assumption of
cooperation between primary and secondary, or on some
sensing capabilities to avoid interference, or on the capa-
bilities to acquire channel information on the primary
user side [20], [21], [22]. These assumptions are not easily
implemented in the NGSO-to-GSO interference problem,
where the NGSO and GSO operators do not collaborate.
Our work focuses on in-orbit beamforming, and for

that, we consider a uniform planar array (UPA) at each
LEO satellites with a significant number of antenna ele-
ments. The array size in terms of number of elements
for satellite is typically higher compared with that of
the terrestrial domain [23], [24], [25] and this is justified
by the spatial granularity requirements of the large-range
propagation conditions of satellite systems. In general, the
scale of our proposed scenario differs from the terrestrial
cognitive networks. Moreover, the beamforming scenario
in satellite communication is particular due to the angular
dimensions, where the directional beams exhibit significantly
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reduced angular separation owing to the high distance
between the satellites and users. This is more pronounced
when in our study we have considered a large number
of LEO users and GSO ground stations. Many existing
work in cognitive radio (e.g., [26], [27], [28]) considers
the co-existence of a single primary system with one
or two secondary systems. However, in practical space-
based scenarios, several secondary satellites must co-exist
alongside the primary system. Last but not least, most of
the terrestrial cognitive radio literature considers the sum-
rate maximization [29], [30], [31], or the fairness between
competing secondary users [32], [33] as objective function.
Instead, our work considers the optimization of the secondary
system radio resource utilization (i.e., power) while satisfy-
ing the quality-of-service (QoS) of its users, and maintaining
a limited level of interference to the GSO receivers.
In addition, considering the satellite-based cognitive

systems, the existing research is mainly limited to overlay
scenarios, beamhopping and database models [34], [35].
Works studying LEO as secondary system and GSO system
as primary user are relatively scarce, predominantly focused
on the beamhopping approach [36].

2) PREVIOUS WORKS: INTERFERENCE MANAGEMENT
WITH BEAMFORMING

Despite extensive evaluation in terrestrial networks, the
analysis of beamforming in satellite communication remains
relatively limited. However, recent advancements in on-
board multi-antenna technology have increased interest and
exploration in this area [37]. In this section, we present some
of the most relevant works and highlight the differences with
our contributions.
The downlink beamforming for a massive multiple-input,

multiple-output (MIMO) LEO satellite is performed by
statistical channel state information in [38], where the
beamformer is obtained to maximize the average signal-
to-leakage-plus-noise ratio. In their subsequent work, [39],
the authors expanded their research by incorporating UPA
at the users’ end. A double beamformer for the LEO
satellite has been proposed in [40]. The first beamformer
is to cluster users and the second employs zero-forcing
(ZF) beamforming for users in the same cluster. Proposing
beamforming for GSO satellites, the authors in [41] con-
sidered interference power constraints for the co-channel
beams. Their proposed solution involves substituting the
interference constraints with a harmonic-based mean, thus
relaxing the optimization problem. However, all of the
aforementioned studies focus on designing beamformers to
mitigate inter-user and intra-system interference, whereas
our approach additionally considers potential interference
to the co-existing GSO systems. To our knowledge, the
exploration of beamforming design for NGSO satellites
aimed at mitigating co-channel interference to GSO systems
has not been extensively addressed in the existing literature.
In our previous work, [42], we adopted beamforming

for LEO satellites to prevent harmful interference. The ZF

method was employed to derive the beamforming weights
for steering toward LEO users and creating nulls at the
Equator, where the interference potential on the GSO ground
stations is more pronounced. It should be noted that the
study considered an perfect channel state information (CSI)
scenario, whereas the present work deviates from this
simplification, accounting for more realistic scenarios by
relaxing the assumption of perfect CSI.
The efficacy of MIMO beamforming relies on CSI which

is challenging to obtain accurately in satellite communication
mostly due to channel estimation uncertainty and aging [43].
To address this challenge, the use of average channel state
information (aCSI) has been introduced for massive MIMO
satellite communications [38], which we employ in this
work. Furthermore, targeting interference mitigation at the
GSO ground stations, the location information of these
victim receivers impacts the effectiveness of beamforming
methods. However, obtaining the precise positions of GSO
ground stations is not straightforward as they do not belong
to the LEO secondary system. Therefore, it is of importance
to explore scenarios involving positioning errors and solu-
tions to combat the resulting performance degradation. In the
literature, studies have been done to evaluate and improve
the performance of beamforming under channel uncertainty.
A location-assisted beamforming is considered for an air
platform in [44], where the performance of the beamformer
under uncertainty of the angle of departure is evaluated.
The work in [45] designs a beamformer for LEO satellite
downlink transmission with CSI based on the angle of
departure. A robust beamforming with deep learning methods
is proposed for the angle deviations of users. However, these
studies consider the channel uncertainty scenario for intra-
system beamforming that accounts for uncertainty related to
their own users. There are studies in cognitive radio systems
where channel uncertainty in beamforming is considered.
These studies mostly consider the uncertainty as an additive
error to the channel coefficient, considering an ellipsoid
uncertainty or Gaussian channel error [26], [28], [46]. Also,
in non-cognitive studies, the independently and identically
distributed (i.i.d.) complex Gaussian additive error is com-
monly considered for channel uncertainty modeling in robust
beamforming studies [47], [48], [49]. Despite the approach
of directly added uncertainty error to the channel coefficients
in these studies, an angle-based channel uncertainty model
tailored to the satellite beamforming context remains the key
to properly assess NGSO-to-GSO interference.

3) CONTRIBUTIONS OF THIS WORK

In this paper, we investigate the downlink beamforming for
a LEO satellite constellation. We consider a UPA antenna
at LEO satellites for multiple-input, single-output (MISO)
transmission, and mitigate the co-channel interference with
GSO systems operating in the same frequency band. Inspired
by the interference mitigation capability of beamforming
methods [50], we exploit it for steering signals to targeted
NGSO users and simultaneously controlling the interference
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towards the co-existing GSO systems. The efficacy of
interference management with beamforming at the NGSO
satellite is twofold in this study. Primarily, the beamforming
will enable beam steering to the intended directions, reducing
emissions to GSO systems. Secondly, we formulate our
beamformer design problem to limit aggregate interference
from LEO satellites to the GSO receiver side. Wherein, the
aggregate interference is defined as the summed interference
from the NGSO satellites’ beams received at the GSO
ground stations. As mentioned earlier, beamforming methods
in the satellite-based literature are generally evaluated to
increase the received signal power for the intended user and
reduce inter-beam interference. Moreover, unlike the existing
literature on satellite beamforming, here we consider the
problem of multi-satellite beamforming and the resulting
aggregate interference at the GSO system. Furthermore,
given the crucial importance of power consumption in satel-
lite systems, our problem formulation focuses on minimizing
the total transmit power of the multiple LEO satellites.
In addition, we consider the location uncertainty for our
GSO interference mitigation constraint when obtaining the
beamforming weights. We utilize the statistics of such uncer-
tainty to develop a robust interference-limited beamforming
method. To address the channel uncertainty challenge, we
consider two characteristics: (i) the aCSI to model the
imperfections on the channel gains, and (ii) the imperfect
GSO ground location in terms of angular error.
Our major contributions in this work are summarized as

follows:

• We design downlink beamforming for LEO satellite
constellation to ensure service quality at LEO users
and simultaneously limit interference at GSO ground
stations. To the best of our knowledge, this is the first
work to employ beamforming at the NGSO system
for interference mitigation at the GSO ground stations’
side. With this approach, we are able to serve the
LEO users while using full-frequency reuse (FFR) for
transmission and avoiding co-channel interference at
the co-existing GSO systems. Inspired by the ITU
aggregate interference limits, we consider the aggregate
interference power from multiple LEO satellites to each
GSO ground station and formulate it as the aggre-
gate interference-constrained (AIC) to the beamforming
problem.

• We formulate the beamforming optimization problem
as a minimization of the overall transmit power while
adhering to a minimum signal-to-interference-plus-noise
ratio (SINR) for LEO users and a maximum aggregate
interference-to-noise ratio (INR) at each GSO ground
station. The problem is nonconvex and we consider the
Lagrange duality relaxation of the problem to obtain
the suboptimal solution.

• We compare our AIC beamforming method with the ZF
technique and demonstrate the superior power reduction
achieved by our approach.

• We study the uncertainty of GSO locations, to evaluate a
more general and practical case. An angular inaccuracy
of the channel steering vector is considered to model
the uncertainty of GSO ground stations’ locations. We
formulate the problem for this positioning error and
develop a robust AIC beamforming method.

• The formulated robust beamforming design is not
convex and we apply the semi-definite relaxation
(SDR) technique to transform the nonconvex problem
into a convex semi-definite programming (SDP) form,
which can be solved efficiently by existing interior
methods. Through extensive numerical simulations, we
demonstrate the efficiency of proposed techniques in
suppressing interference for both accurate and uncertain
GSO ground station locations.

B. ORGANIZATION AND NOTATIONS
The remainder of this paper is organized as follows. The
system and channel model are described in Section II. In
Sections III and IV, we present the problem formulation
for two scenarios: certain and uncertain GSO ground station
locations, respectively, followed by a detailed description of
our proposed solutions. We provide the simulation results in
Section V. Finally, Section VI concludes the paper.
The following notations are used throughout this paper.

vectors and matrices are denoted by boldface small and
capital letters, respectively. Notations, (.)H , (.)T , |.| and ‖.‖2
denote Hermitian transpose, transpose, absolute, and �2-norm
of matrix/vector, respectively. The operator ⊗ represents the
Kronecker product, while j = √−1 denotes the imaginary
unit. Additionally, E{.} indicates the expectation, and ‘I’
stands for the identity matrix. Moreover, (·)+ = max(x, ·),
and �.� represents the floor function symbol. Lastly, the
curled inequality symbol � denotes a Hermitian positive
semidefinite matrix.

II. SYSTEM AND CHANNEL MODEL
A. SYSTEM MODEL
We consider the downlink scenario for a mega-constellation
with multi-beam LEO satellites equipped with phased array
antennas. A GSO system operating in the same region using
the same spectral band as the NGSO system is assumed.
FFR is presumed to be implemented at each NGSO satellite
where the proposed beamformer addresses the inter-beam
interference concerns. In this study, to maximize the NGSO
coverage, the Walker-star configuration has been assumed for
the NGSO system. However, it is important to highlight that
our proposed methodology extends beyond this particular
satellite constellation configuration and holds its applicability
across a broad spectrum of potential constellations. Fig. 1
illustrates the system model. The LEO multi-satellite beam-
former design is carried out in a central approach at a ground
controlling center. The system model consists of N LEO
satellites, K users per satellite,2 and L GSO ground stations.

2The user assignment in this work is done based on user-satellite shorter
distance.
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FIGURE 1. AIC beamforming for NGSO satellite system.

We denote the LEO satellites with i ∈ {1, 2, 3, ..,N}, and
their users with k ∈ {1, 2, 3, ..,K}. A single GSO satellite
is assumed with l ∈ {1, 2, 3, ..,L} candidate ground station
locations. These ground stations are considered to be critical
stations whose location information is supposed to be known
based on a database approach. This assumption is motivated
by the databases of fixed service and broadcast satellite
service available for some regions [51], [52]. As mentioned
in [44], [52], At times, the databases may lack accuracy, and,
for this reason, we consider the AIC beamforming problem
under the uncertain location information of GSO ground
stations.

B. CHANNEL MODEL
We assume the LEO satellites are equipped with UPA of
Mx and My elements for the x- and y-axis, i.e., M = MxMy

antenna elements in total, and we note that (K + L) ≤ M
is assumed. The array response vector of UPA is defined
as [53],

v
(
θx, θy

)
� vx

(
θx, θy

)⊗ vy
(
θx
) ∈ C

M×1, (1)

where θx, θy denote the angles from x- and y-axis of the
UPA. vx and vy present the x- and y-axis components of the
array response vector. The vectors to the direction of (θx,
θy) are given by,

vx
(
θx, θy

) = 1√
Mx

[
1, e−j(2π/λ)dx sin(θy) cos(θx), . . . ,

e−j(2π/λ)dx(Mx−1) sin(θy) cos(θx)
]T ∈ C

Mx×1,

vy
(
θy
) = 1

√
My

[
1, e−j(2π/λ)dy cos(θy), . . . ,

e−j(2π/λ)dy(My−1) cos(θy)
]T ∈ C

My×1, (2)

where dx and dy are the array antenna spacing in x- and
y-directions of the planar array. We assume similar element
spacings in both directions, equivalent to half-wavelength.
The instantaneous downlink channel model for the i-th

LEO satellite to its k-th user at time t and frequency, f
follows [40],

hi,k(t, f ) = qi,k(t, f ) · e
{
j2π

[
tνsati,k −f τmin

i,k

]}

· vi,k ∈ C
M×1, (3)

where νsati,k is the Doppler shift of satellite and τmin
i,k denotes

the minimum propagation delay in propagation paths. The
array response vector for user k served by i-th satellite is
represented by vi,k, calculated by (1). qi,k(t, f ) is the complex
channel gain and is defined as,

qi,k(t, f ) =
Pi,k−1∑

p=0

qi,k,p · e
{
j2π

[
t
(
νi,k,p−νsati,k

)
−f
(
τi,k,p−τmin

i,k

)]}

, (4)

where for k-th user of the i-th satellite, the number of
propagation paths is denoted by Pi,k, the Doppler shift
and propagation delay for p-th path are presented by νi,k,p
and τi,k,p, respectively. The complex-valued gain for the
p-th path of the k-th user and i-th satellite is presented
by qi,k,p. The channel gain is the summation of the non-
shadowed line-of-sight (LoS) path with p = 0, and Pi,k − 1
multipath components. In LEO satellite communication a
Rician channel distribution is commonly considered which
encompasses the LoS and non-LoS propagation paths [38].
As a result, we consider the channel gain qi,k(t, f ) to have
a Rician distribution with the Rician fading factor Kr, and
power ηLi,k

2 = E{|qi,k(t, f )|2} = (λ/4πri,k)2(GLt )i,k(G
L
r )i,k,

where (GLt )i,k, (G
L
r )i,k, ri,k, and λ denote the satellite transmit

gain, user receiver gain, distance between the satellite and
user, and the wavelength, respectively.
Considering delay and Doppler shift compensation, the

received signal at the k-th user can be expressed as,

yk = hHi,kwi,ksi,k + hHi,k

K∑

j �=k
wi,jsi,j + nk, (5)

where wi,k ∈ C
M×1 is the beamforming weight matrix for

k-th user and i-th LEO satellite, and nk presents the additive
white Gaussian noise (AWGN) at the user. Thus, SINR of
the k-th user served by the i-th LEO satellite can be obtained
by,

SINRi,k =
∣
∣∣hHi,kwi,k

∣
∣∣
2

∑N
j �=k
∣∣∣hHi,kwi,j

∣∣∣
2 + σ 2

k

, (6)

where σ 2
k = KbTLk B

L, presents the user’s noise power, Kb
is the Boltzmann constant, TLk denotes equivalent noise
temperature of the receiver, and BL is the LEO bandwidth.
It should be noted that based on simulations, the average
interference power from GSO satellite signal to LEO users
falls below the users’ noise floor for the majority of
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instances. Thus, we neglect this interference in the users’
SINR formulation.
Similarly, the channel model for the i-th LEO satellite to

l-th GSO ground station can be derived as,

gi,l(t, f ) = qGi,l(t, f ) · e
{
j2π

[
tνsati,l −f τmin

i,l

]}

· .vGi,l ∈ C
M×1, (7)

where vGi,l is the channel direction response vector from i-th
LEO satellite to l-th GSO ground station obtained using (1)
and (2). The channel gain is presented by qGi,l(t, f ), and
follows the Rician distribution with factor Kr, and power
ηGi,l

2 = E{|qGi,l(t, f )|2} = (λ/4πrGi,l)
2(GLt )i,l(G

G
r )i,l, where

(GLt )i,l, (GGr )i,l, and rGi,l denote the LEO satellite transmit
gain, GSO ground station receiver gain, and distance between
i-th LEO satellite to l-th GSO ground station, respectively.
In this way, the signal received at l-th GSO ground

station in the co-existing scenario with LEO system, can be
written as,

yl = zl

√
pGxl +

N∑

i

gHi,l

[
K∑

k

wi,ksi,k + nl

]

, (8)

where zl is the channel from the GSO satellite to the l-th
GSO ground station, pG denotes the power transmission of
GSO satellite, and nl represents the noise at the GSO ground
station. xl and si,k are the transmitted signals with zero mean
and unit variance from GSO and LEO satellites, respectively.
The second term in (8) is the interference signal from co-
existing LEO satellites.
The aggregate interference from co-channel satellite beams

at the l-th GSO ground station can be evaluated from INR
as follows,

INRl =
∑N

i

[
∑K

k

∣
∣∣gHi,lwi,k

∣
∣∣
2
]

σ 2
l

, (9)

where σ 2
l = KbTGl B

G is the noise power at the receiver,
where Kb, TGl , and B

G are the Boltzmann constant, equivalent
noise temperature of the receiver and GSO bandwidth,
respectively.

C. CSI ASSUMPTIONS
The SINR and INR equations presented in (6) and (9) rely on
the instantaneous CSI (iCSI). However, as explained before,
obtaining the iCSI for the LEO satellite communication is
not straightforward. Considering the LEO channel model
presented in (4), the magnitude of the channel gain is
related to the carrier frequency, slant range, antenna gains,
and multipath properties. The motion of the LEO satellite
would affect the Doppler shift, propagation delay, and the
response vector of the UPA. The Doppler and delay are
considered to be compensated, while the channel gain is
typically estimated using multiple pilot-based signals and
averaging out the result. Moreover, in our scenario, the LEO
users and GSO ground stations are assumed to be stationary,
hence the angle-based part of the channel, i.e., the response

vector is constant for the time block. Given these facts,
it is reasonable to consider the LoS component dominates
the propagation paths and is the primary link from the
LEO satellite to the user, with propagation characteristics
remaining relatively stable within a specific bandwidth [54]
for the given transmission time slot. Thus, we utilize the aCSI
derived from the Rician distribution statistical properties.
Now, we employ the aCSI to address our beamforming
problem and examine the average signal-to-interference-plus-
noise (ASINR). This metric is defined as follows [38], [55],

ASINRi,k =
E

{∣∣∣hHi,kwi,k

∣∣∣
2
}

E

{
∑K

j �=k
∣∣∣hHi,kwi,j

∣∣∣
2 + σ 2

k

}

=
ηLi,k

2
∣∣∣vHi,kwi,k

∣∣∣
2

∑K
j �=k ηLi,j

2
∣∣∣vHi,kwi,j

∣∣∣
2 + σ 2

k

, (10)

where the expectation is taken over the channels and
E{|hHi,kwi,k|2} = E{|qi,k|2}|vHi,kwi,k|2 is considered. This
equality holds due to no angle information error for the array
response vectors, vi,k and the resulting deterministic vector,
vHi,kwi,k.
Accordingly, we can define the average interference-to-

noise ratio (ASINR) by taking the expectation over the
channels and with the same assumptions obtain,

AINRl =
E

{∑N
i

[∑K
k |gHi,lwi,k|2

]}

E
{
σ 2
l

}

=
∑N

i

[
∑KηGi,l

k
2|vGi,lHwi,k|2

]

σ 2
l

. (11)

We can see from the above equations for ASINR and
AINR, that instead of instant channel values, the average
gain of channels and the direction vectors are used to
reduce the complexity of the iCSI obtaining process. In the
following section, for the sake of conciseness, we will use
the SINR and INR equations for the problem derivation and
solution. Moreover, for the simulation results in Section V
include both evaluations using the instantaneous CSI and
aCSI where, aCSI refers to ASINR and AINR equations,
while the mention of CSI entails SINR and INR equations.

III. PROBLEM FORMULATION
Our objective is a LEO downlink beamforming design to
achieve interference mitigation within the co-existing GSO
system, while simultaneously ensuring that NGSO users
receive a specified level of quality of service. To address
this objective, we formulate the following problem,

min
wi,k

N∑

i

K∑

k

‖wi,k‖2
2

s.t. SINRi,k ≥ γk, ∀i,∀k,
INRl ≤ ζl, ∀l. (12)
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where γk refers to the SINR threshold for the k-th user
of LEO satellite system, and ζl denotes the interference
threshold for l-th GSO ground stations. The design problem
in (12) aims to optimize the beamforming coefficients wi,k,
corresponding to the i-th LEO satellite and the k-th LEO user,
in order to minimize the total transmit power for the LEO
satellites. The first constraint ensures a minimum SINR level
for the k-th LEO user associated with the i-th LEO satellite,
while the second constraint, AIC, establishes a limit on the
aggregate INR at each GSO ground station. Clearly, a strict
INR threshold may lead to infeasible problems whenever the
LEO user and GSO ground station are too closely located.
In this paper, we will assume feasibility holds as such
problems can be solved with appropriate user-to-satellite
assignment.
It should be noted that we have presented the problem and

the subsequent equations assuming the availability of iCSI
for brevity. However, the problem can be easily transformed
for the aCSI case by considering ASINR and AINR equations
from (10) and (11), as the constraints. In both cases, the
channel is represented by a deterministic constant, either an
instantaneous or average value.
The beamforming optimization problem in (12) is non-

convex due to the first constraint, which has an indefinite
quadratic form. In the following subsection, we show how
to solve the problem with the Karush-Kuhn-Tucker (KKT)
optimality conditions.

A. KKT OPTIMALITY CONDITIONS
In this section, we focus on deriving the closed-form
of the optimal solution for the problem at hand. The
derivation of this is facilitated through the application of
Lagrangian theory. Despite the nonconvex nature of our
proposed problem, the concept of strong duality remains
applicable [50], [56].
The Lagrangian function of the problem is expressed as,

L(w, λ, α)

=
∑

i

∑

k

‖wi,k‖2
2

+
∑

i

∑

k

λi,k

⎛

⎜
⎝

K∑

j �=k

1

σ 2
k

∣∣∣hHi,kwi,j

∣∣∣
2 + 1 −

∣∣
∣hHi,kwi,k

∣∣
∣
2

γkσ
2
k

⎞

⎟
⎠

+
∑

l

αl

(
1

ζlσ
2
l

∑

i

∑

k

∣∣∣gHi,lwi,k

∣∣∣
2
)

, (13)

where λi,k and αl are Lagrangian multipliers for the SINR
and INR constraints, respectively.
Next, we take the derivative of the Lagrangian function

for the KKT condition and set ∂L/∂wi,k = 0, as,

∂L/∂wi,k = wi,k +
K∑

j �=k

1

σ 2
k

λi,jhi,jhHi,jwi,k

− 1

γkσ
2
k

λi,khi,khHi,kwi,k

+
∑

l

αl

ζlσ
2
l

gi,lgHi,lwi,k = 0. (14)

From this, we can derive a fixed-point equation for finding
λi,k, as,

λ−1
i,k = 1

σ 2
k

(
1 + 1

γi,k

)

hHi,k

(

I +
∑

k

λi,k

σ 2
k

hi,khHi,k +
∑

l

αlgi,lgHi,l
ζlσ

2
l

)−1

hi,k, (15)

where λi,k also appears on the right side of the equation
and can be solved iteratively. Further, We can derive
the following equation for optimal beamforming weights
from (14), as,

wi,k =
(

I +
∑

k

λi,k

σ 2
k

hi,khHi,k +
∑

l

αl

ζlσ
2
l

gi,lgHi,l

)−1

hi,k

× λi,k

σ 2
k

(
1 + 1

γk

)
hHi,kwi,k. (16)

By the above equation, we can present a structure for the
optimal weights as w∗

i,k = √
ui,kŵi,k, where ui,k presents the

power of beamforming and for the beamformer direction we
have ŵi,k as,

ŵi,k =

(
I +∑

k
λi,k

σ 2
k
hi,khHi,k +∑

l
αlgi,lgHi,l

ζlσ
2
l

)−1

hi,k
∥∥∥
∥∥

(
I +∑

k
λi,k

σ 2
k
hi,khHi,k +∑

l
αlgi,lgHi,l

ζlσ
2
l

)−1

hi,k

∥∥∥
∥∥

. (17)

Next, we consider the complementary slackness condition
for the SINR constraint where λi,k > 0 and the equality
holds for the SINR constraint at the optimal beamforming
weights, resulting,

ui,k
∣
∣∣hHi,kŵi,k

∣
∣∣
2

γk
−

K∑

j �=k
ui,j
∣∣∣hHi,kŵi,j

∣∣∣
2 = σ 2

k

uiMi = σ 2
k

[Mi]m,n =
{

1
γi,m

|hHi,mŵi,m|2, m = n

−|hHi,mŵi,n|2, m �= n,
(18)

where ui = [ui,1, ..,ui,k, . . . ,ui,K] is the vector of beam-
forming powers of satellites and [Mi]m,n denotes (m, n)th
elements of the Mi matrix. Accordingly, we can find the
optimal beamforming power as,

ui = (Mi)
−1σ 2

k . (19)

Now, we have the optimal beamforming as a function
of Lagrangian multipliers. We can obtain the αl multiplier
through gradient descent as,

αt+1
l =

(

αtl − ε

(

ζl − 1

σ 2
l

∑

i

∑

k

∣∣
∣gHi,lwi,k

∣∣
∣
2
))+

, (20)
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Algorithm 1 Proposed AIC Beamforming Optimization
Input: System parameters and thresholds.
Output: Optimal beamforming weights, w∗

i,k
1: Initialize Lagrangian variables, λi,k > 0, αl > 0

2: while
∑

i
∑

k |gHi,lwi,k|2
σ 2
l

− ζl > e:

3: Find λi,k from equation (15) with fixed point method,
4: Calculate beamforming weight directions from (17),
5: Calculate beamforming weight powers from (19) and

obtain beamforming weights,
6: Update αl variables using (20),
7: end while
8: return w∗

i,k

where, t denotes the iteration number and ε is a small step
size.
As a result, the steps to obtain the optimal beamform-

ing weights are summarized in the Algorithm 1, where
e is a small value that determines the stopping crite-
rion of the iterative algorithm. In Section V, the value
of e = 10−6 has been considered. Furthermore, fol-
lowing [57], the computational complexity order of this
algorithm can be approximated by considering the com-
plexity domination of the matrix inversion operations. The
resulting complexity order is O(Litr(4KNM3+2NK3)) where
Litr presents the number of iterations required for the
algorithm.

IV. GSO GROUND STATION LOCATION UNCERTAINTY
As previously discussed, the aCSI shall be considered for
practical designs of MISO downlink LEO beamforming.
This will allow us to use channel power statistics and
position information for users and restricted GSO ground
station locations when designing the beamformer weights.
The effectiveness of this assumption will be shown in
Section V when comparing the performance of both iCSI and
aCSI. In addition, the inter-system interference avoidance
from LEO satellites to GSO ground stations depends on the
accuracy of the GSO ground station location information
for determining the nulling direction. As mentioned in
Section II, the inconsistencies in the databases’ accuracy,
prompt our consideration of the AIC beamforming problem
under uncertain location information and positioning errors.
In this section, inspired by the notation in [45], we add the

uncertainty of the restricted directions. We assume that the
estimation of the GSO ground station location is imperfect,
i.e., it contains angular errors as depicted in Fig. 2. In this
scenario, The accurate location angles are represented as
follows,

θx = θ̂x + δxuc, θy = θ̂y + δyuc, (21)

where the actual angles, θx, θy are a summation of the
estimated angles, θ̂x, θ̂y and the estimation error angles

FIGURE 2. Uncertainty in beamforming model.

denoted by δxuc, δ
y
uc. Now for E{gi,lgHi,l}, we have,

E

{
gi,lgHi,l

}
= |qi,l|2E

{
vGi,l
(
vGi,l
)H}

. (22)

The expectation is calculated based on the prob-
ability distribution of the angles’ errors. For the
location uncertainty, we assume a bounded uncertainty
region and consider a uniform distribution for δxuc and
δ
y
uc as,

δxuc ∼ Uniform(ax, bx), δyuc ∼ Uniform
(
ay, by

)
, (23)

where ax, ay denote the lower boundaries, and bx, by present
the upper boundaries for the uniform distributions. The
expectation, E{vGi,l(vGi,l)H} is rewritten applying equation (1)
and Kronecker product property as,

E

{
vGi,l
(
vGi,l
)H} = E

{(
vGi,l
)x((

vGi,l
)x)H ⊗

(
vGi,l
)y((

vGi,l
)y)H}

.

(24)

The m, n-th element of the expectation matrix is calculated
as,

E

{[
vGi,l
(
vGi,l
)H]

m,n

}

= 1

M

1

(bx − ax)
(
by − ay

)

×
∫ bx

ax

∫ by

ay
exp

(−jπ{ϑx
i,l(α − β)

−ϑ
y
i,l

(
n− m+My(α − β)

)})
dδxucdδ

y
uc (25)

where

ϑx
i,l = sin

(
θ̂y + δyuc

)
cos
(
θ̂x + δxuc

)
,

ϑ
y
i,l = cos

(
θ̂y + δyuc

)
,

α = �m/My�, β = �n/My�,
m = n = [0, . . . ,M − 1].
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By solving the integral we have the following result for
the expectation matrix elements,

E

{[
vGi,l
(
vGi,l
)H]

m,n

}

=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

1
M , n = m, α = β;

1
M

1
�x

2ejπ(n−m) cos(θ̂y) sin
(
π(n−m) sin

(
θ̂y

)
by
)

π(n−m) sin
(
θ̂y

) ,

n �= m, α = β;
1
M

4Z
�x�y

sin(Ybx) sin(πXby)
πXY , n �= m, α �= β,

(26)

where,

X = (α − β) cos
(
θ̂x

)
cos
(
θ̂y

)

+(n− m+ (α − β)My
)

sin
(
θ̂y

)
,

Y = π(α − β) sin
(
θ̂x

)
sin
(
θ̂y

)
,

Z = e
jπ(n−m+My(α−β)) cos

(
θ̂y

)
−jπ(α−β) cos

(
θ̂x

)
sin
(
θ̂y

)

,

�x = bx − ax, �y = by − ay.

The matrix E{vGi,l(vGi,l)H} is obtained by derivation of its
elements from the above formulation. Now we can obtain
the expectation over the channel covariance matrix for the
GSO ground stations by replacing the calculated matrix
into (22). This leads us to reformulate our beamforming
problem in (12) to account for the positioning errors related
to the AIC, as,

min
wi,k

N∑

i

K∑

k

‖wi,k‖2
2

s.t.
|qi,k|2E

{∣∣∣vHi,kwi,k

∣∣∣
2
}

∑K
j �=k |qi,j|2E

{∣∣∣vHi,kwi,j

∣∣∣
2
}

+ σ 2
k

≥ γk,∀i,∀k,

∑N
i

[
∑K

k |qGi,l|2E
{∣∣∣vGi,l

H
wi,k

∣∣∣
2
}]

σ 2
l

≤ ζl, ∀l. (27)

We can equally rewrite the problem as follows,

min
wi,k

N∑

i

K∑

k

wi,kw
H
i,k

s.t.
|qi,k|2wHi,kE

{
vi,kvHi,k

}
wi,k

∑K
j �=k |qi,j|2wHi,jE

{
vi,kvHi,k

}
wi,j + σ 2

k

≥ γk,∀i, ∀k,

∑N
i

[∑K
k |qGi,l|2wHi,kE

{
vGi,lv

G
i,l
H
}
wi,k

]

σ 2
l

≤ ζl, ∀l, (28)

which is a nonconvex quadratically constrained quadratic
program (QCQP) [58]. We define Wi,k = wi,kwH

i,k, which
adds the positive semidefinite (PSD) and rank-one con-
straints to the problem. Furthermore, following the equality

Algorithm 2 Proposed Robust AIC Beamforming
Optimization
Input: ax, ay, bx, by
Output: w∗

i,k
1: Calculate covariance matrix of LEO channels to each

user, Rch
i,k,

2: Calculate the interference channel covariance matrix of
LEO satellites to each GSO ground station, Rintf

i,l , with
equation (26),

3: Solve the beamforming problem from (30) and obtain
W∗

i,k,
4: if W∗

i,k is rank-one then
5: W∗

i,k = w∗
i,kw

∗
i,k
H ,

6: else
7: obtain beamforming weights with eigenvalue decom-

position, i.e., w∗
i,k = √

λ1q1,
8: end if
9: return w∗

i,k

wHRw = Tr(RwwH) = Tr(RW), we can reformulate the
problem as follows,

min
Wi,k

∑

i

Tr
(
Wi,k

)
(29a)

s.t.
1

γk
Tr
(
Rch
i,kWi,k

)
≥

K∑

j �=k
Tr
(
Rch
i,kWi,j

)
+ σ 2

k

|qGi,k|2
,

1

σ 2
l

N∑

i

K∑

k

|qGi,l|2Tr
(
Rintf
i,l Wi,k

)
≤ ζl, ∀l (29b)

Wi,k � 0, (29c)

rank
(
Wi,k

) = 1. (29d)

where Rch
i,k = E{vi,kvHi,k} and Rintf

i,l = E{vGi,lvGi,lH}. The
problem is still nonconvex due to the rank-one constraint. We
can apply the SDR method [59], to transform the problem
into a SDP. Accordingly, we remove the rank-one constraint
and the approximated problem is rewritten as,

min
Wi,k

∑
i Tr
(
Wi,k

)

s.t. (29b), (29b), (29c) (30)

The problem above is a convex SDP and can be solved
optimally and efficiently with the interior-point method [58].
Following this, we determine the rank of the derived
solution. If the solution proves to be rank-one, the optimal
beamforming vector is obtained as W∗

i,k = w∗
i,kw

∗
i,k
H .

Otherwise, if the solution has the rank, r �= 1, we employ a
rank-one approximation via eigenvalue decomposition. Thus,
the beamforming vector is obtained as, w∗

i,k = √
λ1q1, where

λ1, and q1 are the largest eigenvalue and its corresponding
eigenvector, respectively.
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TABLE 1. LEO constellation parameters.

TABLE 2. Simulation parameters.

The algorithm for solving the beamforming problem with
uncertainty is presented in Algorithm 2. The computational
complexity of this algorithm is concentrated in the third step,
which involves solving problem (30). According to [60],
We can approximate the order of computation complexity
as O(

√
L+ NK(1 +M)(KNM2)3).

Centralized approaches like the ones presented in this
work are typically computationally intense. However, the
centralized solution is the only one that can effectively man-
age the coupling interference constraint. Satellite operators
mostly count with high performance infrastructure co-located
with the control stations, which can host certain level of
computation effort. Comparison with a pure decentralized
algorithm is provided in Section V.

V. SIMULATION RESULTS
In this section, we present the simulation results for our
beamforming method. We select a sub-set of 7 neighboring
LEO satellites that are extracted from a bigger constellation
whose characteristics are presented in Table 1. LEO satellites
are equipped with UPA antenna of size Mx = My = 16,
and on the users’ side we consider single antenna. The
system parameters considered in the simulations are shown
in Table 2. We also assume 20 GSO ground stations are
randomly distributed. In our simulations, we adopt the
ITU recommendation for the interference threshold level, as
defined in [61]. This threshold is set such that it does not
induce a violation exceeding 6% of the clear-sky satellite
system noise, equivalent to an INR threshold of −12.2 dB.
Furthermore, we assume that the SINR threshold and INR

FIGURE 3. Transmit power for each satellite considering centralized and distributed
beamforming design.

TABLE 3. Simulation results for MRT method.

thresholds are the same for different users and GSO ground
stations, hence, γk = γ and ζl = ζ .

To provide an evaluation of our centralized beamforming
approach, we first compare it with a distributed optimization
model. In this distributed model, the beamforming is
designed individually for each satellite, and the aggregated
interference limit is managed by assuming that the contribu-
tion to the interference term caused by the NGSO satellites
is uniformly distributed across the number of satellites. This
is a lower band for the interference of each separate satellite
at the GSO ground station. Fig. 3 presents the total transmit
power for each satellite comparing our method and the
distributed approach, considering, L = 15, K = 15, γ =
14dB, and ζ = −12.2. As expected, the results indicate
higher power consumption in the distributed model due to
the stricter interference threshold.
For comparison, we consider two other techniques: Zero

Forcing (ZF) and Maximum Ratio Transmission (MRT) [62].
Table 3 provides a comparative evaluation of MRT method
and our proposed AICBF approach for maintaining the INR
level at the GSO ground stations. Results are obtained for
L = 20, K = 15, γ = 12dB, and ζ = −12.2, considering
iCSI in this scenario. The outcomes reveal unsatisfactory
performance with the MRT method. Exceeding interference
thresholds are experienced during different realizations of
users’ distribution. This can be attributed to the inherent design
of the MRT method, which maximizes signal-to-noise ratio
(SNR) at the intended user without addressing inter-beam
interference or any attempt to prevent interference to the GSO
ground receivers. Meanwhile, the ZF beamformer consistently
meets the constraints. Consequently, we exclusively rely on
the ZF beamformer as a benchmark for our study.
In the following subsections, We present the results for both

scenarios of certain and uncertain GSO location information.
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FIGURE 4. Mean INR level for the single LEO satellite and two users at (−0.2,25.6)
and (0.2,25.6), over varying GSO ground station longitude locations considering
ζ = −12.2dB, γ = 12dB.

A. GSO GROUND STATION LOCATION CERTAINTY
RESULTS
First, we evaluate the performance of our proposed beam-
forming method while assuming the GSO ground station
locations are known and fixed. To compare the results we
consider four distinct cases alongside the ZF beamforming
method as a benchmark. These methods are listed as,

• iCSI-BF: We assume we have iCSI for all channels and
apply the beamforming method without considering the
interference constraint. In this case, the beamforming is
only designed to steer to LEO users without mitigating
possible interference to GSO ground stations.

• iCSI-AICBF: For this case we assume iCSI and
solve the beamforming problem as defined in the
Algorithm 1. For this scenario, beamforming will be
designed to both steer to LEO users and mitigate the
interference at GSO ground stations.

• aCSI-BF: Considers aCSI and the ASINR con-
straint for the beamforming techniques. This is
the same as iCSI-BF but considering aCSI instead
of iCSI.

• aCSI-AICBF: This is our proposed method where we
utilize the aCSI, ASINR and AINR to both steer to
LEO users and mitigate the aggregate interference at
GSO ground stations. This is the same as iCSI-AICBF
but considering aCSI instead of iCSI.

• iCSI-ZF: The ZF beamforming is applied, consider-
ing iCSI. The resulting beamformer will nullify the
interference at neighboring users as well as coexisting
GSO ground stations.

• aCSI-ZF: This is the same as iCSI-ZF but considering
aCSI instead of iCSI.

It should be noted that for all the above cases when
computing the resulting SINR and INR at the receiver side,
the actual channel coefficients are considered.
The results are averaged for 400 iterations of random

placement of LEO users. We begin by demonstrating the
interference levels for a simple scenario with one LEO

FIGURE 5. Mean satellite beamforming power for different SINR thresholds at LEO
users considering K = 15, ζ = −12.2dB.

satellite, two users, and, a single GSO ground station. Fig. 4
presents the INR values over different placements of the
GSO ground station at the equator over varying longitudes.
For this simulation, it is assumed that the LEO satellite
is located at coordinates (0, 25.6) and two LEO users at
(−0.2, 25.6) and (0.2, 25.6), with the first value denoting the
latitude and the second value indicating the longitude. When
the GSO ground station and users are in close proximity,
the interference rises for the scenarios with no interference
mitigation, iCSI-BF and aCSI-BF. However, the proposed
method effectively limits the interference in these events
and assures a harmless interference level. It is important
to highlight that the interference is already reduced by
utilizing multi-beams, and beamforming techniques. Also,
the drop of interference in the plot is due to the nulling point
of the resulting antenna pattern. The impact of imperfect
CSI on resulting INR levels is depicted in the zoomed-in
plot. Later, we will observe that this effect becomes more
pronounced with the increase of LEO users and the resulting
accumulated differences. For the ZF method, we observe a
significant reduction in interference, albeit at the expense
of higher power consumption, which we will elaborate on
later. Our proposed method restricts the maximum aggregate
INR for the co-existing GSO terminals. We further evaluate
the methods considering a broader scenario with multiple
satellites and more number of users.
Fig. 5 presents the transmit power averaged over satellites

for different valuesofusers’SINRthreshold.Thebeamforming
power difference of our proposed method and ZF beamformer
is substantial. The ZF method reduces interference to a greater
extent, resulting in a considerable increase in the required
power. Furthermore, we can observe that in beamforming
power, the difference between considering AIC beamforming
and not, is more evident when the users’ SINR threshold
increases. This means in order to meet the users’ demand,
higher power is required which translates into more emitted
interfering power, necessitating greater beamforming power
formitigation.Moreover, the difference in beamforming power
between using iCSI and aCSI is not significant. The power
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FIGURE 6. Mean satellite beamforming power for different interference thresholds
at GSO ground stations considering K = 15, γ = 10dB.

performance results for different interference thresholds at
the GSO ground stations are plotted in Fig. 6. The results of
iCSI-BF, aCSI-BF remain consistent due to the fact that these
methods do not consider AIC and are not affected by the
INR threshold value. Also, the ZF method does not consider
the assigned threshold and nullifies the interference. The high
power requirement of this benchmark is also apparent in
this plot. For the proposed method we can see the power
consumption will increase as the interference limit becomes
stricter, i.e., a smaller INR threshold.
To further compare the methods, we illustrate the

interference mitigation performance in Fig. 7. The plot is
derived from the cumulative distribution function (CDF) of
the resulting INR values at each GSO location, iterated for
random LEO users’ positions. The percentage of times when
the INR levels at restricted areas are less or equal to the
INR threshold of −12.2dB is presented for two scenarios of
different numbers of users. The results are presented for two
different SINR thresholds for LEO users, where the plain
bars demonstrate results for γ = 10dB, and the hatched
ones are for γ = 12dB. To ensure clarity and readability,
the results for the ZF method are not included in the plot.
However, it’s important to note that the INR compliance for
all cases with iCSI-ZF and aCSI-ZF is 100%. Our proposed
interference mitigation method proves to limit co-channel
interference incidents when compared to the results of the
no interference-constrained beamforming method where for
the iCSI case the interference limitation is guaranteed 100%.
As expected, our method provides less guarantee when
considering aCSI instead of iCSI, however, it still shows a
95.07% interference avoidance performance for the case of
15 users and γ = 10dB.
Fig. 8 demonstrates the likelihood of meeting differ-

ent interference thresholds at the GSO ground stations.
Similarly, the results for the ZF method are omitted in
this plot for clarity. However, it should be noted that the
probability of limiting interference for the given thresh-
old remains 100% for iCSI-ZF and aCSI-ZF with both

FIGURE 7. Probability percentage of interference levels below threshold, −12.2 dB
at the GSO ground stations for different users per satellite. The plain bars present the
results for γ = 10dB and the hatched ones show results for γ = 12dB.

FIGURE 8. Probability percentage of interference levels below threshold ζ at the
GSO ground stations for different users per satellite with SINR threshold of γ = 10dB.

user numbers scenarios. The probability of interference
avoidance decreases as the thresholds get tighter. However,
our proposed method with iCSI for both numbers of users
guarantees perfect interference compliance. The proposed
AIC beamforming with aCSI also demonstrates promising
results for interference mitigation even at stricter interference
thresholds.
Furthermore, the convergence behavior of Algorithm 1 is

presented in Fig. 9 for a scenario with 10 users per satellite
and 10 GSO ground stations, randomly located. Additionally,
we set the parameters ζ = −14 dB and γ = 14 dB in
our simulation. The plots illustrate the convergence behavior
of the Lagrangian function, as well as the Lagrangian
multipliers λi,k and αl. For clarity purposes, we have plotted
the values of the Lagrangian multiplier λi,k for one satellite
and its associated users. As we can see in the convergence
plot for αl multiplier, for some certain GSO ground station
locations the INR constraint is already met, resulting in a
final value of zero for the corresponding αl. Moreover, as the
plots illustrate the algorithm converges within a reasonable
number of iterations.
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FIGURE 9. Convergence plots of (from top to bottom): Lagrange function;
Lagrangian multipliers λ1,k=1:10; and Lagrangian multipliers αl=1:10.

B. GSO GROUND STATION LOCATION UNCERTAINTY
RESULTS
In this subsection, we present the results of beamforming
interference mitigation when the victims’ locations are uncer-
tain. The uncertainty level is considered as in equation (21)
where we assume ax = ay = 0 and bx = by = buc, and
we calculate the results for the varying upper limit buc.
Moreover, we consider these cases for deriving the results
in this section as,

• RAICBF: We apply our robust AIC beamforming
method summarized in Algorithm 2, where the beam-
former is designed to satisfy users SINR and limit
interference for GSO ground stations whose location
information is uncertain and contains errors.

• uc-AICBF: For this case, we solve the beamforming
problem using our previous AIC beamforming method
defined in Algorithm 1. This is considered as a bench-
mark for evaluation.

• BF: presents the results where no interference mitiga-
tion method is applied and beamforming is applied to
meet the users’ SINR demands.

We calculate the results for the scenario with 15 users
assuming users’ SINR threshold of γ = 10dB, and
interference threshold, ζ = −12.2dB. Fig. 10 demonstrates
the results for averaged satellite beamforming power over the
error range of the arriving angle, applying the interference
direction mismatch. We can see that the robust AIC
beamformer requires more power in total, compared to the
non-robust AIC beamformer. Moreover, the beamforming
power exhibits only marginal increases for the presented
error bounds. However, particularly at higher error levels,
a greater increase in the power is observed. Despite the
higher beamforming power requirement for RAICBF, the
superior interference mitigation performance of the proposed
robust method is evident in Fig. 11. This figure presents the

FIGURE 10. Mean satellite beamforming power for varying GSO ground stations
uncertainty, assuming SINR threshold of γ = 10dB, ζ = −12.2dB and K = 15 users.

FIGURE 11. Probability percentage of interference levels above threshold ζ=
−12.2dB at the GSO ground stations for different uncertainty levels, and LEO SINR
threshold of γ = 10dB.

probability of exceeding the interference limit at GSO ground
stations for the uncertainty degrees. Our proposed RAICBF
method has managed to control out-of-limit interference
events even for the higher uncertainty levels. Nevertheless,
with the uc-AICBF method, the interference probability
decreases as the uncertainty bound increases. This is evident
as with the increase of error in the GSO ground station loca-
tion, the uc-AICBF method becomes less effective since it is
not designed to mitigate the uncertainty and is vulnerable to
the error in the positioning angles. In contrast, our proposed
RAICBF overcomes this limitation by offering robustness
against angular errors, thereby constraining interference at
GSO receivers, maintaining a relatively stable probability
despite the rising error bounds.
To conclude, as location error increases, RAICBF manages

to prevent the exceeding interference events, but at the
cost of higher transmission power. This creates a trade-
off: uc-AICBF is sufficient for lower uncertainty degrees,
while RAICBF provides better protection for the GSO
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ground stations, especially when experiencing high location
uncertainty levels.

VI. CONCLUSION
This work considers interference compliance for NGSO
satellites under AIC beamforming optimization, offering
insights for enhancing satellite communication systems
within the context of evolving LEO mega-constellations.
Considering beamforming in multi-beam NGSO satellites
reduces interference levels at GSO systems as presented by
results, however, it falls short of complying with regula-
tions. To address this, we proposed an AIC beamforming
method ensuring limited aggregate interference levels at the
GSO ground stations. The formulated problem was solved
optimally, satisfying KKT conditions. Results demonstrate
the efficacy of this method in managing the integrated
interference at the co-existing GSO ground stations, com-
pared with conventional beamforming methods. In addition
to the imperfect CSI evaluated in our work, we have consid-
ered the uncertainty in GSO locations for the beamformer
design. A robust AIC beamforming solution was developed
to take account of the errors in the location-based CSI.
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