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Abstract—This paper investigates robust beamforming based
on statistical channel state information (sCSI), against satellite-to-
terrestrial user terminal (UT) interference arising from spectrum
sharing in integrated terrestrial and satellite networks (ITSNs).
First, we develop an integral-form interference model to char-
acterize the interference from satellite to terrestrial base station
(BS) UTs. Then, we propose a robust interference avoidance (IA)
beamforming scheme under interference and power constraints.
A closed-form solution is derived based on the minimum mean
square error (MMSE) criterion, and a bisection method is
employed to meet the interference threshold. Furthermore, we
introduce a BS position-aided (PA) approximation scheme to
eliminate the complex integral calculations. Simulation results
validate the effectiveness of the proposed schemes.

Index Terms—Integrated terrestrial and satellite network, in-
terference avoidance beamforming, minimum mean square error,
position-aided.

I. INTRODUCTION

ATELLITE communication is crucial for ubiquitous con-

nectivity in the 6th generation (6G) [1]. However, spec-
trum scarcity, particularly below 6 GHz [2]], challenges ded-
icated satellite frequency allocation. Satellite-terrestrial spec-
trum sharing is a promising solution [3]], [4], which improves
resource efficiency but introduces inter-system interference in
their overlapping coverage [5]]. Therefore, effective interfer-
ence management is crucial in the integrated terrestrial and
satellite network (ITSN).

Beamforming is an effective technique for interference
management within a single communication system [|6]. Con-
ventional beamforming schemes, such as maximum ratio trans-
mission (MRT), zero-forcing (ZF), and minimum mean square
error (MMSE) beamforming [7]-[10], require perfect instan-
taneous CSI (iCSI). However, due to the long propagation
distance and the high mobility, obtaining accurate iCSI is
challenging for satellites, and beamforming design based on
statistical CSI (sCSI) becomes a more practical approach. For
example, [11]] proposed a beamforming method based on sCSI,
including angle and power information, to maximize the aver-
age signal-to-interference-plus-noise ratio. Although the beam-
forming schemes above can effectively reduce intra-system
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user interference, they cannot be directly applied to mitigate
inter-system interference in ITSNs. To eliminate interference
from terrestrial base station (BSs) to satellite user terminals
(UTs), [12]] proposed a beamforming method at the terrestrial
BS side under the minimum user rate constraints, and this ter-
restrial interference was further restricted to a power threshold
in [13]]. Based on shared CSI, a joint beamforming design
for terrestrial and non-terrestrial systems is another research
avenue for interference management [14]]. Since satellites
complement terrestrial communication systems [11]], satellite
UTs are usually located outside the coverage area of terrestrial
BSs, making terrestrial interference to satellite UTs negligible
[2]]. However, due to the broader satellite beam coverage [15]],
interference to terrestrial users may still occur at the interface
of the two systems. The beamforming in [5] focused on this
satellite interference and constrained the minimum rate of each
terrestrial UT. Most existing beamforming schemes for ITSNs
rely on CSI sharing between satellites and terrestrial BSs [[16].
However, as the dimension of sCSI-based discrete channels
increases with the number of interfered terrestrial UTs, CSI
sharing introduces significant communication overhead [17].
Consequently, beamforming to mitigate downlink interference
from the satellite remains computationally challenging.

In this paper, we explore robust beamforming against
satellite-to-terrestrial UT interference in ITSNs. We first estab-
lish an integral-form interference model for satellite downlink
based on sCSI. Based on this, we design the robust interference
avoidance (IA) beamforming scheme with an interference
threshold constraint. Specifically, we formulate the MMSE
problem, derive an optimal closed-form beamforming solution,
and employ a dichotomy approach to satisfy the interference
threshold for terrestrial UTs. Furthermore, we propose an
interference approximation scheme that uses terrestrial BS
position information to approximate the integral-form inter-
ference term, reducing the complex integral calculations.

II. SYSTEM MODEL

In Fig.[T] we consider a spectrum-sharing downlink scenario
in the ITSN. Herein, a LEO satellite and N¢ terrestrial BSs
serve Kg and Kg UTs, respectively, with coverage areas
overlapping at the edges [5]. Both the terrestrial and satellite
communication systems share the sub-6 GHz spectrum for



downlink transmission in response to the requirements of the
3rd Generation Partnership Project (3GPP) [4]], [18].

A. Channel and Signal Model

We consider a satellite equipped with a large-scale uniform
planar array (UPA) composed of Mg = M, x M, antennas,
where M, and M, denote the number of antenna elements
along the z-axis and y-axis, respectively. The space-domain
channel response vector for the satellite UT k at time instant
t and frequency f can be modeled as [[11]

hss,k (t7 f) = ejQﬂ-(that_fT;:in)gzs (ta f) Vi € CMSXI, (1)

where g7° represents the satellite downlink channel gain. Due
to the line-of-sight propagation characteristics of satellite com-
munication, the channel gain ¢;7° (¢, f) follows Rician distribu-
tion with the Rician factor s, and power E {|g*(t, f)|*} =
(73%)2. Specifically, the real and imaginary parts of g;> are

independently and identically real-valued Gaussian distributed
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[19]. Additionally, v;** refers to the Doppler shift caused by
the motion of the LEO satellite, and T,?‘i“ refers to the mini-
mum propagation delay of the k-th satellite UT. The UPA re-
sponse vector can be represented by vi® = vk () @V5E (97).
In Fig. [1] the channel space angles ¥ = sin 6} cos ¢ and
¥y = cos ) represent the direction cosines of the UT along
the z-axis and y-axis, respectively. Herein, 05 denotes the
elevation angle, and ¢ denotes the azimuth angle from the
satellite to the k-th satellite UT. v5° (%) and v5® (97) are the
steering vectors in the z-axis and y-axis as follows

with mean ~;° and variance respectively
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where d, = d, = 3 represent the distances between adjacent
antenna elements along the z-axis and y-axis.

In the ITSN, the satellite and N terrestrial BSs share the
spectrum to provide transmission to corresponding UTs. Since
satellites typically complement terrestrial communication sys-
tems, when a terminal is within the overlapping coverage area
of both the satellite and terrestrial networks, it can connect
to the terrestrial network instead of the satellite. This suggests
that satellite UTs are usually located outside the coverage area
of terrestrial BSs, making terrestrial interference to satellite
UTs negligible [2]. The signal ysj received by the k-th
satellite UT can be expressed as
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herein, ps; € CMs*! is the beamforming vector, x5 ; is the
symbol sent by the satellite to the ¢-th satellite UT and ng
denotes the additive noise following CN/ (0, 02). For brevity,
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Fig. 1. The system architecture of the ITSN.

we combine the received signals of all satellite UTs and
reformulate the signal model as

ys = HIP.x, + n, € CKs*1 (5)
where channel matrix Hys = [hgs 1, .. ., he ] € CMs*Ks,
beamforming matrix Py = [ps1,...,Ps k5] € CMsxKs.

Xy = [xsﬁl,...,xs,KS]T € CHsx1 is the matrix of symbols
sent by the satellite satisfying E {x,x’} = L. The average
interference power to each terrestrial UT can be expressed as

H H
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where H, € CMs*xKc denotes the satellite-to-terrestrial UT
channel matrix based on iCSI. This interference should be
minimized and constrained below a threshold, denoted as I;,,
[13]], [18].

B. sCSI for Robust Beamforming and Interference Model

Benefiting from the large-scale UPA equipped in the satel-
lite, we leverage the beamforming technique to mitigate this
interference in ITSNs. While conventional beamforming de-
sign typically relies on CSI availability, obtaining accurate
iCSI is generally infeasible due to the long propagation
delay, large Doppler shift, and limited pilot overhead [19],
[20]. Frequent updating of beamforming vectors based on the
iCSI of Hgs and Hg, also presents challenges for practical
implementation on satellite payloads. Consequently, we utilize
sCSI for the satellite to design the IA beamforming in the
ITSN, including
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which are assumed slowly varying in ITSNs [11]]. The average
interference power can be further expressed in statistical form

EHX{ Tr {H[Px.x HPHHSg}}

1
= K—Tr{PHE{HSgHg P} (10)

KG Tr
where Yy, = E {HHZ.}. Due to the numerous interfered
terrestrial UTs, obtaining all their sCSI may still incur signif-
icant pilot overhead, so we convert the sum of the discrete
terrestrial UT channels into an integral of the user distribution
over the terrestrial BS coverage. The integral is given by

Ng Kg .
sg
sg—z :E :E{ ‘ vnkrvnk: }

n=1k=1
//RbsQMmMyGTGRVZg(de’n)f(rmgﬁ")r”drndqs”
(47 fdi(r, $))

{PY,P},

gnk:

9
n=1

(1D
where Ng and K¢ are the numbers of terrestrial BSs and UTs
per BS, respectively. We have E {|gi%k(t, f)|2} = (V52 =
MMLCIOLE and V3E(rn, 6n) = V3 (s 6n)ViE(ra, dn)

T and GRr are the per-antenna transmit gain and receive
gain, respectively. f(r,,¢,) is the probability density func-
tion of user distribution. The propagation distance between
the satellite and the UT at the n-th terrestrial BS, given
the UT’s polar coordinates ¢, and 7,, can be computed
as dp(rn, ¢n) = Vh2 + R2 +72 + 2R, 7, cos(vn, — bn).
Herein, hgat denotes the satellite height, v,, the polar angle
of the n-th terrestrial BS, and R,, the distance from the n-th
terrestrial BS to the sub-satellite point. Then we compute the
(i,4)-th element of V5&(r,, ¢,,) as

__ eI Tl(ma—mp) 97 +(np—nq)97]
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the element indices are determined by the expressions @
ngMy + mp + 1 and j = nbe + mg, + 1, where the
indices follow the ordering' nq =0,....M, -1, m, =
0,..., M, —1,n, =0,. landma—O M, —1.
The channel space angles are computed as ﬂn(rn,gb") =
Ry coswn+rn coS ¢n and Y (rn,ébn) Ry sin Y +1y, sin ¢y
where R;;t is the satellite coverage radius. We Sagimplify
Wi (Tn, On) = (Mg —myp)I% 4+ (np — ng)9%. Thus, we obtain
the integral form of the statistical interference channel term
Yt and its (4, j)-th element can be rewritten as
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This integral-form statistical interference model reduces re-
liance on satellite-to-terrestrial UT iCSI, mitigating the need
for pilot overhead, latency, and computational complexity.
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III. CLOSED-FORM IA BEAMFORMING BASED ON MMSE
A. Problem Formulation

In this section, we consider the IA beamforming design in
the ITSN based on the MMSE criterion, i.e., we minimize the
MSE of the received and the transmitted signal, constrained
with the average interference threshold and power budget. The
IA beamforming optimization problem for the MMSE criterion
is formulated as follows
2

H Px¢ + ng
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. ) (14)
s.t. Ko Tr {P T”‘tP} < ILinr,

Tr {PP"} < Pr.

Herein, Pr donates the antenna power budget and Wi
diag {e/¥1, ... e/¥x: } represents the phase compensation
for delay and Doppler shifts at the receiver with
2w ( sat _ fr mm) Compared to the difficulty of phase com-
pensatlon at the transmitter, the receiver can accurately esti-
mate phase errors based on downlink pilot signals to assist
with compensation [21]]. To simplify the problem, we employ
the penalty function method to mitigate interference [22].
Specifically, we introduce a penalty term ¢Tr {PH T;‘;P}
into the objective function, transforming the problem into a
convex optimization problem subject to power budget. Here,
¢ represents the penalty factor, and for the sake of derivation,
we set ¢ = % and rewrite the optimization problem as

2

H
P 2
s.t. Tr {PP7} < Pr.
(15)

Proposition 1: The following solution achieves the opti-
mum of problem (I3)), where

) Kao?2
P* =3 (Tss +eYg + ;US
T

1
> H.. (6

Herein, we assume o7 = o2 for all UTs and 3 normalizes the
power. Donate Yy, = E {HHZ K () 2vpvest
and H, = E {HSS\Ilf} = ZkKSl Vv,

Proof: See Appendix [A]

B. Closed-Form Beamforming with Interference Threshold

The selection of ¢ is crucial, as it effectively represents
the trade-off between MMSE performance and interference
management capability. Specifically, the relationship is sum-
marized in Proposition

Proposition 2: For the closed-form solution of P in (T6),
the derivative of the total interference power I, with respect
to ¢ is non-positive.
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Algorithm 1 Closed-Form Satellite IA Beamforming

ss ~ss ~ss1K in
1: Input: {v3®, 7%, 38}.5,, T,
: Find ¢ for given Ii},, and SNR via the bisectilon method.
: Calculate P* = 3 (TSS + gTiS‘ét + K;—?I) H...
: Output: P~*.

2
Ithrs PT, gg.

A 0w

Proof: See Appendix

According to the above Proposition, the value of ¢ for given
Iy, and signal-to-noise ratio (SNR) can be determined via the
bisection method. The continuous-time variation of ¢ can be
modeled and predicted, significantly reducing the frequency of
bisection executions. Although the bisection method requires
iterative computation of P, with this approach for ¢, Algorithm
[T can be regarded as a closed-form computation.

IV. SATELLITE-TO-TERRESTRIAL INTERFERENCE
APPROXIMATION IN BEAMFORMING DESIGN

In the proposed scheme, IA beamforming depends on the
integral term T;‘g, which is computationally intensive and
requires real-time terrestrial user distribution, posing practical
challenges. Due to the limited coverage of terrestrial BSs
compared to satellite beams [[15]], we approximate the satellite-
to-UT interference channel using the satellite-to-BS channel,
eliminating the need for user distribution integral.

We define Hy, to represent the channel from the satellite
to the terrestrial BSs and the approximation of Tisrét can

be expressed as Yy, = KGR {ﬁsgﬁg where K¢ is the
number of UTs per terrestrial BS. The original constraint of
average interference power can be approximated as

KLGTr{pHKGE{ﬁSgﬂg}P} .

1 N
= FGTY {PHTSgP} S Ithr-

The other steps in Section [[TI] remain unchanged, except for
the formula in (T6), which needs to be modified as

2
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Remark 1: Approximating Tisrét with 'i'sg significantly
reduces computational complexity, lowering the order from

(m)

(m) x10° (m)

O(MZNGN,Ny) to O(M3Ng), where N, N, represents the
integral sampling points.

V. NUMERICAL RESULTS

In this section, we employ the Monte Carlo method to
evaluate the proposed schemes. We consider a wideband LEO
satellite communication system, the channel Rician factor is
set to K = kg for all UTs [[11]], and the radius of the terrestrial
BS is 500 m. We set Kg = 24, Ng = 24, and K¢ = 10 and
calculate SNR = Py — 10log Ks + G + 10log Mg — PL +
Gr — 10log(kba[T + (F — 1)Tp]B) where kpo1, To and B
are the Boltzmann constant, standard temperature, and system
bandwidth. The noise power o2 varies with the SNR. The
remaining system configurations are shown in Tab. [}

TABLE I
SATELLITE SYSTEM PARAMETERS [[18]],

Parameter Value
Orbit Altitude hgat 600 km
Satellite Coverage Radius Rsa¢ 630 km
Carrier Frequency f 2 GHz
Number of Antennas Mg 16 x 16
Rician Factor ks 10 dB
Satellite Transmit Power Pr 25 dBW
Per-Antenna Gain G, Gr 6 dBi, 0 dB1
Noise Figure F' 9 dB
Noise Temperature T’ 290 K

We validate the effectiveness of our satellite IA beamform-
ing algorithm and compare the following schemes:

e ‘MRT’/‘ZF’/*'MMSE’: Three kinds of conventional lin-
ear beamforming [7]-[9].

o« ‘MMSEIA’: MMSE-based satellite interference avoid-
ance beamforming in Algorithm [T

o ‘MMSEIA-PA’: Algorithm [I] with position-aided (PA)

interference approximation in (T9).

In Fig. 2} we present the beam patterns, showing that the
interference power at the positions of terrestrial UTs (marked
by blue circles) is lower with both ‘MMSEIA’ and ‘MMSEIA-
PA’ compared to ‘MMSE’, demonstrating the intuitive effect
of interference avoidance. In Fig. 3] the ‘MMSEIA’ and
‘MMSEIA-PA’ schemes show sum rate performances close
to that of the ‘MMSE’ scheme, indicating its effectiveness

%10° MMSEIA-PA

x10° (m) x10°

Fig. 2. Satellite beam patterns (yellow stars represent satellite UTs and blue circles represent terrestrial BS positions), Iy, = —160 dBW, SNR = 10 dB.
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Fig. 4. Average interference power, I, = —160 dBW, SNR = 10 dB.

in sustaining capacity. In Fig. ] the two IA beamforming
schemes, ‘MMSEIA’ and ‘MMSEIA-PA’, successfully achieve
the interference threshold of —160 dBW at SNR = 10 dB,
illustrating their effectiveness in interference management.
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Fig. 5. Satellite sum rate vs ¢, SNR = 10 dB.

We further study the effect of the interference threshold.
In Fig. [5] the satellite sum rate performances for the ‘MRT’,
‘ZF’, and ‘MMSE’ schemes remain unchanged, while those
of ‘MMSEIA’ and ‘MMSEIA-PA’ schemes decrease slightly
as the interference threshold Iy, is reduced. In Fig. the
average interference power remains constant for ‘MRT’, ‘ZF’,
and ‘MMSE’ but decreases adaptively with ‘MMSEIA’ and
‘MMSEIA-PA’ as the interference threshold I;y,, is lowered.
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Fig. 6. Average interference vs Ii,,, SNR = 10 dB.

TABLE I
COMPLEXITY COMPARISON

Scheme Complexity Order
MRT O (M2Ks)
ZF O (M3Ks + M2
MMSE o MEKS + ME‘
MMSEIA O (MZKs + MZNgN,Ny + M3)
MMSEIA-PA o fMg Ks+ M3Ng + M3)

In Tab. I} we compare the computational complexity of the
considered schemes.

VI. CONCLUSION

This paper investigates robust IA beamforming based on
sCSI against satellite-to-terrestrial UT interference in the
ITSN. We establish an integral-form interference model and
design robust beamforming schemes under power and inter-
ference constraints. A closed-form solution for the MMSE
criterion is derived and a bisection method is applied to
meet interference constraints. To reduce reliance on complex
integral calculations, we propose an approximation scheme
based on terrestrial BS positions. Simulation results verify the
effectiveness of our proposed schemes.

APPENDIX A
PROOF OF PROPOSITION[]

The Lagrangian function is derived as

T {PHY P} T {HZP} Tr{P"H.,)

I(Stj'g2

i +%Tr{PHTSgP}+)\(Tr{PPH}fPT) :
(20)

Then, we set the gradient of the Lagrange function to zero
T.P H S
CER R
P = 3 (Yo + Yo + A8°T) ' Hi,.

+Ks+

Vp-L = T,P+ P =0 (@I

(22)



We define ¢ = \3%, A = Y5 + Yy + (I, P = BA"1H
r _ O f[H ‘o _ P

and Yy = HgH... By normalizing, 8 = Tr{A*Tz’TSS} s

the problem can be transformed into an unconstrained opti-

mization problem as min¢ f(P(¢), 5(¢)), where the objective

function is
FO=Tr{AT'" YA 'Y} —2Tr {A 'Y} + Ks

RS A YL T (T AT A
Pr ss sg ss .

and

(23)

We calculate the gradient of with respect to ¢ as V¢ f =
2 —

2Tr { (C — K%f) (A73Y) ¢, and set it to zero. Therefore,

we have ¢ = A82 = X5% Substituting this into P and

gives the closed-form solution

Kso'g
Pr

-1
P* = /8 (Tss + g'rsg + I) I:Iss- (24)

APPENDIX B
PROOF OF PROPOSITION 2]

From (T6) and (I7), we simplify P(¢) = SA™'H, o =
Tr {A72Y}, and Y = HH. The gradient is
232 - .
20y (T AT A 2
a

(AITIT AT — i)

Velsg = (25)

2 — .
where both the complex matrix M = %TSSA”T‘S’?A_Q
and matrix N = A7'YY A~ — oY are Hermitian
matrices. From Von Neumann Trace Inequality, we derive that

Ms MS
Tr{MN} = > X(MN) <Y N(M)N(N),  (26)
i=1 i=1
where A (-) represents the eigenvalues. From the Cauchy-
Buniakowsky-Schwarz Inequality,

Mg Mg

DAY N (N)?
e =1 =1

< Z)\i(M) Z)\i(N) = Tr {M} Tr {N},

Ms
S AM)N(N) <
i=1 (27)

ie, Tr {MN} < Tr {M} Tr {N}. Similarly, we define T =

YA™? —a and S = YU and we have Tr{TS} <

Tr {T} Tr {S}. Substituting these inequalities into (23,

26°
a

x Tr {A_lTE;TSSA_l — aTiI;} <0.

Vs <Tr{ TSSA—lrngA—2}

(28)
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