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ABSTRACT

This paper proposes a spot beam power control method for downlink non-terrestrial networks consisting of

multiple low Earth orbit (LEO) satellites. Each designated ground access point (GAP) is continuously served

by a steering beam from LEO satellites during their visibility period. We address the global energy efficiency

(GEE) maximization task to determine the optimal tradeoff between the sum-rate and total power consumption

of LEO satellites. The GEE maximization problem is formulated by taking the inter-beam, inter-carrier, and

terrestrial network interference into account. To ease the complexity of the problem, we further simplify the

expressions of the GEE and interference and then propose a successive convex approximation (SCA)-based spot

beam power optimization method. Numerical results validate its effectiveness over baseline algorithms in

different system setups.

Key Words : Satellite communications, non-terrestrial network, low earth orbit, energy efficiency, power

optimization

I. Introduction

The rapid evolution of wireless communications
technologies has led to an increased focus on a non-
terrestrial network (NTN) as a means to achieve glob-
al connectivity!'. Tt is considered to be integral to the
vision of ubiquitous coverage, especially in remote
and underserved regions, beyond existing traditional
terrestrial infrastructures for the upcoming sixth-gen-
eration (6G) standard”. Consequently, a vast number
of researchers have begun to pay attention to address-
ing the unique challenges of NTNs".

Fundamental challenges in the management tasks
of NTNs include propagation delays between satellites

and ground access points (GAPs) and Doppler shifts
stemming from the movement of satellites™. This en-
tails the development of advanced optimization tech-
niques tailored for NTNs. The integration of NTNs
with terrestrial networks was explored in [5], empha-
sizing the role of beamforming and artificial in-
telligence technologies. The authors in [6] highlighted
challenges in satellite beamforming and inter-satellite
transmissions for radio resource management, mobi-
lity management, and dynamic network slicing. Also,
[7] evaluated various multi-layered NTNs, offering
guidelines on achieving a balance between system
flexibility and network performance with coverage

and latency constraints into consideration.
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Meanwhile, energy efficiency has emerged as a
critical performance measure in the design and oper-
ation of NTNs™®. By optimizing power consumption,
we can enhance the lifespan of satellite components
and reduce operational costs. Various NTN manage-
ment techniques, such as adaptive power control, en-
ergy-efficient routing algorithms, and dynamic re-
source allocation, have been proposed to address these
challenges. In particular, [9] tackled energy efficiency
maximization in multibeam satellite systems under to-
tal power and quality-of-service constraints. Precoding
optimization algorithms were proposed based on zero
forcing (ZF) and successive convex approximation
(SCA), verified using real measured channel data.
Furthermore, [10] investigated a two-step quadratic
transformation method to address energy efficiency
maximization in multibeam satellite communications.
By converting the non-convex problem into an equiv-
alent convex one, an alternating optimization algo-
rithm can be derived that iteratively identifies effec-
tive networking solutions. In [11], an energy-efficient
resource allocation in space-air-sea NTNs for mar-
itime coverage was presented. A mixed-integer pro-
gramming task was formulated which maximizes the
system energy efficiency by jointly optimizing user
equipment association, power control, and unmanned
aerial vehicle (UAV) deployment. In addition, [12]
maximized the global energy efficiency (GEE) of the
whole NTN supporting multiple ground access points
(GAPs) while accounting for various interference
effects.

With the aid of machine learning, [13] assigned
spreading factors (SFs) to end devices to minimize
co- SF interference and enhance the energy efficiency.
In addition, [14] explored the integration of open radio
access network (O-RAN) within NTNs, focusing on
optimizing the dynamic functional split between cen-
tralized units (CU) and distributed units (DU) to en-
hance energy efficiency. A deep Q-network method
was employed, which dynamically determines the op-
timal network function split and selects the best NTN
platform based on real-time conditions and traffic
demands.

Most of the previous works considered a single sat-
ellite system. For this reason, these cannot scale effec-
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tively with the increasing number of satellites. To this
end, our previous work!"” extended the single satellite
system!"” to general multiple low Earth orbit (LEO)
satellite NTNs and proposed the optimal GAP- beam
assignment while assuming equal power allocation for
all GAPs and beams. Such an approach has been
shown to degrade the GEE performance. In particular,
the GEE improvement with an increasing number of
LEO satellites was marginal even though the system
could exploit greater link diversity. This suggests that
relying solely on GAP-beam assignment with fixed
transmit power may be insufficient to effectively miti-
gate both inter-cell and intra-cell interference.
Therefore, it is necessary to further investigate the im-
pact of optimal downlink power control to fully lever-
age the benefits of multi-satellite configurations.
This paper presents an efficient algorithm for max-
imizing the GEE performance of multi-LEO satellite
NTNs where several satellites support multiple GAPs
in the downlink. We aim to optimize the spot beam
power of LEO satellites considering practical chal-
lenges of NTNs such as inter-beam, inter-carrier, and
terrestrial interference signals. We first construct the
GEE maximization problem, which is proven to be
non-convex. To handle this difficulty, the SCA techni-
que is applied that addresses approximated convex
tasks of the original non-convex GEE maximization
problem. Numerical results validate the effectiveness

of the proposed algorithm over baseline schemes.
II. System Model

We consider a multi-LEO network illustrated in
Fig. 1 where S satellites support K GAPs in the down-
link. Each satellite projects at most M spot beams,
and each GAP is assumed to be assigned to at most
one spot beam. In terrestrial networks, B ground base
stations (GBSs) share the same frequency spectrum
with LEO satellites, e.g., Ku- or Ka-band of satellite
communications and frequency range 2 of the
fifth-generation (5G)!'®!, which interfere GAPs. The
channel state information and locations of the GAPs
and GBSs can be available at the satellites by the en-
hanced channel estimation and localization algo-
rithms™?,
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Fig. 1. System model for multi-LEO networks

The signal-to-interference-plus-noise ratio (SINR)
of GAP k on spot beam m of satellite s, denoted by

Yims can be expressed by

GAP.kLk..\' Gmain..\'[)k.m..\‘
IBIk.m.s + ICIk.m..\ + O-;z_k ’ (1)

%.m.s =

where Ginins and Gapx denote the main lobe antenna
gain of satellite s and antenna gain of GAP &k re-
spectively, Pkm,s indicates the transmit power allo-
cated to spot beam m of satellite s for GAP k& Ly,
denotes channel attenuation between GAP k and satel-
lite s, and Grz.k stands for the noise variance at GAP
k In addition, IBly,,, and ICl,,s account for the in-
ter-beam interference (IBI) and inter-carrier interfer-
ence (ICI) by the Doppler effect for GAP & on beam
m of satellite s.

These interference terms are written by

[BI’{.IIL.\' = GAP.k Z LI\'A'/ Gslde.k.m/.x/ E(l.ln/.x/xk/.rn/.slt
(k’,m',s’) (2)
#(k.m,s)

lClk.m..\ = GAP.kLA..\’Gmam..\'l)k.m..\' (1 7Sin02 (fk.\T;ym)) I (3)

where Giigex,ms accounts for the sidelobe antenna gain
towards ground node X by beam m of satellite s, Bym
represents the symbol duration, and fks denotes the
Doppler shift between GAP k and satellite s. Here,
the Doppler shift is calculated as

fus = B tecos b, @

where v; equals the velocity of satellite s, C' = 3 X
10® my/s is the speed of light, fc stands for the carrier
frequency, C = 3 x 108 m/s is the speed of light,
and ¢ks denotes the angle of the receiving direction
of GAP k& and moving direction of satellite s,
respectively. Also, xgms € {0, 1} in (2) stands for
a binary indicator that equals 1 if spot beam m of
satellite s is assigned to GAP k and O otherwise. The
beam assignment is assumed to be fixed such that
each beam is dedicated to a single GAP and vice
versa. Thus, xi,s € {0, 1} is randomly chosen to
satisfy

xk.m.sg 17Vk: 17"'7K7 (5)
1

M
Mz

11

K
Zxk_mv\.< I,Vm=1,.,Mands=1,...,S, (6)
k=1

WS
M=

xk.m.sSM,v;Y: 17S (7)
1

1
=
I

Notice that xj,s can be zero when the numbers of

GAPs and beams are unequal.
I. Problem Formulation

This section formalizes the GEE maximization task
of the multi-LEO network. From the SINR (1), the
achievable rate of GAP & on spot beam m of satellite
s based on (1)-(3) is calculated as

Rk.m..\' = 10g2 (l + ’yk.m..\) . (8)

By taking the binary beam assignment indicator Xxis

into account, the sum-rate can be written by

M=

R=Y Y

s=lm=

ka..\'xk.m.x . (9)

k=1

We adopt the power consumption model from [17]-
[20] in which both static and dynamic components
are considered. Concretely, static power consumption
Pircuit,s of satellite s is drawn even when the satellite

is not actively transmitting data, often due to leakage
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currents and bias voltages within the circuitry. It is
influenced by factors such as device technology, chip
design, and operating conditions®!. On top of that,
dynamic power consumption occurs during active op-
erations such as signal processing, modulation, and
transmission. It is typically modelled to be propor-
tional to the number of activated beams and a sig-
nificant contributor to overall energy consumption'?.
This leads to the total power consumption of satellite

S as

1 M K
Rotal.x = circuit.s+ ~ Z Z })k.m.xxk.m,xa
—~— PsuZii=i (10)
static —_—
dynamic

where p; € (0, 1] indicates the efficiency of power
conversion on satellite s.

Based on (8)-(10), the GEE 1) is defined as the ratio
of the sum-rate to the total power consumption of all

satellites, which can be expressed by

M K
Zf:] Zm:l Zk:] Rk.m..&'xk.m.s

Ty LyM K ERY)
s=1 (I)circuu..\' + E Zm:[ k=1 PkJn.\'xk.m..\')

Our objective is to maximize the GEE by optimizing
the spot beam power allocation variables {Pj,,s} for
given GAP-beam-satellite assignment {xi.s}. The

corresponding optimization task can be formulated as

(P ax, 1 (1) (12a)
M K
SubjeCt to: Z Z B(.m.x-xk.m..r S F’sastvsa (12b)
m=1k=1
K -
Z Plu:L.\'xk.m.x S Pm,.\'avmv S, (12C)
k=1
TN]I; S TNImaMVb =1 PR 7Bv (12(1)

where TNI, stands for the terrestrial network interfer-

ence towards GBS b, defined as

S M K
TN[b = GBS.b Z Lb..\' Z Gside.b.m.s Z Pl\',m..x'xk.rn,sa (13)
k=1

s=1 m=1

Constraint (12b) ensures that the total spot beam pow-

er of satellite s does not exceed its power budget P,
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and (12c) limits the power allocated to spot beam m
of satellite s by the peak beam power constraint P.
Also, constraint (12d) guarantees the terrestrial net-
work interference for every GBS is under the max-
imum allowable level TNIay.

It can be shown that the objective function in (P1)
is non-convex with respect to the spot beam power
variables, mainly due to mutual coupling in a compli-
cated way. In the subsequent section, we first re-
formulate the problem into a more tractable form and

then propose efficient optimization strategies.
IV. Proposed Solutions

4.1 Problem Reformulation

This section presents solution approaches for ad-
dressing the non-convex GEE maximization problem
in (P1). To this end, we first simplify it by applying
the change of variables. Without loss of generality,
we rearrange the indices of all spot beams as an in-
teger set .4 = [1, SM], where [a, b] = {a, a + 1,
..., b — 1, b} indicates a set of integers between a
and b Then, the spot beams of satellite s can be repre-
sented by a set %, S[(s—1)M+1,sM|C A . As a
result, the power allocation variables {Pjns} and the
constants {xi,s} can be equivalently converted into

{P.s} and {xcx}, which are respectively defined as

Pk,r?l é Pk.rit—(.r—l)M,xyvm € ‘%ﬁs = 17 e % 7S

= 7 (14)
— a-%f((,%l—l)/w_(%pvm e M,
X 2 Xp (s 1wy VL€ Miys=1,...,8
s5)

:ka—((ﬂ%])"”%]’vm cM.
It is worth noting that the new index /7 ranges from
1 to SM and it virtually combines the multiple satel-
lites into a single satellite projecting at most .§ groups
of M beams. Similarly, we can newly define the fol-
lowing quantities:

By

g

P/?zf(xfl)/\/l.savm € '%/\ and s = la sse 7S
s i (16)
=P. ((%H)M.r%wﬁmeﬁ,

n—
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Izk_,;,éLkanﬁ S % and s = 1,. .. 7S

- a7
:LH%W,Vm (S %,
Z,[,_,;TéL[,_le’h (S .%; and S = l7 e ,S
- (18)
:L,,_(%W,Vm S/
Gmain./ﬂ éGmain..ﬁv’ﬁ S ‘%s and S = l7 e 7S
19
:Gmain.(%] ,Vrh € ‘%7 ( )
G~sideAktl1'z = Gside.k.m—(.r—l)MAsyvm cMys=1,...,8
: . (20)
= Gsldekmf((’"'\ l)M.(%Wv’n € '%7
Gsxd&bﬁl é Gs:debm (s—1)M, va € .%;,S — l S
A @n
= Gside.b.m—([%} ) ’" Vm € ‘%
fonZfes, Vi€ Myands=1,...,8
B 22)
=forg Ve M,
Pu2ps, Vi€ Myands=1,....S
(23)

pm Vme///

We next re-express the (P1) in terms of (14)-(23) as

(P2): max
{Pkm} 1 (242)
K -
SU.bjeCt to: Z Z Pk.li) S IJsat.vasa (24b)
meMs k=1
K -
Y P < By, Vi, (24¢)
k=1
TNI, < TNImaxavb = 17 ..+, B, (24d)

with modified n and TNI, as

SM K
Z,;, 1 ):k 1 Ry in X

' (25)
Z ( circuit,s + Zme‘//fq p Zk 1 B\ Xk, m)
SM B N K
TN lb = GBSJ) Z Lh.mGside.b.m Z Hﬁl-xkﬁn (26)
m=1 k=1

where

IBl 5 = Gaps Z Zi‘kﬁ/éside,k.ﬁ/ K il XK il 5 7)
Py

ICII\',VTI = GAP,kZ'k.ﬁlGmain.n’lf)k.m ( SlnC (ﬁ( mn sym)) 3

(28)

_ GAP AI:A i Gmain /nI)/\ i
Y"'J’_’ B lBlk i + ICIA m 0-2 7 (29)
R =108y (14 Yen) - (30)

Furthermore, since GAP & is paired with a unique
and exclusive spot beam m7) , we can define the effec-

tive spot beam power as

K K
' é Z kg — Z[)k‘rhxk‘rh- (31)
k=1 k=1

Also, let & = {(k,)|x,n = 1,Vk, i} and Fhean 2
{mlxem = 1,Vk,m} be the sets of active GAP-spot
beam pairs and active spot beams, respectively.
Consequently, (25)-(29) can be further simplified into

0= Yk m)ear R 0
Z clrcult s + Zme%eam Din P 7 ( )

TN[h = GBS.I) Z i‘h.’ﬂGSide.h,’hPﬁ’H

ME Hhyeam

(33)

IBIk.lﬂ = GAP‘k Z Zk.rh/ Gslde ki Rn’ ’ (34)

’h/e"ybeamﬂ'hl?ﬁm
IClk./ﬂ = GAP,kZ’k.meain.um ( SlnC (ﬂ n sym)) ) (35)

GAP.ki'k.meam.mPrh
1Bl +1Cl + 02,

Yein = (36)

Based on these results, (P2) can be equivalently

transformed as

P3
( ) {Pm"géja‘%eam} m (373)
subject to: By < Py, Vs,
ME Ghyeam VM (370)
Prﬁ S éh»vm € bdbeama (370)
TNI, < TNIl,,,, Vb =1,...,B. (37d)

Compared to (P1) which consists of KMS optimization
variables {Pyns}, (P3) now contains | Heam| = min(KS,
MS) < KMS variables, thereby reducing the problem

1691



The Journal of Korean Institute of Communications and Information Sciences "25-11 Vol.50 No.11

complexity. Still, however, (P3) invokes the non-con-
vex fractional form in the objective function (37a).
Therefore, it is highly difficult to identify the globally
optimal solution to (P3) using off-the-shelf convex op-

timization software.

4.2 Proposed Algorithm
We propose an efficient optimization algorithm that
tackles the non-convexity of (P3). We first re-

formulate it by introducing an auxiliary variable A as

P4): max A,
( ) {P|ME Hpeam } A (383)
subject to:
S
1 38b

Z Rin—A (Z Fiircuits+ Z .._Pn'1> >0, (380)

(kn)es s=1 ME Hoqm T
R?x S F’sat.nvsv

ME Fyeam M (380)
RTI S E;,,Vﬁ;l € ‘f(ybeama (38d)
TNleTNImaMVbZ 13"'7B' (386)

It is readily seen that any A & [0, Al is feasible
for any feasible A for (P4). This enables the use a
two-layer optimization approach, in which an optimal
A* for (P4) is found by the bisection method in the
outer layer, while a feasible set of {P,;,W S Mbeam} is
identified with each fixed A in the inner layer.

It is not difficult to see that the feasible set
{Pali € Heam} can be attained by determining the
maximum of the left-hand side of constraint (38b).
Therefore, in the inner layer, we solve the following

optimization problem for a given A :

(P4-inner):

)

ZRA m <Z circuit, \+ Z > (39a)
=1 me"Z{beam

{P/n|me%eam} (ko) 6!21/

subject to: P, <P,

me%eam A (390)
RT? S Plﬁvvrh S %eam-, (390)
TNI, < TNl, Vb= 1,...,B. (39d)

The existence of feasible {Pm"ﬁ S 'Q{beam} for a cer-
tain A is easily determined if the optimal value of
(P4-inner) is greater than or equal to 0. Otherwise,
it indicates that A should be decreased in the outer

bisection layer.
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Unfortunately, the log-minus-log form of Rkm with
respect to {Pu|/ft € Hen} in (39a) exhibits non-
convexity, making (P4-inner) difficult to handle in the
current form. Hence, we resort to the SCA technique
which iteratively addresses convex-approximated
tasks of the original formulation (P4-inner)®”. Let us
define the solution vector p and a function ngm(P) as
-P,

p2 I[P, e (40)

Mmin

g (p) 2log, (Bl +1CL; +02),  (41)

- G 5 5 A 7
with Mmin = M ef oo, M and Mmax = maXne.ofyeqm M
According to the first-order Taylor expansion, an ap-
proximated convex expression of Rkmi) at a given

solution po can be written by

R = logz (GAP.kI:k.lhGmam.mPIiI + Bl 5 +IClL + 62A)
— 8k (p)

~ logz (GAPAkI:kAmGmammRﬁ + lBlkﬁr + IClk./iI + 6-2;\)

T
agk.m (p) )
—|8ka (P )—i—vec<— (P—Po)}
! (9p P=P( ’

é Rk.n’x .
(42)

As a consequence, the convex approximated inner

layerproblem (P4-inner) is formulated as
(P4-inner-SCA):

max ZRL /I (Z circuit, \+ Z n) (433)
=1 medbear’r{’

{ P |me eam ) (D) EQ{

%)

subject to: Py < Py,

me.;z{beam N (43b)
Pl“rl S Prh’vm S b%beamv (430)
TNI, < TNl, Vo =1,...,B. (43d)

Problem (P4-inner-SCA) now becomes convex, which
can be easily tackled using existing convex solvers,
e.g., CVXPY™?,

We summarize the proposed spot beam power allo-
cation algorithm in Algorithm 1. As discussed, the
overall procedure consists of the outer layer for ob-
taining A using the bisection method and the inner

layer addressing (P4-inner) using the SCA algorithm.
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We first initialize the power allocation solution p, and
the bound of A & [Ap, Aug]. Also, we set the tolerance
& and the number of maximum iterations of the inner
layer fnax. At each iteration of the outer layer, a new

A is set to the median of the predetermined bound

as A < w . Then, the SCA algorithm is adopted
which solves (P4-inner-SCA) repeatedly. Denoting 7]
as the optimal value of (P4-inner-SCA) at the con-
vergence, the bisection method is employed to update
the lower and upper bounds of A . Such a procedure
is repeated until A converges within the predefined

tolerance o.

Algorithm 1 Spot Beam Power Optimization

1: Initialize p, < 0, A < 0, Ay > 1.
2: Set § < 1 and integer £,,,.

3: while |Ays — A < 6 do

4 Set A ¢ Anfhus,

5: forl=1,... 0 do

6: Obtain the solution p* of (P4-inner-SCA) for
given p, and A.
7 Set p, < p*.

8:  end for
9: if fj > 0 then

10: Set A < A.
11:  else

12: Set Ay < A.
13:  end if

14: end while

V. Numerical Results

We evaluate the proposed spot beam power opti-
mization algorithm through numerical simulations.
We incorporate the rain fading model for satellite-to-
ground links as specified in [25], [26]. Thus, the
small- scale fading component between ground node

X and satellite s is modeled as

hix., = \/Eexp(—j$), (44)

where £ denotes the small-scale channel gain whose
dB scale value & = 20 logj (§ ) follows the log-nor-
mal distribution with mean g and variance o ie.,
In(&4) ~ A (1, o), and ¢~2(0, 2m) stands for the

random phase changes. Notice that the parameters u
and ¢ depend on environmental factors such as re-
ceiver location, operation frequency, polarization, and
the elevation angle towards the satellite. The overall
channel attenuation, denoted by Lx, is then calculated
as [12]

2
_ ¢ 72
Ly, = ( il dX.r) el (45)

where dx, indicates the distance between ground node
X and satellite s.

We adopt the satellite antenna gain model de-
scribed in ITU-R S.672-4 as

Gsat (9)(.:1:..\')
Gsat.m.:a if GX.HL.Y S énmv
_ [0 — —
Gsat.m.s_3 (%) ) lf em.s < BX.m..\' S aem..u
Gsat.m..&‘—’_l}lu lf aéln.x < ex.m..\' S bém..\':
= (46)
Gsat.m.:"‘lp'l_zo
() R *
25 lOglO ( gm.s) ’ if benm < BXAmAs < emhm
07 if énm < 9)(.:11‘.:7

in dBi where 0x ,,s indicates the angle between ground
node X and the direction of beam m from satellite
s, Gauns denotes the maximum main lobe gain of
beam m at satellite s, Oy signifies the angle at which
the gain falls 3 dB below the maximum, 6, marks
the angle at which the third equation in (46) becomes
0 dBi, and ¥ determines the required near-in-side-lobe
level relative to peak gain®”. In this work, we set
a=2a=258 b=632 ¥ = 20, Guins = Gatms
Vi, 9, Gigexms = Ga®xmd, VX, m, s, and B
=05 , VX, ol

It is assumed that K ground terminals are randomly
located within a horizontal range of dk s from satellite
s. The satellites are positioned in a circular formation
with radius z; from the origin, each separated by angle
0s = 2n/S. System parameters are set as outlined in
Table 1, unless otherwise stated. Fig. 2 illustrates an
example of node placement when K; = 10, B = 10,
and § = 3.
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Table 1. System setup

Parameter Setting Parameter Setting

B 28 MHz P 20 GHz
Toym 1 s h 780 km

Vi 7.46 kmjs s 3

K. 10 B 10

M K, dxs 2500 km
e 52.1 dB Gaidexms | Gear (0°™) dBi
Gis.» 5 dB Garx u(10, 15) dB
P, 20 dBW Pas 20 dBW
TNIyax -111 dB Prireuits 10 dBW
s 0.8 o2 -174 dBW/Hz
u 2.6 dB o 1.6 dB

I 2500 km 0, 21S

le6

Vertical distance [m]
o

Horizontal distance [m] le6

Fig. 2. An example of node placement with K; = 10
(0), B =10 (), and S = 3 (A) where the numeric
marker indicates the associated satellite index

For comparison, we consider the following base-
line methods that address the inner layer problem (P4-
inner).

« Sequential least squares programming (SLSQP)"*":
This method solves a sequence of quadratic sub-
problems to handle nonlinear optimization problems
with both equality and inequality constraints.

* Trust-region algorithm for constrained optimization
(Trust-constr)?”: We leverage a trust- region in-
terior point approach, introducing slack variables
and solving a sequence of equality- constrained bar-

rier problems with decreasing barrier parameters.
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» Equal power allocation (EPA™!: From (24b)-
(24d), we consider the following equally distributed

power allocation as

(47)
TNImax

—— , Vi,
(maxb GBS,b) (max!ﬁ Ly Gs:de.b,m) SM

which can be verified to be always feasible.

Fig. 3 shows the average GEE as a function of the
number of satellites § for different number of GAPs
per satellite Ks with random spot beam-GAP
assignment. The proposed SCA-based algorithm clear-
ly out- performs the baseline algorithms for all S and
Ks . We also observe that the GEE generally improves
with higher .S in most schemes except for the equal
power allocation (EPA) strategy. This implies that the
adjustment of spot beam power becomes even more
important when there are more number of satellites.
The figure also shows that the GEE increases with
Ks for every scheme. This performance gain stems
from the increased diversity in the channel links.

Fig. 4 compares the average GEE in terms of the
number of GAPs per satellite Ks with different num-
ber of satellites S We first note that the proposed
SCA method provides the highest n across all values
of Sand Ks, which emphasizes the effectiveness over
other algorithms. While the GEE of the schemes that
optimize the spot beam power increases for different
S, it is the opposite for the EPA strategy. This is in
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Fig. 3. GEE versus the number of satellites
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line with our interpretation in Fig. 3.

Fig. 5 compares the average GEE performance by
varying the maximum main lobe gain Gans. The GEE
of all schemes gradually increases as Gans grows
since the desired signal power gets larger. The pro-
posed SCA method outperforms other benchmark
schemes regardless of Gatns. The gain is particularly
significant in the high main lobe gain regime, where
the interference management becomes more
important. Thus, it can be concluded that the proposed
approach is efficient in handling interference through
optimized power allocation strategies.

Fig. 6 examines the average GEE with respect to
the power budget Py = P.,. We can first see that
the proposed SCA exhibits the highest GEE perform-
ance compared to benchmark schemes. The opti-
mization- based schemes including the SCA, SLSQP,
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Fig. 5. GEE versus the maximum main lobe gain of
beams at satellites
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Fig. 6. GEE versus the peak beam power of satellites

and Trust- constr converge to specific GEE values as
the transmit power gets larger. This is because the
increase in the IBI and ICI limits the sum-rate per
unit power consumption. Therefore, in terms of the
GEE performance, it is beneficial not to exhaust all
the available power budget. Since the EPA always uti-
lizes the total power constraint, its GEE performance
decreases after a certain power. This demonstrates the
necessity of the power control algorithms for max-
imizing the GEE in the multi-LEO satellite networks.

Fig. 7 presents the average GEE with respect to
the static circuit power Percuirs 1t is clear that the GEE
monotonically decreases with Pejrcuit,ss The proposed
SCA is superior to other baseline schemes, proving
its effectiveness for arbitrary static circuit power
consumption.

Fig. 8 investigates the average GEE as a function

of the velocity of satellites vs . We observe that a
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Fig. 7. GEE versus the static circuit power at satellites
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faster movement of satellites degrades the GEE per-
formance due to the increase in the ICI. Moreover,
the proposed SCA algorithm outperforms all the other
compared schemes. Thus, it is concluded that the pro-
posed approach is effective for any given satellite
mobility.

VI. Conclusion

In this paper, we studied a spot beam power control
of multiple LEO satellites for downlink transmission.
To be specific, we optimized the sum-rate and total
power consumption to maximize the GEE of the satel-
lites, each of which supports associated GAPs. We
first formulated a GEE maximization problem taking
all the inter-beam, inter-carrier, and terrestrial network
interference into account. To ease the complexity of
the problem, we further simplified the expressions of
the GEE and interference and then proposed a SCA-
based spot beam power optimization method.
Numerical results validated its effectiveness over
baseline algorithms in different system setups.

To further enhance the GEE performance, a joint
optimization of GAP-beam-LEO satellite scheduling
and spot beam power control can be an interesting
extension. We can also delve into dynamic scenarios
with temporal variations in GAP locations and service
demands, which lead to imperfect and outdated chan-
nel state information at the satellites. Considering the
load of inter-satellite link (ISL) message exchange and

developing a decentralized control of multiple LEO
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satellites can also be a potential future work.
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