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Abstract: Considering the problems of huge power consumption, spectrum scarcity, and secrecy transmission of fu-
ture communication system, the satellite-terrestrial integrated network(STIN) has been considered as a promising architec-
ture scheme due to its advantages of power consumption, spectral efficiency and overall deployment design. This paper in-
vestigates the energy efficiency(EE) maximization problem in STIN and proposes a secure beamforming scheme. By assum-
ing that multiple eavesdroppers attempt to wiretap the satellite downlinks, and only statistical knowledge of wiretap channel
state information is available, this paper aims at maximizing the EE of cellular user under the constraints of BS transmit
power budget, signal-to-interference-plus-noise ratio(SINR) requirements of earth station and cellular user, and the outage-
constrained SINR requirements of eavesdroppers. This paper proposes a robust hybrid beamforming scheme, and utilizes S-
Procedure and Bernstein-type inequality methods to convert the nonconvex outage-based constraints into linear matrix in-
equalities and second-cone constraints. Then, Charnes-Cooper transformation and penalty function methods are adopted to
transform the original NP-hard optimization problem into a convex one, and a two-layer iterative algorithm is proposed
solve the problem and obtain digital and analog beamforming weight vectors. Simulation results verify that the proposed hy-
brid beamforming scheme can significantly enhance EE performance.
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L E NN T 7 (Semidefinite Relaxation, SDR) H 2282 %
B 1 BRI, PR T 58 Hh RSO R R L BEAILAE
PR R A 1A R B RE R, I D s 25 s i AR 1Y)
VE R AL A . bl T BEATL = A= 04 5 RO B A g
UE SR J5E ) 0 1Y) 4 JRy S DA Ak, G G2 A 5 2 B 1 1
LT, PERE AP IR B TREAS A 850, DR P 50 L
FfE A RE AT RE 2 25 T e IR AR BE . X ik —[m)
ATTHE T HE T non-smooth J7 V& A IE AT REEE
LA Ta] 8 (30) r 8 550 05 R TR SR A Sk 18], PTf ]
L(30) Rk 1 BRI C, E B ik oh
C,: Tt(V) = 2,..(V) <0 (34)
Hord 2 (V) FORAE VI i RAFAEAE . X FAT 20
B 240 Tr(X) =2,,(X), Wt , & (34) % #h F
Tr (V) =2, (V), BVEEFE VA HAUEH — 3R 5 REHIE
TH V=200 (V) ¥ Vi FE 1w Ry e KRR AR AR X 1 1
FEOE i . AR (30) Al KR R

max Tr( H,P"VP"")
V., ( 35 )

s.t.C,-C,,C,

i ZAR B, 2 Tr(V) = 2, (V) {E /N,
VIR 2V voavi o BIIGEE TR 19 B AR 21 15
Tr (V) = Ao (V) I E R AT BEHB G I T 0. 8 31 R AR
PRI B BRI 25 C e A B bs s B, T LA 2]

max Tr (HPVP™) —gu(Te(V) =4 (V)]

s.t.C,—Cq
Horr  J& — A ERKBE M AETTH T, B FE FIRE
Tr (V) = Ay V) PHELE S /N . 1T A (V) BRI 4
PE, Pe k)8 (36) J& F IMTRLR ) 8. AR 45 A, ( X)) [ 4

N 8/lmax X %
E*%A@ﬁ% :xmaxxnl:ax ’ ﬂ"f%‘
/lmax( X) _lmax(V) = < V‘me:ax7X_ 14 > (37)

Hoih ( AB ) =Tr( A" B). SR AL L1 (30) g
AT i VO LA BRI B e R AR AIE O% 2 v, A Ak [R)
(36) Al HFT AN

max Tr( H,P"VP"")

vor,

(T ) - (v y) G8)

s.t.C,—-Cq

BB P A 18] 8 (38) 7E 55 m W B AR 1 e A A

Yo R AT gE — 28 e B a2k AR A i Sk
F ( V(m+l)) _ Tr( Hc P(n)V(mH)P(n)H)

_#I(Tr(V(mH)) _/lmax( V(m+1)))
> Tr(Hcp(n)V(mn)P(n)H) —,ul(Tr(V("’”))

A (V) = () e e _ o >) (39)

max " max ?

> Tr( H, PO+ l)P(n)H)

_'ul(Tr(V(m+l)) _/’{max(V(m+1))>
=F(v™)
[ 2, S 4EL 3% AR R A0 Ak [R) R (33 ) AT S 2R 3 oy
max Tr(l}(”)“ﬁ‘,l}(”’i’) —ﬂz(Tr(I;) - < P p P >)

> max ?
P,

st.C,-C,
(40)
FH T [A) E(38) i1 (40) ¥ 24 o AL Ak m) &t , AT FH
CVX B AR, R e AR B LR 4538, 36 7] oRi
BB A B IR MO S Ak 1 R .
By BT RS RAS B BRI AR %
WA RS SRC S h o h b, g,.g..g, ) BIVTELK FEub R
BN, P ST TR, T, T, L 50 I AR TR R R o, i
TR P, 5 B2 XU R AR BE 4350 &, Al e, , B2 8 XU R AR UCEL
n=0Ffm=0.
1) SMEEI
2) AR (30) A1 (33) 55 T Ak V@ il B, 01 i A6 A 57 e 5
PR, F 5
3) VO =y ST (V) =2 (V™) e, ST N ZIEER
PATH TR A5
4) IS A (38, FAFAH R ff V™, & Ve =17
5) FIWr: A VD — VO R IC R RN 6, W B e, =
2u, , RZWEFim=m+1;
6) A VO =y 3k yOYELT SVD 4G B BT IR B AU
v B m=0;
7) /%f"’")zﬁ“”,%’lTr(ﬁ(”’)) —imax(ﬁ‘"") >, I, HEAT N2 IG IR,
PATHTE8~9;
8) HHEARALIFIE (40) , JASHS (9 fi P, 4 PO D= P
9) T AN RH R PO — PO TER T AN T ey, W Hi 1, =
20, JRZIWEHim=m+1;
10) 4 P9= P FFHE R PO B n=n+1;
11) FUBTAM G IR R 1530 S, BIDGET Wk | B POy —
RPN | <o IR I AREEANE IR , 2 2 T k2

4 HEERESN

TE T4 09 & B TR 5 DR OB S0k b T SR IR
AR AU 2 B A UR AU R TR R A B AL . Bk
PR 2 B WO T A vl R e £ 2 B A R 2%
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BRI AR LT S-Procedure 195 B0, A4k 7]
B38) A N+ K+ 185 KA RST 2N, A
BRI 44 RS A N, 2R S 2R 1, 8 Ak [a] 8
(40) & A N; N+ K428 de KA RGE R 2N, N, A
CBR S 3RS N N AR R ) . AE ST
Bernstein B S5 207 kb AL RDEE(38) %A N + K +
VAE R 2K + 44 RST N, A 2B KR
SN AN+ 18 ZRHEASE LR Pk m) 2 (40) &
F NIN2+ KA 2K+ 3 RSH N NN, B2 AN 45
ABRE KNS NINZ+N, N+ 1R RS
il AR L AN E N E S AR B S T, F1
T,, % F S-Procedure Fll Bernstein LU N R TSR
R NC-R S % il B |

S - precedure:

O(T1T2‘/2KN,,+4N, ny [4KNZ(2N, 4, )
+4N2(N,+n,) +nﬂ +T,T,/2KN,N_+3N,N. -n,

[4KNENZ (2NN, +0,) +3NEN (NN, +my) +03 )

Bernstein - type - nequality:

O(TITZ‘/(2K+4)N,+K oy [(2K+ NN, +n,)

K (N2+N,+2) +03 | + T, T, JQK+3) NN, +K -n,

.[(2K+ 3)NENA(N,N,+n,) +K (NEN2+N,N,+2) +n2]
n,=N}+K+1, n,=N;N}+K
(41)

5 (FESH

R T8 UE A ST R R B SO AR R T
S-Procedure il Bernstein B A 25 3 11 7 28 5 S ok 39 3% oy
KA T G el % S Th R/ M s T B R
5 Z R E R db Ty AT X HE L S M 4 A
2ANGINT T P RN T 25 35 7E 105 AN st IR 45 7
SEVCHE N . EIER 18 GHz, £ s 95 4 50 kHz, 1
FARLEE R T=300 K, Bl & HF D #6430 % 1= 1/0.39, B A
AR HL B ) AR RE (RS AT RS Ty DA RTicss ) h
P,=40 mW , 5§k [ () DIHFE A P, =200 mW , LA &
SR A P =1 W, H o A 55 FH P B4 T I HE T FR
95 dB, BT A M5 T M LLBR M —10 dB, H AR 24
WA 0.1, 53 W 8 R 22 A B 7 225 @ = T, £=0.005
FORIREN T M.

K 3 25 H T 3 F S-procedure J5 ¥ 15 H IR & )%
HRIE 5K i Py (05— 1k 7 1 &, A7 D0 A € % 2467 S
dB. Z B S LA T N, =8 x 8 1Y 240 - T
R, L0 19 & 5 D) BRI R P, =20 mW. M Hm] L)

B R KRS BMRE T e e, (R
5 A TR M TR Ak 7 AR T —40 dB B U0 TR D
SR REAT A8 HU A ) ot X b Tl A T L [RIE AR ™
A 2 A SRR TG T P PRSI T 205 FE AT LA
0 3 M At 14 T S B TR T A B 1 22 A

0 50

100
KPR/ E

K3 R BARIE I — 7 i 4]

P4 45 1 1 e P BE R IOR S Bk A S R
TEESIRE R R E . AR S T Ny=4x
4 Y32 5 B R R B RO N =4, NIE PR LR
P Bt i i S S SR I, e 3 P B BE A N 2 B
T, SR B —TTER(ELI , REALA 22 Bl 0t R S DR
AR 1 i AR A O R TR E . R R O TE A B A A AR A
Xt A AR T TBRAEL Py Ji , 2 — 23 0 A 3 D) R 45 BE
SRR T 3R B A I R AT B B P R A )
1, DR S 0t SEBR BG)  S R A 2K IH A Py, AT 74
RERLYEREIRAL . 351, 35 I AU RER s R TR A
DIy A& B BT 2 0 . 3R DA Sy TR R A T AR A
FE L TRT 3 ) WSS T LU BRI  E— P TR
S5 D)3 2 M ik TR L B I DT Dl /) B
P EIRERL .
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o

FS

o o o o o
Now

-

REERER (bps-Hz " Joule™)

N
oo

40

i 30
EEEL@JM

0 10 Eéoﬁifﬂ]$Pb/dBmW
B4 fRiotdess P SEBR I RS e/ VDR T BR Z A1 6 R

P 5 25 T 3 T P I REAK S Bl S A D) R 5
F . ARBIEI AR TN, =4 x 4 B0 P I, S A
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PERECA N, =4, DRKGTIIR R 1 W. B REN b
L R S IR AN, Bernstein AN %5 X +SDR A9 77
22 AR Y S-Procedure il Bernstein BN 28R 7 %
JIAS R BERCIE K, ik B — DR T IRME S, REACKE
#FETFERE . M H A T S-Procedure 52 XF T AL AL 7] 8511
WAt AL B, R E BE ZEAE T Bernstein BURSE X7 2,
TR T REHLAE ™ A= 09 % 5 RUE , SDR 7 & 1 14 fig
B T ARSI R A P AMESTT sR AT 28 . AR R R KA
D7 %, BAw sR A 2R 2 Bl R D)3 TRR 3G i — &
B4R, PRI T 28 B RE A3 = SE 3G I8/ . i 2 5 2 o
S/ MU ZEAE T T P TR L B BRI RN 55 W 9 o
WERSAEIG , it — D Hn P, 25 B RERUMERE S
Rof AR R IV O, 3 ) 22 53 Iy 238 e /N A ) 88 ) e A0 2
FER TR K I P, =P, R RERCE RE
SO TR TRE.

o $——5—% l
2 025 4
3 -
2 AP A A N A
W 02f -
T 2,
Iy *
5
S 015 "
w i
Ml—T —%— S-ProcedureJ552 .
i 0. —o— BemsteinBURER SR 'n
ﬁ --@-- BemnsteinBYAR&ZH{+SDR i
# oo -8 EERAUHE
: e BTN IMEITR L
%0 2’ 3r5 40

5 30
BUREINEP JdBmW
IS e P R S 3 R T TR R

K6 e T AR & REME Lt . K74 M T
Bernstein AN 45 27 270 AN [F] K 2k P25 40 T 1 e 3 1]
FURER S HE I A O R . T BRI AR K 3~5 11
5 B JE T 4 i L TR & FE 45 74 (Full-Connected Ar-
chitecture). & 6 /R T A HIR A FESEH (Interleaved
Hybrid Architecture ) R R IR A B 45 49 (Localized Hy-
brid Architecture). M T 2 iE IR G, L85
TRIR G FELBR T IG AR Eh oy, i ELsi b TR AH A A
i, R4S T R B D SRIEAE . N T R, iR R 2k
I 5 K] 1) B A 2 i 7 6 ol S A I8k %) 398 g s 2>, i
A& ST Jry 0 235 1 1 RE 5P RE R UR /D (4 R A T A
ARSI PR Ry SRR B 0 S AN A 23 38 0 3 R
KM AR R, TS iff — D N 4 i 2 451 1 7
AH A E B RIAF R A D FE . T LB 2 Sl S 1 AR
1, LR TR A A 1 7 SRR LT — X 2 ol 2
o IR 2 25 48] 1 F, 6 DR AR ], T 2 b 45 4 ) 38 A
I, R RERCE B 2 AR T 40T . 2 REEE e, 3 Fh
J5 ZE B RE A M RE 1A T B AT, 3k 2 R A R e B iy 48

A7 A R 508 MR /N T T A A 0 R, DR T RS
R AT .

Y& as MR P, &

Ko IR R mR i R IR 45

T T T T T

X SEmRAMEn
o ZRAML |
0 EERAMsEE
— \ =8x8
b
——-Nb=16x16

P17 3SR BEZRC S Sl S S O 3R

P8 45 th 1 3 P AR S Bl RAKAI 5 A
ML RT A S8 A B 45 ) B BEAL P RE I A0 T 807
RO 7 SR B PERE , 10 ELET A J7 58 9 REZCIE RE X Bl %
KLY IE NI/ ]N | 52 SV ) d TR 5 P 45 ) 1) 1 i
BT AR A . IR R I B 38 0 ok 54
HL A 1 A AR, 3 0 T REAL ARG . DA vl 4
T, s RN A PP A T IR LA B T R AR BRI
T AT RE A ) S RUROR 453 1 R M, DA T 3R AT 52
1o Y RERLERE .

045
o« 04—
g 035 | | W eERapsy |
30 D B AR
T el Bk
y o [ Pt
3 0.25|- :
a
% 02
$
I8 0.15
B
0.1
005
0
4x4 8x8 12x12 16x16
Bt RE&H

I8 Bs TP RS S Sl KRB R
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AR SORT L b gl £ TN 4 T R T RE AR 28 A U R U
BT AT TOESE . R R R R & R 450 IF I
& T 5 - Rk A i Dz B 5 T L
LR T RS A 5T T A TR L 20T, AR SO
% T W P e KAL) R . 4353 Kl FH S-Procedure
Fl Bernstein BUAN 35 27 e 2 T AER A S 51 r 5 T
M L 2 46 Sy 2 P B A 4 R — R BRI B =K, O
% Ml Charnes-Cooper %% 45 Fl§i} bR 20206 & A 40 X H Aw
PR RS B A ™ DL A TR R 5 A ™ DG A TR A, 4 H — T 3L
J2 5 ARTRTE TR B P AEL I R OB AR i, T4
Br 7T AR R D A R ER ] AR SRR P R
F I TR T 58 B A B0 1Y) R L A Tk R B AR
ke

S 30k

[1] LIN Z, LIN M, DE COLA T, et al. Supporting IoT with
rate-splitting multiple access in satellite and aerial-integrat-
ed networks[J]. IEEE Internet of Things Journal, 2021, 8
(14): 11123-11134.

[2] LIN Z, LIN M, CHAMPAGNE B, et al. Secure and energy
efficient transmission for RSMA-based cognitive satellite-
terrestrial networks[J]. IEEE Wireless Communications
Letters, 2021, 10(2): 251-255.

(3] #hfg, Ztpml, WOONsE, &% AP TR B iR & eSS

HVERE ST HB T2, 2018, 46(1): 8-14.
LIN M, JIANG Y W, OUYANG J, et al. The performance
of a hybrid satellite-terrestrial cooperative networks with
interferences|J]. Acta Electronica Sinica, 2018, 46(1): 8-14.
(in Chinese)

[4] LIN Z, LIN M, WANG J B, et al. Joint beamforming and
power allocation for satellite-terrestrial integrated net-
works with non-orthogonal multiple access[J]. IEEE Jour-
nal of Selected Topics in Signal Processing, 2019, 13(3):
657-670.

[5] ZHU X M, JIANG C X, KUANG L L, et al. Cooperative
transmission in integrated terrestrial-satellite networks[J].
IEEE Network, 2019, 33(3): 204-210.

[6] AN K, LIN M, OUYANG J, et al. Secure transmission in
cognitive satellite terrestrial networks[J]. IEEE Journal on
Selected Areas in Communications, 2016, 34(11): 3025-
3037.

[7] LINM, LIN Z, ZHU W P, et al. Joint beamforming for se-
cure communication in cognitive satellite terrestrial net-

works[J]. IEEE Journal on Selected Areas in Communica-

tions, 2018, 36(5): 1017-1029.

[8] LIN Z, LIN M, OUYANG J, et al. Robust secure beam-
forming for multibeam satellite communication systems|J].
IEEE Transactions on Vehicular Technology, 2019, 68(6):
6202-6206.

[9] LIB,FEIZS, CHU Z, et al. Robust chance-constrained se-
cure transmission for cognitive satellite—terrestrial net-
works[J]. TEEE Transactions on Vehicular Technology,
2018, 67(5): 4208-4219.

[10] LIN Z, LIN M, WANG J B, et al. Robust secure beam-
forming for 5G cellular networks coexisting with satellite
networks[J]. IEEE Journal on Selected Areas in Commu-
nications, 2018, 36(4): 932-945.

[11] RUAN Y H, LI Y Z, WANG C X, et al. Energy efficient
power allocation for delay constrained cognitive satellite
terrestrial networks wunder interference constraints|J].
IEEE Transactions on Wireless Communications, 2019,
18(10): 4957-4969.

[12] HUANG Q Q, LIN M, WANG ] B, et al. Energy efficient
beamforming schemes for satellite-aerial-terrestrial net-
works|J]. IEEE Transactions on Communications, 2020,
68(6): 3863-3875.

[13] RUAN Y H, JIANG L J, L1 Y Z, et al. Energy-efficient
power control for cognitive satellite-terrestrial networks
with outdated CSI[J]. IEEE Systems Journal, 2021, 15(1):
1329-1332.

[14] CHEN P, OUYANG J, ZHU W P, et al. Energy efficient
beamforming for multi-user transmission in cognitive ra-
dio networks with secrecy constraints[J]. IEEE Access,
2018, 6: 74485-74493.

[15] SHENG M, WANG L, WANG X J, et al. Energy effi-
cient beamforming in MISO heterogeneous cellular net-
works with wireless information and power transfer[J].
IEEE Journal on Selected Areas in Communications,
2016, 34(4): 954-968.

[16] OUYANG J, LIN M, ZOU Y L, et al. Secrecy energy effi-
ciency maximization in cognitive radio networks|J]. IEEE
Access, 2017, 5: 2641-2650.

[17] JIANG Y H, ZOU Y L, OUYANG J, et al. Secrecy ener-
gy efficiency optimization for artificial noise aided physi-
cal-layer security in OFDM-based cognitive radio net-
works|J]. IEEE Transactions on Vehicular Technology,
2018, 67(12): 11858-11872.

[18] HE S W, QI C H, WU Y P, et al. Energy-efficient trans-
ceiver design for hybrid sub-array architecture MIMO



134 H, ¥

2022 4F

[19]

[20]

(21]

systems[J]. IEEE Access, 2016, 4: 9895-9905.

ITU-R F. 699-7. Reference radiation patterns for fixed
wireless system antennas for use in coordination studies
and interference assessment in the frequency range from
100 MHz to about 70-86 GHz[S]. 2010.

ARNAU J, CHRISTOPOULOS D, CHATZINOTAS S,
et al. Performance of the multibeam satellite return link
with correlated rain attenuation|J]. IEEE Transactions on
Wireless Communications, 2014, 13(11): 6286-6299.
WANG K'Y, SO AM C, CHANG T H, et al. Outage con-
strained robust transmit optimization for multiuser MISO
downlinks: Tractable approximations by conic optimiza-
tion|[J]. IEEE Transactions on Signal Processing, 2014, 62
(21): 5690-5705.

EEEN

& B 19924F A LR L
o, E B RHE I TR BRI, RS
p b Pt N L ERER (8L N iR R
eSS4

WO B 1924 R WL M. 1
o P AT 5 L LR B 2 T
LA W, TS T 0 TR R G e
{55 A R AL,

BER P 19934 A R AHA . T
+, FEWFSETT 1) g B A R 4% TR LRI
A

B B 19924 A TTANINHA . B
R NE SR RS N SO B S T L S 1 e o
FEWEF Iy R DAL AR A B e
1.

BRE B 1995 F A AR A . M
TR HL K230 (5 515 B TR Bl 0o 4
FEWEIT ) BAGE S GREE SR A
Tk A

R B 19814E A B IHE A T
+, B BB K2R S =W BT g 61,
LR A PSP s e A R s L



