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Abstract. In this paper, we investigate the outage probability (OP) of
a hybrid satellite and terrestrial cooperative network (HSTCN) with the
terrestrial relay having multiple antennas. Here, it is assumed that the
satellite channel undergoes the shadowed-Rician fading, while terrestrial
channel follows correlated Rayleigh fading. By supposing that statis-
tic channel state information (CSI) of relay-destination link is available
at the relay, we first obtain the end-to-end output signal-to-noise ratio
(SNR) expression of the HSTCN. Then, the closed-form expressions of
the outage probability for the considered system are derived, where two
combining schemes, namely, selection combing (SC) and maximal-ratio
combining (MRC) protocols are utilized at the destination to combine
signals form the satellite and relay. Finally, numerical results are given
to validity of the OP analysis, and reveal the performance difference of
the two combining schemes.

Keywords: Satellite communication - Correlated Rayleigh -
Multi-antennas

1 Introduction

Satellite communication is known as its wide coverage and convenience for
remote communication [1]. In order to extend the coverage of satellite and achieve
high data transmission, especially when the line of sight link (LOS) is blocked by
obstacles, the hybrid satellite-terrestrial cooperative networks were proposed [2].
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Since the potential value of HSTCNs, many researchers studied this issue.
The authors in [3] addressed a problem of amplify-and-forward (AF) based
HSTCN in which the MRC was applied at the destination, and the average
symbol error rate (ASE) of this system was given. In [4], the authors studied
the secrecy performance of a HSTCN in the presence of multiple eavesdrop-
pers, furthermore, they also assumed that the perfect CSI was available at the
relay and they considered different cooperative protocols at the relay, namely
decode-and-forward (DF) and AF. The authors in [5] considered a HSTCN with
AF based relay, in which the satellite node and destination node were equipped
with multi-antenna while the relay node was equipped with single antenna, the
outage probability of this system was evaluated. The authors in [6] analyzed
the ergodic capacity of a best relay selection HSTCN, in which statistic CSI of
relay-destination links was available at the relays. Furthermore, they considered
two different cases that DF and AF were applied at the relay, respectively.

Although many researchers such as [3-6] have studied the performance form
many angles, they haven’t considered the situation that the relay-destination
link follows correlated Rayleigh fading and the CSI of this link is statistical such
as [7], especially when there are different combining protocols applied at the
destination. To fill this gap, we consider a HSTCN with a multi-antenna DF relay
where the satellite links undergo the shadowed-Rician fading and the terrestrial
link undergoes the correlated Rayleigh fading. Moreover, in order to fully analyze
the performance of this system, we assume that the destination applies SC and
MRC protocols, respectively. Then, we analyze the outage probability of these
two schemes and obtain the closed-form expressions, as far as the authors known,
this is the first time that such expressions are obtained. Finally, the numerable
results are provided to confirm the correctness of these expressions and show the
different performance of the two combining protocols.

2 System Model

We consider a HSTCN in which the satellite source (S) communicates with a
terrestrial destination (D) with the aid of a terrestrial relay (R), similar as [8].
We assume that the S-R and S-D links follow the shadowed-Rician fading and
the R-D link undergoes the correlated Rayleigh fading. The satellite and the
terrestrial user nodes are both installed a signal antenna, while the terrestrial
relay node is equipped with N antennas.

The process of the communication in this HSTCN can be divided into two
time slots. During the first time slot, S sends its signal z, (t) to R and D with

the average power E {|xS (t)ﬂ = 1, the received signal at R and D are expressed
as [9]
Yar(t) = / Pshsa(t)as(t) + nai(t), (1)

yr(t) = \/Ewg-hsrzs (t) + nr(t), (2)
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where Py denotes the transmit power of S, hsq and hg. =[hy, ha, - - - ,hN]T the
channel coefficient of S-D link and S-R link, respectively, w,, € CN*! the receive
beamforming (BF) weight vector at R, ngi () and n,.(t) represent the zero mean
additive white Gaussian noise (AWGN) with variances o3 and o7 at D and R,
respectively. Then, the signal-to-noise ratios (SNRs) at D and R during the first
time phase are, respectively, given by

Ps 2
= 5 hs ) 3
Yd1 U§| dl (3)
P,
Yr = ;;hg.wsrwghs7-. (4)

1

During the second time phase, R processes the received signal y,.(t)
and employs the DF strategy and sends the re-encoded signal z,.(t) with

E {|zr(t)|2} =1 to D with weight vector w,.q € CV*1. Thus, the received signal

at D from the relay can be modeled as

Yd2 (t) =V Prhgjwrde (t) + Nd2 (t)a (5)
with nga(t) is the zero mean additive white Gaussian noise (AWGN) with
E |:7’Ld2(t)2:| = 02. When applying the DF protocol applied at R, the SNR of
S-R-D link is given by [10,11]

’Ydf = min{’}/ra ’Yd2}7 (6)

where

P,
Yd2 = ;;Wféhrdhgjwrd- (7)
2

Since D receives signals both from S and R, we consider D applies two different
combining protocols to combine the signal, namely, MRC and SC.

(1) By applying SC at D, the output SNR is given by

Ysc = maX{’Ydf, Yar} = maz{min{y,,yaz}, Va1 }, (8)

(2) By applying MRC at D, the output SNR is given by

YMmre =7af + Ya1 = min{y,,vaz2} + Va1 9)

3 Problem Formulation and Preliminary Results

We consider a optimization problem to maximize the end-to-end SNRs, namely,
vsc and vprre with the constrained of transmit BF weight vectors of this system.

maxd’yi st wer|| = 1, ||wral| = 1, (10)

Wsr ,Wp
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where (i = SC, MRC) . Since 41 is not affected by wy,., w,q, and according to
(8) and (9), the optimization problem (10) can be reformulated as the following
two optimization problem, namely

max -y, = —gwghsrhgww st lwsr| = 1, (11)
Wsr Jl
P g H
maxyg2 = —5 Wyghrahygwea st ||wpq| = 1. (12)
Wrd JdQ

Then, we focus on the design of receive and transmit BF at R.

3.1 Satellite Downlink Channels

For the optimization problem (11), obviously, the solution is MRC [12], so we
have wg, = hg,/||hg.||. Such that, the maximal value of ~, is given by

Yr :7r|hs7"|2a (13)

where 7, = % presents the average SNR at S, and |h,,|* = Zf\il il

In this paiaer, we assume the satellite links undergo Shadowed-Rician fading,
thus the probability density functions (PDFs) of |h;|*> (i = 1,2---N) can be
expressed as [12,13]

fin 2 (@) = g exp(=B;x) 1 Fi(mi; 15 ¢;), (14)

(i=1,---N), £2; is the average power of the LOS component, 2b; is the average
power of the multi-path component and m; the Nakagami-m parameter. We
assume that S-R link is ¢i.d fading channels, such that, we denote 2 = --- =
On=02by =---=by=b,m; =--- =my = m, hence the subscript i =1,--- N
can be dropped, meanwhile, we retain our focus in the case of Nakagami-m
parameter taking integer values, i.e.m € N. With the help of [12], 1 F}(m; 1; cx)
becomes

= D —m)y(en)

1F1(m; 1; ex) = exp(ex) X Z S

o (k!)
with (), =z(z+1)---(x+n—1). Then, by applying (15) to (14), the PDF of
|hi|* can be denoted as

; (15)

[y

DR —m), ek
fin2 () = (=1) ((;')2 i x az® exp(— (8 — ¢) z). (16)

k=0

£(k)
After some mathematical calculation, the PDF of |hsr|2 is given by [12]

m—1 m—1

fno (@)= Y SNz texp(— (8- c)a), (17)
k1=0  kn=0
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where A 2 Ef\il kx + N and

N .
E(N)zng( H ka-j, i1+ 1), (18)

Jj=1

with B (-, ) denoting the beta function [14]. Thus the PDF of +, can be obtained

k=0 s Vs

Meanwhile, S-D link also undergoes the shadowed-Rician fading with the param-
eters (mg, bo, £20), such that, the PDF of v4; can be expressed as

mo—1 —e
Frn (2 Z i,g+)1aox exp <(ﬂ°7°) ) (20)

S

3.2 Terrestrial Downlink Channel

We assume the R-D link follows correlated Rayleigh fading, such as the related
work [15], thus h,4(N x 1) can be modeled as [15,16]

rd f Zpl (21)

where 6 € [6; — A0;/2,0, + Ab;/2] is the angle-of-departure (AOD) of the I-th
path signal with #; being the mean cluster AOD and A, the angular spread,
respectively, p; (0702) denote the fading coefficient of the path signal, respec-
tively. Without loss of generality, p; (¢) in (21) is modeled as a complex Gaussian
random variable with zero mean and unit variance. If uniform linear array (ULA)

is employed at the transmitter, the downlink array steering vector a(6;) is given
by

a(0) = [1,exp (jrdy cos b)), ... exp(j (N — 1) kdg cos )], (22)
with Kk = f—’; being the wavenumber, \.4 the carrier wavelength and d, the

inter-element spacing. Then, we put our attention on the optimization problem
(12) to maximize the received SNR at D for R-D link. Specifically, the statistical
CSI of R-D link is available at R as our assumption. In this case, R only know
the matrix of h,.4, that is, R=F [hrdhﬁi]. Such that, the optimization problem
(12) can be denoted as

max ygo = ’_yrwfg E [hrdhfd} Wod,
Word
% (23)
st |wegll = 1.
Then, with the help of singular value decomposition (SVD) to R [17], we have

that
R=Va®Vi &= diag(\i,...,\n), V=[vi,...,vn], (24)
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where V is the unitary matrix with v; (j = 1,...,N) being the corresponding
eigenvectors, ® the eigenvalue matrix with eigenvalues \; (j = 1,..., N) which
are arranged in decreasing order. With the aid of Generalized Rayleigh entropy
formula, we have that

WIRW,¢ < Amax (R) = A1, (25)

with the equality sign holding when w4 equals to the eigenvector corresponding
to A1. Such that, the solution of optimization (12) is w,.q =vi. Meanwhile, by
using the Kronecker model, h,4 can be denoted as

h,q = R%h,q, (26)
~ ~ ~ T ~
where h,.q = [hrd’l, el hrd’N} with h,q; ~ CN (0,1) being i.i.d random vari-

ables. Such that, v42 can be rewritten as
2

_ 2 _ 1
Yd2 = '7r|w7{{dhrd| =Yr V{{RZ hrd
~ 1
=%hERHvviIR* h,, (27)
~ 2
=T hrd,l‘

Then, after some mathematical calculation, the PDF of 42 is given by

f'Yd2 ({,C) =

e i (28)

>‘1:77"
4 Outage Probability

Outage probability is defined as the probability that the SNR falls below a certain
threshold vy, thus the OPs of this system when SC and MRC are applied at D,
namely, P¢% and P§¥%. are given by

P2 2 Pr{nsc <y} = Pr{max{ya,va1} < v}
F’Ydf (Vth) X F’Ydl (’Yth) (29)
Pfﬁc = Pr{vmrc <vn}t = Pr{(var +va1) < vn}
:fo F’Ydf(x T) X fog (T)dT,
with F’Ydf (’Yth) =1- (1 - F’Yr (Vth)) X (1 - F’de (’Yth))v F’Yi (I)’ (Z é r,dl, d2) being
the cumulative distribution function (CDF) of «;. with the help of [14], the CDF
of 741 can be written as

m(,—l | a . _ e
Py = 3 Goteir ( z (o s exp(=lhzehin)) - (30)
Such that, the CDF of 4 can be obtained as
m— m—1 A-1
(A= INE(N )" < (ﬁ —c 1
Fy Z Z Z A XP (= —Z=— Ty )|
v k1i=0  kn=0r=0 (5* c) Vs A%
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(1) In the case of SC applied at D, with the help of Egs. (29) - (31), P$% can
be written as (32)

Pt = Fyyp (vin) X Fyyy (i)

mo—1 k -
klE(k)a —cC t - —Co)t
- ,;0 (ﬁofiogk+1 (1 B ZZ:O - l!gy,)ﬁ = exp( = ”YSO)’Y - ))

m—1 m—1 A-1
- A=DIE(N)yen” _(B=c 1
“|! mZ:o kNZ=0 rgo g ()t P ( ( ™ T ’\1‘%) %h)

(32)
(2) In the case of MRC applied at D, the OP is given by (32)
out mot k!¢ (k)ag x (Bo=co) ven' —(Bo—co)vin
Fifie = 2 Go-eottr (1 - 3 s oxp (<05 ))

mo—1m—1 m—1 A—

=
(A=D)IE(N)agé(k)yy, FFHD ( (ﬁ—c 1 ) )
- exp (= (B=¢ 4+ L

kzzjo k12=:0 k}\fZ:OT:O iy (TR (g_c)A—r P Vs Ttk

Vs

A
X B(r+1k+ 1R (k+1r+k+2, (54 + G905ty )
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Fig. 1. Outage probability of the system

5 Simulation Results

In this section, we provide the simulation results to testify the validity of expres-
sions of OP in the last section, the results also shows the influence of the anten-
nas’ number and different combining protocol to the OP of this system. The
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simulation results are obtained with 107 channel realizations, and we assume
that 7 =7, =27, 1:» = 0dB for both the satellite and terrestrial links.

Figure1 shows the OP of the system in the case that different protocols
applied at D and different antennas’ number equipped at R. We assume that
b=0.251, m =25, 2 =0.278 and § =5°, L = 10. It can be clearly observed that
the OP curves are corresponding ti the analysis curves, while the performance
gets better with the increase of antennas’ number at relay no matter in any
scheme. And we find that the performance of the system when MRC applied
at D is better than the case that SC applied at D, which means MRC is more
efficient than SC for combining.

6 Conclusion

In this paper, we analyze the performance of a HSTCN with a DF based ter-
restrial relay which is equipped with multi-antennas. We consider MRC and SC
combing schemes at D for this system to detail the analysis, the expressions of OP
are obtained. According to the numerical results, we find that the performance
of this system gets better with these reasons: the increase of antennas’ number
at terrestrial relay and the enhancing of combining protocol at the destination.
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