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Abstract—This letter investigates the performance of the
satellite-terrestrial networks (STN), where a satellite tries to
transmit information to a ground user through the help of mul-
tiple decode-and-forward relays and the existence of co-channel
interference sources. In particular, the full-duplex technique and
partial relay selection are applied at the relay to increase the total
throughput at the destination, enhance the system reliability, and
reduce the complexity. In this context, the outage probability (OP)
is computed in a closed-form expression. Numerical results are
provided to confirm the accuracy of the proposed mathematical
framework. Our findings illustrate that the outage performance
can be effectively enhanced by increasing either number of relays
or transmit power.

Index Terms—Co-channel interference, full-duplex, outage
probability, satellite-terrestrial networks, shadowed-rician fading,

I. INTRODUCTION

Satellite communications has been recognized by the third
generation partnership project (3GPP) as a complementary so-
lution to the 5G-Advanced system towards the sixth generation
(6G) networks owing to supporting a wide range of terminals,
low manufacturing cost, size, and weight [1]. However, the
performance of mobile satellite systems is constrained by the
masking effect caused by obstacles that block the line-of-
sight (LoS) link between terrestrial users and the satellite.
Additionally, the situation is significantly escalated in case
of low satellite elevation angles and/or indoor users. As a
result, the satellite-terrestrial networks (STN) has emerged as
a promising solution to overcome such issues [2]. In the STN
system, ground terminals receive signals from the satellite with
the help of fixed or mobile relays.

The performance of the STN was investigated in [2]-[10].
Authors in [3] addressed the ergodic capacity of the asym-
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metric free-space optical (FSO)/radio frequency (RF) satellite-
unmanned aerial vehicle (UAV)-terrestrial networks in the
closed-form expression. However, they focused on the combi-
nation of FSO and RF links rather than employing merely
the RF link. Similarly, the ergodic sum rate of the uplink
non-orthogonal multiple access (NOMA) of the satellite-aerial-
ground networks was addressed in [4], [5]. However, they
derived the ergodic capacity instead of studying the outage
probability (OP). Sharma et. al. in [7], on the other hand, inves-
tigated the OP of the cognitive STN. Nonetheless, they studied
the cognitive radio networks while this letter simply addresses
the performance of the STN. The impact of the imperfect
channel state information (CSI) on the OP performance of the
STN was studied in [8], [9]. The results in [8] illustrate that
by increasing the number of relays, the OP can be enhanced
10-times and can overcome the impact of the imperfect CSI.
These works, nonetheless, ignored the influences of co-channel
interference (CCI). The authors of [10] derived the OP under
the multi-user and multi-relay STN systems. However, for each
transmission, only one relay was involved to help the source
and destination transmission. Additionally, they also did not
consider the impact of the CCI and full-duplex (FD) relaying
at the relay. The relay selection in STN was studied in [2].
Particularly, the authors in [2] investigated the performance
of the CST system under a complicated relay selection that
requires extensive feedback information and high computation
at the destination. Specifically, in order to select the best
relay to assist the transmission from source to destination,
[2] requires perfect global channel state information (CSI)
from source to relays, from relays to destination, and from
all interferer to relays and destination. The adopted relay
selection, on the other hand, is simpler and effective since
it solely requires the channel gain from S to relays as like
[11]. However, different from [11] the present work takes into
account the impact of the CCI as well as FD relaying while
the work in [11] ignored it.

In contrast to the above-mentioned works that only inves-
tigated the integration between satellite and FD or satellite
and CCI, we investigate the performance of the STN system
by jointly considering the influences of CCI and FD relaying,
which is highly challenging and not studied in the literature.
The main contributions and novelties of this work can be
summarized as follows:

o To the best of our knowledge, this is the first work to
analyze the performance of a STN while incorporating
FD and CCIL

o Partial relay selection is adopted to both enhance the
system reliability and reduce the complexity.
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Fig. 1: System model

o The outage probability of end-2-end (e2e) signal-to-
interference-plus-noise ratios (SINR) at the receiver is
computed in the closed-form expression.

o The impact of the channel gains from the interferer and
the relay to the destination are derived based on the
mathematical framework.

o Numerical results are given to verify the accuracy of the
proposed framework and to compare with the state-of-
the-art.

The rest of the paper is organized as follows. The system
model is given in Section II. The derivation of key performance
metric is presented in Section III. Numerical results are shown
in Section IV. Section V concludes the paper.

II. SYSTEM MODEL

Let us consider a satellite-terrestrial system comprises of
one source node (satellite) denoted by S, an end-device de-
noted by D and N relays denoted by R,,, n € {1,...,N}
under the impact of M interferers denoted by I,, m €
{1,..., M} as shown in Fig. 1. It is noted that satellite and
end-device are only equipped with one antenna while relays
are equipped with two antennae. There is no direct link from
the satellite to the destination’. Particularly, the satellite sends
information to the mobile user with the help of relay nodes.

A. Channel modelling

In the present paper, we assume that the channel coefficient
of the terrestrial links denote as hxy, X € {R,,I,} and
Y € {R,, D}, follows by Rayleigh fading. Consequently, the
channel gain is followed by an exponential distribution with
parameters \xy>. Regarding the satellite-terrestrial links, let
us consider an arbitrary link from S to the n-th relay denoted
by hgr,, the Shadowed-Rician distribution is adopted owing to
its high accuracy and lower computation burden compared to
other modelling [10]. The probability density function (PDF)
of the channel gain (denoted by 7sr,, = |hsr,, |2) is given as
(2], [10]:

My —1
frsn, () =0 Z Cn ()" exp (=
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'An illustrative practical scenario of the considered networks is that a
satellite provides mobile streaming services and/or Internet to indoor handheld
devices with the help of the terrestrial networks [12], [13].
2X\xy can be considered large-scale path-loss [14].
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and ¢, (k) = (—=1)"(1 = m,),0%/(k)*; Q, and 2b,, are the
average power of the LoS and multipath components of the
7sR,,» respectively. Herein, m,, € N is the fading severity of
Yswr,, and (z), = Hf;é (x — n) is the Pochhammer symbol
[15, p. xliii]. With the assistance of [15, eq. 3.351.1], the
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Additionally, we assume that the channel coefficients remain
constant during one transmission block and change indepen-
dently across different transmission blocks.

B. Information transmission

The whole communication takes place in two hops and
without the presence of a direct link. More precisely, in the
first hop, the satellite broadcasts its information to relays. The
selected relay will decode-and-forward® (DF) the satellite’s
signal to the destination in the second hop. Compared with
the full relay selection or the highly complicated scheme in
[2], the considered one is simpler as it does not require full
CSI of the second hop [11]. Additionally, it should be noted
that the whole transmission solely takes place in one time-
slot since all relays operate in the full-duplex mode, e.g.,
each relay equips with two antennae that are isolated from
each other. The received signal at the best relay denoted

by R, (R, : argmax {vsr,}) and the destination is then
ne{l,...,N
formulated as

yr. =V Pshsr, s + /Pr, faTr.
M
+ Zm:l VP, b, R, 21, + 1R, 3)
M
YD :\/PiRahRanRa‘FZm:l VP, b1, o, +np,  (4)

., and TR, are the transmit signal of the satellite,
the m-th interferer and the best relay with E{|ms|2}

E {|x1m |2} =E g|xRa |2} = 1; E { e} denotes the expectation
operator; ng, and np are the additive white Gaussian noise
(AWGN) with zero mean and N, variance. Additionally, due
to the imperfection hardware, i.e., phase noise, non-linearity of
power amplifier, the self interference (SI) can not be perfectly
suppressed thus, there is the residual self-interference (RSI)
at all relay nodes. The RSI at the best relay, R,, denotes as
fa. Besides, Ps, Pr, = Pr,Vn, and P, = P;,Vm are the
transmit power of the satellite, relays and interference sources,
respectively.

From (3) and (4), the SINR at the best relay and the
destination can be expressed as follows:

VSR, ¥
YR.Ra ® + OR, + 1

where zg, x1

~ Pr.p
~ Oyp + 1’

TRa = (&)

3Compared with other popular relaying protocols, i.e., amplify-and-forward
(AF) and selective DF protocols, the used DF protocol is adopted because it
can realize both the cost-effective and high-performance [3], [16].



where ¥ = Ps/No,(D = PR/N(), e = PI/N(), YR, —
Z,]Zzl |h1mRa|27'YID = E%ﬂ VLI,,,LD|2 and Yr,r, = |fa|2'
Looking at (5), we observe that the received signals at the
relay are subjected to not only CCI but also SI while the
destination only experiences the aggregate interference from
the M interferer. As DF protocol is employed, the e2e SINR
at the destination is then formulated as

Ye2e = min {"YRG, 5 ’YD} . (6)

In the following, two useful Theorems are introduced in
order to compute the important metric, i.e., outage probability,
of the considered system model.

Theorem 1: Given a set of /V independent and identically
distributed (i.i.d.) random variables (RVs), e.g., X1,..., XN,
follows by squared shadowed-Rician distribution with the
triple set parameters (m, b, §2), the CDF of the maximal RV,
ie., Y = max {Xl7 . XN} is given as follows:
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Proof: The proof is given in Appendix A. [ ]
Theorem 2: Given a set of M i.i.d. exponential RVs with
parameter A, the CDF and PDF of the sum of M ii.d.
exponential RVs, ie., Y = Zm 1 X, are then computed as

(M /\y)’fy( ) )\M M—-1

—_ —Ay).
T exp (=Ay).  (8)
Here (e, ) is the lower incomplete Gamma function [15,

8.350.1] and T (e) is the Gamma function [15, 8.310.1].
Proof: The proof is given in Appendix B. [ ]

III. OUTAGE PROBABILITY ANALYSIS

In this section, we derive the outage probability of the
considered system. The OP is referred to the probability
that the 7.2, is below a predefined threshold. Mathematical
speaking, it is formulated as

OP =Pr (Ye2e < Yn) = Pr (min (yr,, D) < Ysh)
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where v, = 20w _ 1 is the targeted rate*. Tl in (10) is
calculated as

~ 7 N (S)
Tl(fﬂ) = /FWSR.,,, (Iy b [y(b —; v 1] ) f“/R.,,,R,a (y)dy
0

al N,m,a,B,0) A
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where v1 (ps,0) = ps — 0+ 1L;v3 = vsYR®/V + Agg,
I'(e,e) is the upper incomplete Gamma function; (a)
is held by employing Theorem 1, the binomial theorem
and [15, 3.382.4]. Next, by substituting (12) into (10)
and applying [15, 3.381.4], Y; is computed in (13) at
the top of the next page where N (Apg,®,v1,v2) =
ArR €xp (Arr/®) (v2) "5 )T (v; (ps, 0) ,v2/®). Having
obtained Y; and Y5, the OP of the e2e SINR is then
computed in (9).
Proposition 1: OP is a monotonically increasing function
with respect to Ajp and is a decrease function regarding Arp.
Proof: The proof is directly obtained by taking the
first-order derivative of OP with respect to Ap and Agp,
respectively. [ ]
Remark 1: Direct inspection Eqgs. (9), (11), and (13), we
can draw the following insights: i) the OP is computed in
closed-form expression without the infinite series as those
typical result in the literature; ii) the impact of the SI
at relay is dominated by the term N (\grg, @, 111,112) Wh11e
the impact of the CCI is: (14 Arpyr©®/(Ap®)) ™™ and

()" / (v) "
IV. NUMERICAL RESULTS

In this section, numerical results are presented to verify the
accuracy of the proposed mathematical framework as well as
to figure out the behaviors of the OP with respect to some
important parameters. Without loss of generality, following
setup is employed throughout this section: Cyy, = 1.25 bps/Hz,
M = 2, v =15 dB, )\IR = )\ID = ARR = 5, and )\RD =0.2.
The triplet set of heavy shadowing (HS) is (m = 1, b = 0.0635
and €2 = 0.0007) and the average shadowing (AS) is (m = 5,
b = 0.3, and Q2=0.279), respectively. All simulation results are
produced via Monte-Carlo simulations with 10° realizations.

Fig. 2 investigates the impact of ¥ on the performance
of the OP. U is considered the average signal-to-noise ratio
of the satellite signals. It is to measure the strength of the
satellite signal relative to background noise on average. Since
U measures the strength of the expected signal versus the
unwanted signal, as a result, increasing ¥ monotonically
increases in the desired signals, thus, improving the OP.
We also observe that the proposed mathematical framework
matches perfectly with the computer-based simulation results.
Additionally, the OP starts decreasing and reaching the lower

4 Cyp is the expected rate that can be considered the minimal required
quality-of-service (QoS) that needs to be satisfied in order to avoid an outage
event.
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Fig. 2: OP versus ¥ with Ciy, = 1 bps/Hz, ® =20 dB and © = 1 dB
under both heavy shadowing (HS) and average shadowing (AS);

bound when ¥ keeps increasing. The main reason behind this
phenomenon is that the e, is constrained by the second
hop from R, to D when ¥ > 1 that is independent of the
W. Additionally, it is interesting to point out that all curves
are convergent to a lower bound regardless of the number of
relays. However, the larger the number of relays the sooner
the convergence to the lower bound. Furthermore, it is evident
that the OP’s performance under heavy shadowing (denoted by
HS) underperforms the average shadowing (denoted by AS).
Particularly, under a single relay scenario, i.e., N = 1 and
¥ = 20 dB, the OP under heavy shadowing is under 0.65
while the OP under the average shadowing is approximately
0.19.

0.06
v =15dB, ® =10 dB

0.05| - ==V =0=20dB
? N =38
= 0.04 ,
‘3 0.
<
e}
o
= 4
[a™
<)
a0
<
= 0.02 ]
o Red: Simulation - Ref. [17]

Blue: Proposed framework
0.01r 1

1 2 3 4 5 6 7
Number of interferer-M

Fig. 3: OP versus M with various value of ® and ¥ under average
shadowing; Ci, = 1 and © =1 dB.

Fig. 3 stretches the behaviors of the OP with respect to the
number of interferers M under various setups of U and .
It can be observed that increasing M will degrade the OP’s

\\ Blue: Framework - Perfect CSI

Outage Probability

2 4 6
Number of relays-N

Fig. 4: OP versus N with various value of ¥ and ® under the average
shadowing setup; Cin = 1 bps/Hz, M = 2, and © = 1 dB. The blue
curves are plotted by employing Eq. (9).

performance. The figure also compares the performance of
the proposed framework with the work in [17]. Specifically,
the red curves that simulate [17] are plotted by employing
Monte-Carlo simulations while the blue ones are drawn by Eq.
(9). We observe that despite experiencing more interference at
the relay owing to FD relaying, the proposed solution always
outperforms [17] thanks to the help of multiple relays. This
figure also unveils a simple but effective solution to overcome
the impact of CCI which is to increase the transmit power at
S and/or D.

Fig. 4 unveils the performance of the OP as a function
of the number of relays under both perfect and imperfect
CSI. Particularly, the following outdated CSI modelling is
considered. All channel coefficients from S to R,,, D and from
R, to D are assumed to be imperfect and is modelled as [18]:
hij = phl] + /1 —pzyij, 1€ {S, Rn}, j € {Rn,D}, and
n € {1,..., N} where h;; is the outdated version of h;; while
w;,j is a complex Gaussian RV with zero mean and the same
variance as h;;. It is noted that w; ; is independent of h;;.
p € [0,1] is the correlation coefficient and is calculated by
Jo (2w fq7), where Jy (.) is the zeroth-order Bessel function
of the first kind, f; kHz is the Doppler shift and 7 is the
feedback delay. According to [19], we choose f; = 1.9 kHz
and 7 < 135 ms for satellite communications. It is highlighted
that under the imperfect CSI scenario, the selected relay is
not necessarily one having the best channel gain from the
satellite. All imperfect CSI curves (red color) are plotted based
on Monte-Carlo simulations, whereas the others (blue color)
are plotted via Eq. (9). From Fig. 4, it is certain that the curves
with perfect CSI outperform its counterpart. However, the
harmful effect caused by the imperfect CSI can be significantly
mitigated by increasing the number of relays. For example, the
imperfect CSI with N = 3 is already better than the perfect



CSI with N = 2 for case ¥ = & = 15 dB. This figure
also reveals that scaling up /N is monotonically decreasing the
OP. Nevertheless, there exists a lower bound when increasing
N. The main reason behind this phenomenon is that despite
increasing N, of course, ameliorates the satellite-relay links,
the e2e SINR is constrained by the second hop due to the
limits of the partial relay selection scheme.

V. CONCLUSIONS

The performance of the STN was studied in the present
paper under the impact of the CCI. Particularly, the outage
probability was derived in a closed-form expression. Numer-
ical results showed that both increasing the number of relays
and the transmit power at S and R are beneficial for the OP.
The paper can be extended in several directions. One of the
possible extensions of the current work is to rigorously identify
the impact of the large-scale path-loss [20]. Another possible
extension is to apply reconfigurable intelligent surface (RIS)
to further enhance the system performance [14].

APPENDIX
A. Proof of Theorem 1

In this section, we present the derivation of the CDF of the
maximum of N ii.d. squared Shadowed-Rician distribution.

Let us first formulate the definition of the CDF as follows:
Fy(y) = Pr{max {X1,..., Xn} <y}
N N
= anlPr{Xn <y=11 .
k
(@) mn—1 — M), (0n)
B n=1 Z Zp 0 k'p 6n)(k+1—p)
x P exp (— (Bn — Op) )] (14)

)

= 1+Z )" /T (n, N,m,a, B,08) 2PS exp (—zvs)
n=1

(a) is held by substituting the CDF of the Shadowed-

Rician distribution in (2) and (b) is obtained by em-

ploylng the followmg 1dent1ty H 1=z, = 1+
Zg 1 nl)" an Zn _1Ht | Zn,. Finally by intro-

n1#EN2...Eny,
ducing the shorthand T (n,N,m,q, 3,0), vs, and ps, we

obtain (7) and close the proof here.

B. Proof of Theorem 2

In this section, the CDF and PDF of the sum of N i.i.d.
exponential RVs are given. Let us start with the moment
generating function (MGF) of ¥ = ZnN:1 X, as follows:

N
My (s) =E<exp | —s Z ZTn
n=1
N oo
(é) / €xXp (75"5”) an (In) dxn
n=1 =0

,’:]z

A /(54 An )—/\N/( + M), (15)

n=1

where (a) is obtained due to the independent property of N
RVs and (b) is held owing to the identical property. The PDF
is then attained by employing the inverse Laplace transform
as
ANyN"Texp (M)
I'(N) ’
where £7! {.} denotes as the inverse Laplace transform. The
CDF is derived by taking the integration of the PDF and we
finish the proof here.
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