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Integrated Satellite-Terrestrial Networks
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Abstract— Allowing frequency reuse between satellite and
terrestrial networks, the integrated satellite-terrestrial network
can spatially optimize the usage of scarce spectrum resource
and is thus becoming one of the most promising infrastruc-
tures for future multimedia services. Taking the requirements
of both efficiency and reliability in satellite communications
into account, we propose an adaptive transmission scheme for
the integrated network in this paper, where the satellite can
communicate with the destination user either in direct mode or in
cooperative mode. Specifically, we first investigate the symbol
error rate (SER) performance of two transmission modes with
co-channel interference under composite multipath/shadowing
fading. Taking the derived SERs as constraints, we formulate
the adaptive transmission scheme as an optimization problem
with the objective of maximizing energy efficiency (EE) and
discuss the trade-off among EE, spectral efficiency (SE), and
SER. Furthermore, economic efficiency is also analyzed as a
complementary performance measure to SE and EE. Simulation
results show that the proposed scheme can increase the attainable
EE of satellite communications, which indicates that we should
choose the transmission mode adaptively according to different
interfering scenarios and shadowing degrees, rather than adopt-
ing cooperative transmission aggressively.

Index Terms— Integrated satellite-terrestrial networks, adap-
tive transmission, symbol error rate, energy efficiency, economic
efficiency.

I. INTRODUCTION

SATELLITE systems have been commonly applied in the
context of broadcasting, navigation, rescue, and disaster

relief due to its characteristic of wide coverage. One potential
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drawback is that the system degrades in the presence of shad-
owing, occurring when the line-of-sight (LOS) link between
the satellite and the terrestrial user is blocked by obstacles.
While the cellular network can provide low-cost coverage
for high-density populations in urban areas through its non-
line-of-sight (NLOS) communication. It can be seen that
a/an hybrid/integrated satellite-terrestrial cooperative network
comprising a satellite component and a terrestrial component
that complement each other can realize genuine ubiquitous
communication [1], [2]. In this case, the mobile user can
exploit the advantage of spatial diversity gain by receiving
independent fading signals from the satellite and terrestrial
relays. As a result, a higher transmission rate and/or more
reliable transmission can be achieved [3], [4].

In a hybrid network, terrestrial components operate inde-
pendently from the satellite and do not necessarily operate in
the same frequency band as the satellite. Until now, numerious
studies have been done on the hybrid satellite-terrestrial coop-
erative network (HSTCN) from various performance metrics,
such as symbol error rate (SER) [5] and outage probabil-
ity (OP) [6] in single-antenna scenarios. Extension works to
multi-antenna satellite communications with orthogonal space-
time block coding (OSTBC) and beamforming schemes were
conducted in [7] and [8], respectively. Moreover, some studies
explored performance of the HSTCN from the perspective of
relay selection or power allocation with various objectives.
Sreng et al. [9] selected the relay with the best quality of the
relay-destination link in a single-user scenario. Taking the reli-
ability of transmission as target, Upadhyay and Sharma [10]
employed a max-max user-relay selection scheme to minimize
the OP of the system. Despite of the benefits of the hybrid
network, the independence between satellite and terrestrial
components in a hybrid network cannot meet the increasing
demand for higher spectral efficiency (SE) of the overall
system.

To address this issue, the integrated satellite-terrestrial net-
work which spatially optimizes the usage of scarce spec-
trum resource was introduced in [11], and is becoming an
attractive and promising infrastructure for future multimedia
services. Different from the hybrid network, the integrated
satellite-terrestrial network is a system employing mobile
satellite service (MSS) and a terrestrial component where the
terrestrial component is complementary to and operates as
part of the MSS system. In the integrated network, the ter-
restrial segment is controlled by the satellite resource and
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network management system. Further, the terrestrial com-
ponent uses the same designated portions of the frequency
band as the associated operational MSS system. Although the
frequency reuse between satellite and terrestrial components
can increase the SE of the overall system, it would inevitably
cause co-channel interference, referred as inter-component
interference [12]. In this regard, Deslandes et al. [13]
presented several interference scenarios and evaluated the
influence of the satellite frequency reuse pattern and the
exclusion zone size. Interference mitigation schemes based
on position and dynamic resource allocation were studied
in [14] and [15], respectively. Moreover, An et al. [16] and
Yang and Hasna [17] conducted performance evaluations of an
amplify-and-forward (AF) based integrated satellite-terrestrial
network with co-channel interference corrupting both the
relay and destination nodes. In addition, fifth-generation (5G)
communications are also involved in the integration of satellite
and terrestrial networks. B.S.M.R. et al. [18] analytically
evaluated the self-interference and co-channel interference in
a scenario where full-duplex enabled small cells reuse the
satellite feeder uplink band. In [19], low power device-to-
device (D2D) transmission mode was employed by terrestrial
communication systems to access the satellite spectrum band.

The aforementioned papers [5], [6], [16], and [17] mainly
focused on performance analysis of the hybrid/integrated
satellite-terrestrial network adopting the cooperative transmis-
sion mode aggressively, without considering whether the added
relay node could achieve performance enhancement in prac-
tical implementation. Actually, in the frequency reuse case,
cooperative transmission is not always more efficient than
the direct transmission when taking interference and circuit
power consumption into account. Based on the observation
in [20], it is meaningful to adopt different transmission modes
contingently. However, to the best of the authors’ knowledge,
an adaptive transmission scheme has not been studied in the
integrated satellite-terrestrial network, where the interference
environment and channel fading are different from terrestrial
networks. Moreover, the existing studies mainly optimized
the performance of satellite communications from a single
perspective, such as SER in [5] and [17], capacity in [16],
energy efficiency (EE) in [21], OP in [9] as well as our pre-
vious work [6], [22], without considering the interrelationship
among these performance metrics. To fill the above research
gaps, we introduce an energy efficient adaptive transmission
scheme for integrated satellite-terrestrial networks with SER
constraints, where the terrestrial component uses the same
portions of the mobile satellite system frequency bands [23].
Note that in the integrated satellite-terrestrial networks we
focus on in this paper, the terrestrial component the satellite
and terrestrial components are integrated from the physical
layer aspect.1 In this situation, the satellite can communicate

1As described in ETSI TR 103 124 v1.1.1, satellite and terrestrial compo-
nents can be integrated either at lower layer (e.g., in [24] where cooperative
diversity technique was employed in physical layer) or at higher layer
(e.g., in BATS project where traffic was dynamically routed between the
terrestrial based internet access and the satellite broadband access and then
recombined at application layer). In this paper, we concentrate on signal
processing and resource allocation at lower layer as in [23].

with the destination either directly (direct mode) or employing
the terrestrial component as a repeater to achieve cooperative
diversity (cooperative mode). The major contributions of this
paper can be summarized as follows:

• To optimize the utilization of network resources, an adap-
tive transmission scheme for the integrated satellite-
terrestrial network is proposed for the first time,
illustrating the optimally energy efficient transmission
mode for different interfering scenarios with various
shadowing degrees.

• We extend the scenario of the integrated satellite-
terrestrial network in [16] and [17] to a more practical
one, where multipath fading and shadowing fading are
all considered for the satellite downlinks and terrestrial
links. For such a composite multipath/shadowing fading
environment, we model all links as generalized-K fading
channels uniformly for its relatively simple mathematical
form [23]. Based on which, theoretical analyses of the
exact SERs and asymptotic SERs are conducted for two
transmission modes.

• Taking the requirements of both efficiency and reliabil-
ity in satellite communications into account [25], [26],
we analyze the trade-off among SE, SER, and EE.
Specifically, taking the derived SERs as constraints,
we optimize the EE of satellite communications to obtain
the optimal transmission mode. Moreover, we discuss the
effect of SER constraints on the optimal transmission
mode from the perspective of EE-SE trade-off. Further-
more, the economic efficiency (ECE) is evaluated as
a complementary performance measure to SE and EE,
offering an inherent trade-off between SE and EE.

The remainder of the paper is organized as follows.
Section II introduces the system model. Section III investigates
the SER performance of the integrated satellite-terrestrial
network. In Section IV, an energy efficient adaptive transmis-
sion scheme is proposed. Simulation and numerical results
are given in Section V. Finally, conclusions are given in
Section VI.

II. SYSTEM MODEL

As illustrated in ETSI TR 103 124 v1.1.1, there are multiple
ways in combining satellite and terrestrial communications.
The integrated and hybrid satellite terrestrial networks are
two popular ways in the existing literature. The main differ-
ence between integrated and hybrid systems is on whether
both space and terrestrial parts use a common network and
spectrum. The terrestrial part of an integrated system is a
complementary part of the satellite system and thus, it uses
the same frequency band allocated to the satellite system and
is operated by the same network. On the other hand, a hybrid
system may combine a satellite system with a terrestrial
one with different frequency bands, networks, and even air
interfaces.

Considering the integrated system can spatially optimize the
usage of scarce spectrum resource, in this paper, we consider
an integrated satellite-terrestrial network as shown in Fig. 1,
where the satellite component and terrestrial components
operate on the same frequency band (L band or S band)
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Fig. 1. System model of the integrated satellite-terrestrial network.

and use a common management system. In the integrated
network, the satellite (S) communicates with the destina-
tion terminal (D) either directly or employing the terrestrial
relay station (R) as a repeater to achieve spatial diversity
gains.2 Related resource allocation scheme will be detailed in
Section IV and this process can be carried out at the level of
gateway or the network control center. It is assumed that each
node is equipped with a single antenna and operates in a half-
duplex mode. Due to the frequency reuse, the relay and/or the
destination will suffer from the interference caused by cellular
i -th base station (BSi , i = 1, · · · , L). We denote hsr , hsd ,
and hrd as the channel coefficients of S → R, S → D, and
R → D communication links, respectively, while hir and
hid as the channel coefficients of BSi → R and BSi → D
interfering links, respectively.3

A. Signal Models of Two Transmission Modes

1) The Direct Mode: In the direct mode, the satellite
transmits signal to the destination directly with power Ps .
Meanwhile, the destination will suffer from the interference
from the surrounding base stations, each of which the transmit
power is PI . The signal received at the destination can be
expressed as

ysd = √
Pshsd x +

i=L∑

i=1

√
PI hid z + nd (1)

where x is the desired signal from the satellite and z is the
interfering signal from the base stations. Herein, nd is the
noise at the destination in the direct mode. It is assumed
that all the noises in this paper are complex additive white
Gaussian noises (AWGNs) each with power N0. The signal-to-
interference-plus-noise ratio (SINR) for the direct mode, γsd ,
can be expressed as

γsd = Ps |hsd |2
∑i=L

i=1 PI |hid |2 + N0
= γ1

γ2 + 1
(2)

2In this paper, we concern the physical transmission performance and thus,
the cooperation between the satellite and the terrestrial relay we focus on falls
into the physical layer to obtain spatial diversity gains. Here, the terrestrial
relay relies on the existing cellular infrastructure.

3These channels are assumed to be quasi-static and channel information can
be obtained by adopting the channel estimation method proposed in [27].

where γ1 = Ps |hsd |2/N0 = γ̄s |hsd |2 and γ2 =∑i=L
i=1 PI |hid |2/N0 = γ̄I

∑i=L
i=1 |hid |2. Here, γ̄s and γ̄I

denote the average signal-to-noise ratio (SNR) of the satellite
and interference-to-noise ratio (INR) of each base station,
respectively.

2) The Cooperative Mode: In the cooperative mode,
we focus on the physical cooperative transmission and the
terrestrial relay is employed as a repeater to achieve spatial
diversity gains. The whole transmission of the satellite com-
munication consists of two orthogonal time phases and both
the relay and the destination are corrupted by the interference.
In the first phase, the satellite broadcasts its signal to the relay
and the destination. The signals received at the relay and the
destination can be written as

ysr = √
Pshsr x +

i=L∑

i=1

√
PI hir z + nr (3)

and

ysd = √
Pshsd x +

i=L∑

i=1

√
PI hid z + nd1 (4)

where nr and nd1 are the noises at the relay and the
destination in the first phase, respectively. After receiving
signals from the satellite, the relay employs AF strategy
to multiply all the received signals ysr with a multiplica-
tion factor ρ and then forward it to the destination, where

ρ = 1/

√
Ps |hsr |2 + ∑i=L

i=1 PI |hir |2 + N0 is the energy nor-
malized factor to satisfy the average transmit power constraint.
By denoting Pr as the transmit power of the relay, the signal
received at the destination can be obtained as

yrd = √
Ps Pr hsr hrdρx + √

Pr hrdρ

i=L∑

i=1

√
PI hir z

+
i=L∑

i=1

√
PI hid z + √

Pr hrdρnr + nd2 (5)

where nd2 is the noise at the destination in the second phase.
By assuming maximal ratio combining (MRC) employed

at the destination, we have the instantaneous SINR for the
cooperative mode as

γcoop = γsd + γsrd (6)

where γsd is the SINR for the satellite-destination link as
expressed in (2) and γsrd is the SINR for the satellite-relay-
destination link. From (5) we can obtain

γsrd = U V

U + V + 1
(7)

where U = γ3
γ4+1 with γ3 = Ps |hsr |2/N0 = γ̄s |hsr |2 and

γ4 = ∑i=L
i=1 PI |hir |2/N0 = γ̄I

∑i=L
i=1 |hir |2, V = γ5

γ2+1 with

γ5 = Pr |hrd |2/N0 = γ̄r |hrd |2. Similarly, γ̄r denotes the
average SNR of the relay node.
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B. Channel Model

The most popular land mobile satellite (LMS) model is
the Loo model [28], where the power of the LOS com-
ponent is assumed to be log-normally distributed while the
multipath component has a Rayleigh distribution. Since the
log-normal distribution is involved, the Loo channel model
is almost analytically intractable and some approximations
have to be employed, which leads to non-rigorous analysis.
Alternatively, a new LMS model was proposed in [29], where
the log-normal distribution in Loo model is replaced by
Gamma distribution. It has been shown that this new model
provides a similar fit to the experimental data as the Loo
model but with significantly less computational complexity.
In this paper, the integrated satellite-terrestrial network shown
in Fig. 1 involves in two LMS links (S → R and S → D) and
multiple terrestrial links (R → D, BSi → R, and BSi → D).
To make the analysis tractable, we model all links uniformly
as the generalized-K distribution because of its relatively
simple mathematical form that allows an integrated perfor-
mance analysis of digital communication systems operating
in composite multipath/shadowing fading environment. The
generalized-K distribution is a mixture of Gamma-distributed
shadowing and Nakagami-distributed multipath fading effect.
As demonstrated in [30], the generalized-K model can not
only properly describe the signal propagation on terrestrial
links, but also the channel environment subjects to Loo model.

For the generalized-K model, the probability density func-
tion (PDF) of |h|2 can be written as

f|h|2(x) = 2bms+mm

� (ms) � (mm)
x

( ms +mm
2

)−1 Kms−mm

(
2b

√
x
)

(8)

where x > 0, Kms−mm (·) is the modified Bessel function of

the second kind with order (ms − mm) and b =
√

mmms
�0

. Here,
mm ≥ 0.5 and ms ≥ 0 are the multipath parameter and the
shadowing parameter, respectively, and �0 is the mean of the
received local power.

III. SER PERFORMANCE ANALYSIS

In this paper, we propose an energy efficient adaptive
transmission scheme for the integrated network under SER
constraints. In order to make SER a constraint when opti-
mizing the transmission scheme for the integrated network,
we investigate the SER performance of two transmission
modes in this section firstly. We proceed from evaluating the
exact SER in closed-form expressions, hereafter, by approx-
imating the exact SERs at high SNR value, we obtain the
asymptotic SERs in a linear form, which can be easily used
as constraints to guarantee the reliability requirement of satel-
lite communications.

A. Average SER

1) Direct Mode: For the direct mode, the average SER
can be directly evaluated by averaging the conditional error
probability over its corresponding PDF, such that [31]

Pdire = 1

2
√

2π

∫ ∞

0

e− y
2√
y

Fγsd

(
y

β

)
dy (9)

where β is a constant depending on the modulation scheme
and Fγsd (x) is the cumulative distribution functions (CDF) of
the received SINR γsd . Herein, Fγsd (x) can be derived as

Fγsd (x) = 1 −
k1−1∑

m=0

λm
1 λLk2

2

m!γ̄ m
s γ̄ Lk2

I

m∑

q=0

(
m
q

)
(Lk2)q

×xme− λ1
γ̄s

x
(

λ2

γ̄I
+ λ1

γ̄s
x

)−Lk2−q

(10)

where (u)v = � (u + v)/� (u) is the Pochhammer symbol
[32, p. xliii]. By substituting (10) into (9), Pdire can be
obtained as

Pdire = 1

2
−

√
2

4
√

π

k1−1∑

m=0

λm
1

(
λ1
γ̄sβ

+ 1
2

)−m− 1
2

βmm!γ̄ m
s � (Lk2)

m∑

q=0

(
m
q

)
γ̄

q
I

λ
q
2

×G12
21

[
2λ1γ̄I

λ2 (2λ1 + γ̄sβ)

∣
∣
∣
∣

1
2 − m, 1 − Lk2 − q

0

]
(11)

where � (·) and Gm,n
p,q [· |· ] denote the Gamma function

[32, eq. (8.310.1)] and the Meijer-G function [32, eq. (9.301)],
respectively.

The derivation steps of Fγsd (x) and Pdire can be found in
Appendix A.

2) Cooperative Mode: The average SER of a cooper-
ative communication system with M-ary phase-shift key-
ing (M-PSK) modulation can be calculated as [31]

PMPSK = 1

π

∫ θM

0
Mγ

(
gMPSK

sin2θ

)
dθ (12)

where θM = π (M − 1)/M , gMPSK = sin2(π/M), and
Mγ (s) denotes the moment generating function (MGF) of the
equivalent SINR. For a random variable γ , Mγ (s) is defined
as

Mγ (s) = E
{
e−sγ } =

∫ ∞

0
e−sγ fγ (γ )dγ (13)

where E {·} denotes the expectation operator. From γcoop =
γsd +γsrd and the definition of MGF in (13), we find the MGF
of the sum of two independent variables can be calculated by
the product of their own MGFs. Thus, we have

Mγcoop (s) = Mγsd (s)Mγsrd (s) (14)

where Mγsd (s) and Mγsrd (s) are the MGFs of γsd and γsrd ,
respectively. After some algebraic manipulations, the analyti-
cal expressions for Mγsd (s) and Mγsrd (s) can be given by

Mγsd (s) =
k1∑

h=0

(
k1
h

)
λk1

1 γ̄ h
I (s + λ1/γ̄s)

−k1

� (Lk2) � (k1) γ̄ k1
s λh

2

×G12
21

[
λ1γ̄I

λ2 (λ1 + γ̄ss)

∣
∣
∣
∣
1 − k1, 1 − Lk2 − h

0

]

(15)
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and

Mγsrd (s) = 1 −
k3−1∑

n=0

λn
3

n!γ̄ n
s

N∑

l=0

(−1)l

l!
(

λ4γ̄s

λ3γ̄I

)Lk4+l n∑

p=0

(
n
p

)

× (Lk4)l+p
γ̄

p
s

λ
p
3

(
λ2γ̄r

λ5γ̄I

)Lk2 (Lk2)k5
s p̃+Lk2

� ( p̃+Lk2+1) � (k5)

× G22
22

[
γ̄ss

λ3

∣
∣
∣
∣

− p̃, 1
1 − p̃ − Lk2, Lk2

]
. (16)

The derivation steps of Mγsd (s) and Mγsrd (s) can be found in
Appendix B.

Then, by substituting (15) and (16) into (14), Mγcoop (s) can
be obtained. In the subsequent derivation of average SER,
there is no closed-form solution for the integral in (12).
Alternatively, the following tight approximate expression can
be used [36, eq. (30)]

Pcoop =
3∑

l=1

ξl Mγsd (ωl)Mγsrd (ωl) (17)

where ξ1 = θM/(2π) − 1/6, ξ2 = 1/4, ξ3 = θM/(2π) − 1/4,
and ω1 = gMPSK, ω2 = 4gMPSK/3, ω3 = gMPSK/sin2(θM ).

By substituting the expressions of Mγsd (s) and Mγcoop (s)
specified in (15) and (16) into (17), we can finally obtain the
SER expression of the cooperative mode.

B. Asymptotic SER

Although the above analyses can provide exact performance
evaluations, these results do not provide straight insights into
the effects of different parameters on the performance of two
transmission modes, e.g., the number of interferers and the
interfering power. Moreover, we consider a SER constrained
integrated satellite-terrestrial network, a linear form of the SER
expression is needed for convenience. Thus, in what follows,
we conduct an asymptotic analysis of SER at high SNR for
the satellite communication.

1) Direct Mode: Using the series representation and
asymptotic behavior of the incomplete Gamma function as
[32, eq. (8.354.1)], we have

ϒ (s, x) =
∞∑

n=0

(−1)n xs+n

n! (s + n)
= xs

s
(x → 0) . (18)

Thus, the CDF of γ1 expressed in (34) can be asymptotically
rewritten as

Fγ1(x) = λ
k1
1 xk1

� (k1) k1γ̄
k1
s

+ o

(
xk1+1

γ̄
k1+1
s

)

(19)

where o (·) stands for higher order terms. Combined with
Fγ2(x) in (35), we have

Fγsd (x) = � (Lk2 + k1) (λ1γ̄I )
k1 xk1

� (Lk2) � (k1) (λ2γ̄s)
k1 k1

+ o
(
γ̄ −k1−1

s

)
. (20)

Then, substituting (20) into (9), Pdire can be obtained as

Pdire = (2k1 − 1)!!
2

� (Lk2 + k1) (λ1γ̄I )
k1

� (Lk2) � (k1) (λ2γ̄sβ)k1 k1
(21)

where (n)!! is the double factorial notation [32, p. xliii].

2) Cooperative Mode: Firstly, we can obtain fγsd (x) by
differentiating Fγsd (x) as

fγsd (x) = � (Lk2 + k1) (λ1γ̄I )
k1 xk1−1

� (Lk2) � (k1) (λ2γ̄s)
k1

+ o
(
γ̄ −k1−1

s

)
. (22)

Inserting (22) into (13), we can get

Mγsd (s) = � (Lk2 + k1) (λ1γ̄I )
k1 s−k1

� (Lk2) (λ2γ̄s)
k1

+ o
(
γ̄ −k1−1

s

)
. (23)

To obtain Mγsrd (s), we need to derive Fγsrd firstly. Consid-
ering γsrd specified in (7) is complex, to make the derivation
of asymptotic Fγsrd tractable, we introduce the tight upper
bound4 as

γsrd ≤ γ
up
srd = min(U, V ). (24)

Then, the CDF of γsrd can be written as

Fγsrd (x) = 1 − [1 − FU (x)] [1 − FV (x)] . (25)

Define Pr/Ps = α, i.e., γ̄r = αγ̄s . Similar to the derivation of
Fγsd (x), Fγsrd (x) can be given by

Fγsrd (x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

�1

(
x

γ̄s

)k3

+ o
(
γ̄

−k3−1
s

)
, k3 < k5

�2

(
x

γ̄s

)k5

+ o
(
γ̄

−k5−1
s

)
, k3 > k5

�3

(
x

γ̄s

)k

+ o
(
γ̄ −k−1

s

)
, k3 = k5 = k

(26)

where �1 = �(Lk4+k3)(λ3γ̄I )
k3

�(Lk4)�(k3)λ
k3
4 k3

, �2 = �(Lk2+k5)(λ5γ̄I )
k5

�(Lk4)�(k3)(αλ2)
k5 k5

, and

�3 = �1 + �2. By substituting (26) into (43), we can get

Mγsrd (s) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

�1�(k3 + 1)

γ̄
k3
s

s−k3 + o
(
γ̄

−k3−1
s

)
, k3 < k5

�2�(k5 + 1)

γ̄
k5
s

s−k5 + o
(
γ̄

−k5−1
s

)
, k3 > k5

�3�(k + 1)

γ̄ k
s

s−k + o
(
γ̄ −k−1

s

)
, k3 = k5 = k.

(27)

Finally, inserting (23) and (27) into (17), we can finally get
the asymptotic SER of the cooperative mode. As expected,
we can observe that increasing the number of interferers L or
the interfering power PI (PI ∝ γ̄I ) results in the increase
of SER, which in turn deteriorates the system performance.
Oppositely, increasing the transmit power at the satellite
Ps (Ps ∝ γ̄s) or the relay Pr (Pr ∝ γ̄r ) will improve the system
performance.

IV. AN ENERGY EFFICIENT ADAPTIVE

TRANSMISSION SCHEME

In the integrated satellite-terrestrial network where
co-channel interference caused by resource reuse exists,
cooperative transmission may not necessarily achieve
higher transmission rate with various interfering scenarios

4Such an upper bound has been widely used in the literature for cooperative
diversity systems [37].
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and shadowing degrees. Moreover, in practice, the relay
contributes to higher data-rate or more reliable transmission
at the expense of not only extra transmit power consumption
but also extra circuit power consumption. In this case,
taking EE as the performance criteria is more attractive
than considering transmission rate and power consumption
individually. After obtaining SER expression as constraints,
we focus on illustrating the proposed energy efficient adaptive
transmission scheme in this section, where the trade-off
among EE, SE, and SER are discussed. Moreover, ECE is
evaluated as a complementary performance measure to SE
and EE, offering an inherent tradeoff between SE and EE.

A. Spectral Efficiency and Energy Efficiency

Spectral efficiency (in bits/s/Hz) can be defined as the
capacity of satellite communications, as given by

ηS E = log2 (1 + γend) (28)

where γend = γsd in direct mode and γend = γcoop in
cooperative mode.

Energy efficiency (in bits/Joule) is defined as the ratio of
the system capacity (in bits/s) to the total power consump-
tion (in Watt). For a given system bandwidth, B , the EE for the
integrated satellite-terrestrial network can be mathematically
expressed by

ηm
E E = B · ηS E

Ptotal

=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

log2(1 + γsd)

P0
s + Ps

c
m = 0, if direct

1
2 log2(1 + γcoop)

1
2

(
P1

s + Pr + Ps
c + Pr

c

) m = 1, if coop
(29)

where m represents the transmission mode. The direct mode
and the cooperative mode are represented by m = 0 and
m = 1, respectively. When measuring the total power con-
sumption, we consider the operational power of the system
which includes both the transmit power and the circuit power.
Herein, P0

s and P1
s represent the transmit power of the satellite

in direct and cooperative modes, respectively, Ps
c and Pr

c
represent the circuit power of the satellite and the relay station,
respectively. Note that the factor 1/2 in the cooperative mode
indicates that the data received during the first phase and
the second phase of the entire transmission are two copies
of the same data sent from the satellite, which means one
of them can be treated as redundant information in terms of
transmission efficiency.

B. An Energy Efficient Adaptive Transmission
Scheme With SER Constraints

In the following, we present an adaptive transmission
scheme optimizing EE for the SER-constrained integrated
satellite-terrestrial network. We select the transmission mode
with higher EE while restrict the reliability of the satellite
communication to an acceptable level, i.e., the SER is smaller

than the predefined threshold defined as Pth . The optimization
problem can be formulated as

maximize
(m,Pm

s )
ηm

E E

subject to Pm ≤ Pth

P0
s = 1

2

(
P1

s + Pr

)

Pm
s > 0. (30)

This optimization problem aims at illustrating the trade-off
between EE and SER where both the efficiency and reliability
are taken into account. As we all know, the SER constraint
corresponds to a minimal transmit power constraint, which
further affects the feasible region of SE. Thus, in the following,
we will elaborate the effect of SER constraints on the optimal
transmission mode from the perspective of EE-SE trade-off:

1) For each transmission mode, there is a trade-off between
EE and SE, which means a maximum EE ηmax

E E can be
achieved with a certain SE, η∗

S E , η∗
S E ∈ [

0, ηmax
S E

]
. When

the network demands a desired reliability in data transmission
(i.e., Pm ≤ Pth), the region of the achievable SE is limited
to a smaller range

[
ηmin

S E , ηmax
S E

]
, ηmin

S E > 0. In the integrated
satellite-terrestrial network, two cases should be considered
in terms of SER constraints and interfering scenarios. For a
communication with relatively low reliability demands or in
a mild interfering environment, we have ηmin

S E ≤ η∗
S E . In this

case, ηmax
E E can also be achieved at point η∗

S E . However, for a
communication with relatively high reliability demands or in
a hostile interfering environment, we have ηmin

S E > η∗
S E . In this

case, we can only achieve an optimal EE η̃E E at the point ηmin
S E ,

where η̃E E < ηmax
E E .

2) Due to the fact that cooperative communication can
benefit from the spatial diversity, the feasible SE of the direct
transmission is limited to a smaller range compared with coop-
erative transmission under a certain SER constraint. However,
the attainable EE of direct transmission may be superior to
the cooperative ones’, depending on the specific interfering
scenario, which will be further illustrated in Section V.

In a word, we should choose the transmission mode accord-
ing to the communication environment, such as different
interfering scenarios, various shadowing degrees and so on,
rather than adopting cooperative transmission aggressively.

By deriving the formulated problem, we can obtain the opti-
mally energy efficient transmission mode and the correspond-
ing transmit power. In the direct mode, we can adopt the con-
ventional satellite design and there is no change to the satellite
system. However, if the cooperative mode is adopted, some
modifications are required at the satellite. For example, to real-
ize the MRC at the destination user, accurate synchroniza-
tion between the satellite and the terrestrial relay is needed.
Moreover, when the optimal transmission mode is selected
according to the proposed scheme in this paper, the satellite
needs to inform the terrestrial terminals of the optimization
results through control signals. Note that as our objective is to
investigate a transmission scheme which can give considera-
tion to both efficiency and reliability rather than implement the
optimization algorithm, we perform an exhaustive search of the
transmit power for the optimal value which maximize the EE.
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TABLE I

SIMULATION PARAMETERS

C. Economic Efficiency

Inspired by [38] and [39], economic efficiency, measuring
the profitability of the system (in monetary unit per second),
is considered here as a complementary performance measure
to SE and EE. ECE implicitly takes into account SE and EE as
both metrics reflect revenues and costs of the system, therefore,
it potentially offers a good trade-off between SE and EE,
which can be sufficiently characterised by both ηm

S E and Pm .
Based on the observation in [40], a user is only willing

to pay a small additive premium on top of the basic service
for a multiplicative increase in the attainable data rate. Thus,
the multifold increase in the achievable throughput bears
only a marginal increase in the network’s attainable revenue
without the introduction of new services. This economic trend
is known as the law of diminishing returns and leads to
the attainable revenue being logarithmically proportional to
the average data-rata attainable for each user. In this paper,
by jointly considering ηm

S E and Pm , a generalized definition
of ECE is given by

ηm
EC E = kr Rref log2

(
1 + Bηm

S E

Rref

)
− (

C0 + kc Pm)
(31)

where Rref is the referenced service data rate which refers
to the essential service expected by the mobile user. Here,
kr and kc are the revenue per bit and energy cost per Joule
(Watt-second), respectively, Pm is the total power consump-
tion expended by the satellite and the relay station in the data
transmission, and C0 involves other costs (in monetary unit
per second) in addition to the energy cost. Referred to [41]
and [42], the value used for the ECE parameters in integrated
satellite-terrestrial networks are shown in Table I.

V. RESULTS AND ANALYSIS

In this section, we take the low earth orbit (LEO) satel-
lite communication scenario as an example to evaluate the
proposed energy efficient adaptive transmission schemes.
In this situation, the direct link from the satellite to the
destination can be supported with the lower orbital altitude,
e.g., 300 Km-800 Km. Here, L base stations regarded as
interferers are uniformly distributed around the relay and

TABLE II

CHANNEL PARAMETERS [30]

the destination. The interfering distance dI is defined as the
distance between the base stations and the midpoint of the
relay-destination path. The simulation parameters are listed
in Table I.

To characterize the shadowing and multipath fading envi-
ronment in the integrated satellite-terrestrial network, satellite
downlinks and terrestrial links are all modeled as
generalized-K distributions with �0 = 1. The detailed
channel parameters are given in Table II, where σ is the
standard deviation of the log-normal shadowing and increases
as the amount of fading increases. Using a moment matching
technique [30], the corresponding parameter ms of the
generalized-K distribution can be linked to ms = 1

eσ2−1
.

In practical applications, the relay station is usually placed at
a higher position than the destination user, which results in
that S → D link usually experiences a more severe shadowing
than S → R link. Thus, we consider two shadowing scenarios
for the satellite downlinks in the integrated network. In the
first scenario, S → R and S → D channels are assumed to
experience infrequent light shadowing and average shadowing
(σsr = 0.161, σsd = 0.345), referred to the ILS-AS scenario.
In the second scenario, S → R and S → D channels
are assumed to experience infrequent light shadowing
and frequent heavy shadowing (σsr = 0.161, σsd = 0.806),
referred to the ILS-FHS scenario. Compared with the satellite
downlinks, terrestrial links with the same shadowing degree
usually experience more severe multipath fading, which
means smaller values for mm as presented in Table II.

We first conduct numerical simulations to demonstrate the
validity of the theoretical analysis and compare the SER
performance of two transmission modes in the considered
network, as shown in Fig. 2. Here, γave denotes the average
transmit SNR of one transmission, which corresponds to one
phase in direct mode while two phases in cooperative mode.
It can be observed that for both ILS-AS and ILS-FHS shadow-
ing scenarios, the theoretical SER expressions are in excellent
agreement with the simulation results, and the asymptotic
results are tight in the high SNR region. As illustrated, in the
given interfering environment, the SER performance of the
cooperative mode outperforms the direct mode, demonstrating
the benefits of the spatial diversity.

Fig. 3 shows the impact of the interferers’ distribution
on the SER performance of two transmission modes in the
considered network. For small interfering distance, cooperative
transmission has a worse SER performance than the direct
transmission, which is due to the fact that the interference
received in the S-R link is non-ignorable and amplified along
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Fig. 2. Symbol error rate versus average SNR in ILS-AS and ILS-FHS
shadowing scenarios (dI = 6 Km, L = 3).

Fig. 3. Simulated symbol error rate versus dI for different interferer numbers
in ILS-AS and ILS-FHS shadowing scenarios (γave = 20 dB).

with signal by the AF-based relay node. Compared with the
direct mode, an increase of the interfering distance causes a
more noticeable improvement of the SER performance for
cooperative transmission; Moreover, the SER gap between
L = 3 and L = 6 becomes larger for the cooperative
mode. Both phenomena indicate that cooperative transmission
is more sensitive to the interference.

Then, we analyze EE of two transmission modes.
Fig. 4 firstly depicts EE versus the average transmit power for
three circuit power consumption Ps

c cases. It can be seen that
for both transmission modes, when the circuit power increases
which results in a larger power consumption, the achieved EE
become smaller. Moreover, for each circuit power consumption
case, as the transmit power increases, the EE of the cooperative
mode outperforms the direct mode in the beginning and deteri-
orates afterwards. The reason behind is that when the transmit
power is small, cooperative transmission can achieve much
higher SE than the direct mode owing to its resistance to deep
fading. While as the transmit power increases, the increase
of the achievable SE cannot afford to the increase of the total
power consumption. As a result, the superiority of cooperative
mode vanishes and even obtains a worse EE performance than
the direct mode. It is interesting to note that the optimal

Fig. 4. Energy efficiency versus average transmit power for three Ps
c cases

in the ILS-FHS shadowing scenario (dI = 6 Km, L = 3).

Fig. 5. Energy efficiency versus symbol error rate in the ILS-FHS shadowing
scenario (dI = 6 Km, L = 3, Ps

c = 10 W).

average transmit power is increasing in the circuit power
consumption. For example, in cooperative mode, the optimal
transmit power is 1.5 dBW as Ps

c = 8 W and while increases
to 3 dBW as Ps

c = 12 W. This phenomenon implies that when
circuit power consumption increases, we need to increase
transmit power rather than decreasing it to achieve higher EE,
although the total power consumption will increase.

Fig. 5 depicts EE versus SER. From the figure we can see
there is a trade-off between the efficiency and the quality of
service (QoS). When the network demands relatively high reli-
ability in data transmission (i.e., Pth is small), the cooperative
mode achieves considerably larger EE than the direct mode,
while lower EE when SER is large. This phenomenon can
be explained by integrating two facts into account. One is
that direct transmission requires more transmit power than the
cooperative transmission for a desired SER shown in Fig. 2,
and the other is the EE trends versus transmit power shown
in Fig. 4.

Fig. 6 presents EE versus SE with different interfering
distance. For the same SE, the relation of EE for two trans-
mission modes can be obtained by comparing the total power
consumption. Since the circuit power is the main constituent
in the power consumption at low SE region, cooperative
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Fig. 6. Energy efficiency versus spectral efficiency in the ILS-FHS shadowing
scenario (Pth = 10−3, L = 3, Ps

c = 10 W).

mode can achieve higher EE with lower average circuit power( 1
2

(
Ps

c + Pr
c

) 
 Ps
c

)
. On the other hand, due to the redundant

transmission in the second phase, the average transmit power
of cooperative mode is much higher than the direct ones’ as SE
increases, resulting in a lower EE at high SE region. Moreover,
the trade-off between EE and SE is also shown as we explained
before. Specifically, for cooperative transmission, the points on
the curve before point A are seen to be non-optimal as they
are always worse than point A in terms of both EE and SE.
Analogously, the optimal frontier for direct transmission are
indicated with point B. Furthermore, the maximum EE of
cooperative transmission is larger than the maximum EE of
direct transmission. It can also be observed that when there
is a certain SER constraint, the feasible SE of the direct
transmission is limited to a smaller range compared with
cooperative transmission, i.e., [C, SEmax] and [D, SEmax] for
dI = 6 Km; [E, SEmax] and [F, SEmax] for dI = 4 Km.
Nevertheless, within its feasible SE region, direct transmission
is shown to potentially achieve better EE than cooperative
transmission when the interfering distance is small.

We compare EE of the direct mode and the coopera-
tive mode for ILS-FHS and ILS-AS shadowing scenarios
in Fig. 7 and Fig. 8, respectively, illustrating which transmis-
sion mode is more efficient for a specific interfering scenario,
i.e., given interfering distance and the number of interferers.
For the ILS-FHS scenario, when L = 3, the intersection of
two transmission modes appears in 4.7 Km. In this case,
from the perspective of EE, we should choose direct mode
if the interfering distance is less than 4.7 Km. When L = 6,
the intersection moves right to about 5.5 Km, which implies
that direct mode outperforms cooperative mode in sever inter-
ference scenario. For the ILS-AS scenario, the intersections all
move towards long interfering distance. Besides, comparison
of two figures indicates that direct mode is more sensitive to
the fading condition, while cooperative mode is more sensitive
to the interference.

To further illustrate the advantage of the adaptive transmis-
sion scheme proposed in this paper, we compare the EE of the
adaptive transmission with direct transmission and cooperative
transmission in Fig. 9. From the figure we can see that, EE of

Fig. 7. Energy efficiency versus interfering distance dI in the ILS-FHS
shadowing scenario (Pth = 10−3, γave = 20 dB, Ps

c = 10 W).

Fig. 8. Energy efficiency versus interfering distance dI in the ILS-AS
shadowing scenario (Pth = 10−3, γave = 20 dB, Ps

c = 10 W).

Fig. 9. Energy efficiency comparison among three transmission
schemes (Pth = 10−3, γave = 20 dB, Ps

c = 10 W).

the adaptive scheme is about 13% and 11% higher than the
direct one and the cooperative one in the ILS-FHS scenario,
respectively, while 5% and 10% in the ILS-AS scenario.
The results indicate that we should choose the transmission
mode according to specific interfering scenarios and shad-
owing degrees, rather than adopting cooperative transmission
aggressively.
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Fig. 10. Economic efficiency versus spectral efficiency (dI = 6 Km, L = 3,
Ps

c = 10 W).

Fig. 11. Economic efficiency versus energy efficiency (dI = 6 Km, L = 3,
Ps

c = 10 W).

We illustrated the trade-off between EE and SE before, and
we know the optimal frontiers represent efficient operating
points, such that an extra advantage of one performance metric
can only be achieved by trading it off with the benefits of other
metric. A sensible operating point on the optimal frontiers can
be obtained by evaluating a complementary metric, such as
ECE, along the trade-off curves as illustrated in Fig. 10 and
Fig. 11. From the figures we can see that, the strategy for
maximizing ECE is to operate at points A1 and B1 for
cooperative and direct transmissions, respectively, rather than
operating at the optimal frontiers represented by A and B
in Fig. 6. These results show that considering revenue and cost
in practical application, ECE provides a balanced direction in
designing the transmission parameters.

VI. CONCLUSIONS

In this paper, an energy efficient adaptive transmission
scheme for the integrated satellite-terrestrial network with
SER constraints has been proposed. In a composite multipath/
shadowing fading environment, theoretical analyses on the
SER performance of two transmission modes have been con-
ducted and close approximations in comparison with simu-
lation results have been achieved. Based on the closed-form

expressions, fundamental trade-offs among SE, SER, and
EE have been investigated. numerical results have shown
that compared with the cooperative transmission, the feasible
SE of the direct transmission is limited to a smaller range
under a certain SER requirement. However, within its feasible
SE region, direct transmission tends to achieve better EE
than cooperative transmission when the interfering distance is
small, which indicates that the transmission mode should be
adopted adaptively according to different interfering scenarios
and shadowing degrees. The performance of ECE has also
been analyzed and it has shown that ECE can serve as a
complementary performance metric for EE and SE trade-off.

APPENDIX A
DERIVATION OF SER IN DIRECT TRANSMISSION

A. Derivation of Fγsd (x)

From the expression of γsd in (2), Fγsd (x) can be calculated
as

Fγsd (x) =
∫ ∞

0
Fγ1 [x (y + 1)] fγ2 (y)dy. (32)

To make the derivation tractable, we rewrite the PDF
of generalized-K model into a Gamma distributed format
with a shape parameter k and a scale parameter λ, where
k = mm ms

mm+ms+1 and λ = k/�0 [33], i.e.,

fγ1(x) = λ
k1
1

� (k1) γ̄ k1
s

xk1−1e− λ1
γ̄s

x
, x > 0. (33)

Then, using [32, eqs. (3.351.1) and (8.352.1)], we obtain

Fγ1(x) =
ϒ

(
k1,

λ1
γ̄s

x
)

� (k1)
= 1 −

k1−1∑

m=0

λm
1 xme− λ1

γ̄s
x

m!γ̄ m
s

(34)

where ϒ (α, x) = ∫ x
0 e−t tα−1dt denotes the lower incomplete

Gamma function [32, eq. (8.350.1)].
Recall that γ2 = γ̄I

∑i=L
i=1 |hid |2. From [33] we know that,

the PDF of the sum of L independent generalized-K random
variables can be approximated by a Gamma distribution with
a shape parameter Lk and a scale parameter λ, i.e.,

fγ2(x) = λLk2
2

� (Lk2) γ̄ Lk2
I

x Lk2−1e
− λ2

γ̄I
x
, x > 0. (35)

By substituting (34) and (35) into (32), and carrying out some
mathematical manipulation, we obtain Fγsd (x) as

Fγsd (x) = 1 −
k1−1∑

m=0

λm
1 λ

Lk2
2 xme− λ1

γ̄s
x

m!� (Lk2) γ̄ m
s γ̄ Lk2

I

×
∫ ∞

0
y Lk2−1(y + 1)me

−
(

λ2
γ̄I

+ λ1
γ̄s

x
)

y
dy. (36)

Finally, using the Binomial theorem and employing
[32, eq. (3.351.3)], we obtain the desired CDF of γsd

shown in (10).
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B. Derivation of PDire

By substituting (10) into (9), we rewrite Pdire as

Pdire =
√

2

4
√

π

∫ ∞

0

e− y
2√
y

dy −
√

2

4
√

π

×
k1−1∑

m=0

λm
1 λLk2

2 β−m

m!γ̄ m
s γ̄ Lk2

I

m∑

q=0

(
m
q

)
(Lk2)qJ1 (37)

where

J1 =
∫ ∞

0
ym− 1

2 e
−

(
λ1
γ̄sβ + 1

2

)
y
(

λ2

γ̄I
+ λ1

γ̄sβ
y

)−Lk2−q

dy. (38)

To solve this integral, we first express
(

λ2
γ̄I

+ λ1 y
γ̄sβ

)−Lk2−q
in

terms of Meijer-G function as [34, eq. (10)] as

(
λ2

γ̄I
+ λ1 y

γ̄sβ

)−Lk2−q

= (γ̄I /λ2)
Lk2+q

� (Lk2 + q)
G11

11

[
λ1γ̄I y

λ2γ̄sβ

∣
∣
∣
∣
1 − Lk2 − q

0

]
. (39)

Then, with the aid of [32, eqs. (7.813.1) and (9.31.2)],
Pdire can be obtained as in (11).

APPENDIX B
DERIVATION OF SER IN COOPERATIVE TRANSMISSION

A. Derivation of Msd

To obtain Msd , we need to derive fγsd (x) first, which can
be calculated as

fγsd (x) =
∫ ∞

0
(y + 1) fγ2 (y) fγ1 [x (y + 1)] dy. (40)

After substituting the required PDFs and using the Binomial
theorem, we obtain

fγsd (x) = λk1
1 λLk2

2

� (k1) γ̄ k1
s γ̄ Lk2

I

k1∑

h=0

(
k1
h

)
(Lk2)h xk1−1

×e− λ1
γ̄s

x
(

λ2

γ̄I
+ λ1

γ̄s
x

)−Lk2−h

. (41)

Then, substituting (41) into (13) and simplifying, Mγsd (s) can
be given by

Mγsd (s) = λk1
1 λLk2

2

� (k1) γ̄ k1
s γ̄ Lk2

I

k1∑

h=0

(
k1
h

)
(Lk2)h

×
∫ ∞

0
xk1−1e

−
(

s+ λ1
γ̄s

)
x
(

λ2

γ̄I
+ λ1

γ̄s
x

)−Lk2−h

dx .

(42)

Similar to the derivation of J1, the analytical expression for
Mγsd (s) can be obtained as (15).

B. Derivation of Msrd

Due to the fact that a closed-form expression for the PDF of
γsrd specified in (7) is mathematically intractable, we employ
the CDF based MGF method through integration by parts
of (13), i.e.,

Mγsrd (s) =
∫ ∞

0
se−sγ Fγsrd (γ )dγ. (43)

Form (7), Fγsrd can be calculated as

Fγsrd (x) = Pr

(
U V

U + V + 1
< x

)

=
∫ x

0
Pr

(
U >

x (y + 1)

y − x

)
fV (y) dy

+
∫ ∞

x
Pr

(
U ≤ x (y + 1)

y − x

)
fV (y) dy

=
∫ x

0
fV (y) dy +

∫ ∞

x
FU

(
x (y + 1)

y − x

)
fV (y) dy.

(44)

In cooperative communications, both the relay and the des-
tination will be corrupted by the interference. In this case,
we assume the interference dominates the noise. By changing
the variable as z = y − x , we obtain

Fγsrd (x) = 1 −
∫ ∞

0

[
1 − FU

(
x (x + z)

z

)]
fV (x + z) dz

(45)

where FU (x) can be expressed as

FU (x) = 1 −
k3−1∑

n=0

λn
3λ

Lk4
4 xne− λ3

γ̄s
x

n!� (Lk4) γ̄ n
s γ̄ Lk4

I

×
∫ ∞

0
y Lk4−1(y + 1)ne

− λ4
γ̄I

y
e− λ3

γ̄s
xydy. (46)

Here, expressing e
− λ4

γ̄I
y

into series with N terms and employ-
ing [32, eq. (3.351.3)], yields

FU (x) = 1 −
k3−1∑

n=0

λn
3

n!γ̄ n
s

N∑

l=0

(−1)l

l!
(

λ4γ̄s

λ3γ̄I

)Lk4+l

×
n∑

p=0

(
n
p

)
(Lk4)l+p

γ̄
p

s

λ
p
3

x− p̃e− λ3
γ̄s

x (47)

where p̃ = Lk4 + l + p − n. Similarly, fV (x) can be written
as fV (x) = ∫ ∞

0 y fγ2 (y) fγ5 (xy) dy and obtained as

fV (x) =
(

λ2γ̄r

λ5γ̄I

)Lk2 (Lk2)k5

� (k5)
x−Lk2−1. (48)

By substituting (47) and (48) into (45), we can get

Fγsrd (x) = 1 −
k3−1∑

n=0

λn
3

n!γ̄ n
s

N∑

l=0

(−1)l

l!
(

λ4γ̄s

λ3γ̄I

)Lk4+l n∑

p=0

(
n
p

)

×(Lk4)l+p
γ̄

p
s

λ
p
3

(
λ2γ̄r

λ5γ̄I

)Lk2 (Lk2)k5

� (k5)
x− p̃J2 (49)
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where

J2 =
∫ ∞

0

z p̃

(x + z) p̃+Lk2+1
e− λ3x2

γ̄s z dz. (50)

To solve the integral, we express e− λ3x2

γ̄s z in terms of Meijer-G
function with [34, eq. (11)] and [32, eq. (9.31.2)], i.e.,

e− λ3x2

γ̄s z = G10
01

[
λ3x2

γ̄sz

∣
∣
∣
∣
−
0

]
= G01

10

[
γ̄s

λ3x2 z

∣
∣
∣
∣

1
−

]
. (51)

Then, using [35, eq. (07.34.21.0086.01)], we further obtain

J2 = x−Lk2

� ( p̃ + Lk2 + 1)
G21

12

[
λ3x

γ̄s

∣
∣
∣
∣

1 − Lk2
1 + p̃, 0

]
. (52)

By substituting Fγsrd (x) into (43) and proceeding, we can get

Mγsrd (x) = 1 −
k3−1∑

n=0

λn
3

n!γ̄ n
s

N∑

l=0

(−1)l

l!
(

λ4γ̄s

λ3γ̄I

)Lk4+l n∑

p=0

(
n
p

)

× γ̄
p

s

λ
p
3

(
λ2γ̄r

λ5γ̄I

)Lk2 (Lk2)k5

� (k5)

(Lk4)l+p

� ( p̃ + Lk2 + 1)
J3

(53)

where

J3 =
∫ ∞

0
se−sx x− p̃−Lk2 G21

12

[
λ3x

γ̄s

∣
∣
∣
∣

1 − Lk2
1 + p̃, 0

]
dx . (54)

Using [32, eq. (7.813.1)], J3 can be derived as

J3 = s p̃+Lk2 G22
22

[
γ̄ss

λ3

∣
∣
∣
∣

− p̃, 1
1 − p̃ − Lk2, Lk2

]
. (55)

Until now, closed-form expressions for Mγsd and Mγsrd have
all been obtained.
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