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Abstract—Satellite-high altitude platform (HAP)-terrestrial
networks have been considered as an indispensable infrastructure
of next-generation networks because they can offer massive access
service with high throughput and broad coverage connections.
Meanwhile, non-orthogonal multiple access (NOMA) and two-
way relaying techniques are considered as potential technologies
to enhance the spectrum efficiency and connectivity. Thus, in
this paper, the performance of two-way satellite-HAP-terrestrial
networks with NOMA, which are subject to imperfect channel
state information and successive interference cancellation, is
investigated. Closed-form and asymptotic expressions for the
outage probability, and ergodic capacity are derived to verify the
impact of the system and channel parameters on the considered
network. Simulation results indicate that the optimization power
allocation factor is independent of the channel fading.

Index Terms—Imperfect channel state information (CSI), im-
perfect successive interference cancellation (SIC), non-orthogonal
multiple access (NOMA), satellite-high altitude platform-
terrestrial networks (ISHAP-TNs), two-way relaying.

I. INTRODUCTION

IGH-quality, high-throughput, ultra-reliability, low laten-

cy, and massive connectivity are the major requirements
for next-generation wireless communication networks [1]-[3].
On this foundation, the structure for integrated satellite-aerial-
terrestrial networks have gained considerable interest [4]-
[6]. Among satellite-aerial-terrestrial networks, the integrated
satellite-high altitude platform (HAP)-terrestrial networks (IS-
HAP-TNs) combine the following advantages the wide cov-
erage and invulnerability of satellite networks, the maturity
and high-quality transmission of terrestrial networks, and the
flexibility of aerial networks [7]-[9]. Owing to the fact that
HAP always works as a relay in the stratosphere, so that
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when compared with the satellite transmission links, the HAP-
terrestrial link has its own advantages, such as lower latency,
more flexibility and wider coverage [10], [11].

As mentioned before, due to the rapidly development of
internet-of-things (IoT) and internet-of-vehicles (IoV) tech-
nologies, a tremendous number of wireless devices need access
to wireless networks [12], [13]. Massive access and high
spectrum utilization efficiency have been as basic requirements
of next-generation networks [14]-[16]. Consequently, non-
orthogonal multiple access (NOMA) can distribute the same
time/frequency/code resource block to different users that rely
on the power domain, which is considered as a promising
candidate of the next-generation multiple access [17]-[19].
Unlike the traditional orthogonal multiple access (OMA)
scheme, NOMA can effectively increase the number of access
users and enhance the system spectrum efficiency. Another
technique to improve the spectrum efficiency is the two-
way relay technology, which improve the spectrum efficiency
by reducing the time slots [20]-[22]. Therefore, it is very
necessary for the next-generation networks to both utilize
the NOMA and two-way technology into the satellite-HAP-
terrestrial networks [23]-[25].

A. Technical Literature Review and Motivation

Recently, IS-HAP-TNs have attracted great attention of the
academic and industrial circles [26]-[28]. To evaluate the
performance of IS-HAP-TNs, the outage probability (OP) and
ergodic capacity (EC) are useful performance indicators [29],
[30]. The authors in [31] investigated the performance of a
non-stationary satellite communication system, where closed-
form and asymptotic expressions for the instantaneous OP, EC
and throughput were deduced. In addition, unmanned aerial
vehicles (UAVs) have been used on a large scale as relay
nodes. In [32], the authors established a three-dimensional
integrated satellite-UAV-terrestrial system with UAV, and the
EC was derived. To verify the timeliness and reliability of
the satellite-aerial-terrestrial network, the authors of [33] dis-
cussed the delay and outage for the satellite-aerial-terrestrial
network. In [34], the authors formulated a non-convex opti-
mization problem to maximize the sum rate of an IS-HAP-TN.
In [36], the authors investigated the secrecy problem of the
IS-HAP-TN with the assistance of reconfigurable intelligent
surface.

On the other hand, NOMA can improve the connectivity
and spectrum efficiency, so it is widely employed in IS-
HAP-TNs [35]. In [37], the outage behavior of NOMA-based
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hybrid satellite-UAV-terrestrial networks was analyzed, and the
sum rate of the considered system was maximized through
UAV location optimization. The authors of [38] studied a
system model applying intelligent reflecting surface (IRS) and
NOMA techniques to wireless systems. In [39], the authors
investigated NOMA schemes in UAV-aided ground-air-ground
communication networks, and evaluated the network outage
performance and throughput, with simulation results showing
proof that NOMA scheme outperforms OMA scheme. The
authors of [40] analyzed a cooperative NOMA-based cognitive
radio network, besides, the authors proved that the cooperative
scheme was proven to achieve the maximum diversity order.
The cooperative NOMA scheme was investigated in [41]
to alleviate shadowing effects at poor channel users in an
integrated satellite terrestrial relay network. In [42], the authors
studied the NOMA-based cognitive mobile communication
system with imperfect channel estimation. In [43], the outage
performance of NOMA-based FSO-RF systems with a dual
energy harvesting mode was investigated. In [44], the authors
investigated a buffer-aided cooperative relaying system with
multiple relays and a direct link from the source to the
destination, providing a general scenario different from other
existing state-of-the-art techniques. In [45], a wireless power
transfer assisted uplink NOMA (WPT-NOMA) network in IoT
was considered, where the battery-less IoT devices harvest the
energy from the dedicated access point, based on linear and
non-linear energy harvesting (EH) models.

Nevertheless, most of the above published works rely on
the one-way relay protocol. To improve the communication
efficiency, users can simultaneously communicate with one
another via a two-way relay [46]. In [47], the authors proved
that the performance of the two-way relay NOMA system was
better than that of the two-way relay OMA system. Moreover,
in [48], the authors investigated the OP, diversity order, and
throughput to measure a full duplex two-way relay NOMA
system. In [49], the authors adopted an IRS in multi-user two-
way relay networks, and designed a user scheduling scheme
to improve the secrecy rate.

For wireless communication networks, due to the fast scat-
tering and propagation errors, perfect channel state information
(CSD) is difficult to acquire, especially in satellite and aerial
channels [50]. The authors of [51] analyzed the performance
of the OP and intercept probability caused by imperfect CSI
in a NOMA-based ambient backscatter system. The energy
efficiency of the satellite terrestrial network under imperfect
CSI was analyzed in [52]. A NOMA-based uplink satellite
network was investigated in [53], and obtained the EC under
imperfect CSI and antenna-pointing error. Therefore, the im-
pacts of imperfect CSI on the performance of the IS-HAP-TNs
[54] should be investigated.

When signals are being received, successive interference
cancellation (SIC) is adopted in NOMA systems [55], [56].
However, due to complexity scaling, propagation and synchro-
nization errors, the SIC technology is difficult to be imple-
mented perfectly [57], [58]. The authors of [59] investigated
the OP performance of NOMA-based satellite network under
imperfect SIC, while an independent factor was utilized to
verify the effect of imperfect SIC. The same assumption of
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imperfect SIC was also adopted in [60], where the authors
analyzed cooperative NOMA networks with multiple full-
duplex decode-and-forward relays and proposed an adaptive
power allocation scheme under imperfect SIC. Based on the
state-of-the-art, it is clear that both NOMA and two-way relay
techniques can enhance the traverse rate performance of IS-
HAP-TNs. This is precisely the motivation for the study in
this paper.

B. Our Contribution

In this paper, by implementing NOMA technology, two-
way relaying transmission under practical limitations, i.e.,
imperfect CSI and SIC, the major contributions are as follows:

o Firstly, we establish a general model for the two-way
satellite-HAP-terrestrial network with NOMA. The HAP
works as a two-way relay to guarantee the communication
between the satellite and the terrestrial user by utilizing
the half-duplex decode-and-forward (DF) protocol.

o Secondly, by considering the limitations in the trans-
mission process, i.e., imperfect CSI and SIC into IS-
HAP-TNs, we obtain signal-to-interference-plus-noise ra-
tio (SINR) of the signal decoded at each node under
imperfect limitations. Based on these limitations, closed-
form expressions for the OP and EC are obtained.

e Thirdly, to gain further insights, we get the asymptotic
expression for OP in high signal-to-noise ratio (SNR)
regime. where the effects of channel and system param-
eters on the OP are highlighted.

o Finally, theoretical results are verified by Monte Carlo
simulations. Some interesting findings are obtained from
the simulation results.

C. Organization

The main structure of this paper is as follows. Section II
introduces the system model, the problem formulation based
on signal transmission, and the proposed channel models.
Then, theoretical derivations for the OP and EC are obtained
in Section III. In Section IV, the theoretical derivations of the
considered network are verified by Monte Carlo simulations.
Finally, some concluding remarks are given in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Fig. 1 illustrates a two-way IS-HAP-TNs with NOMA,
which consists of a satellite, multiple terrestrial users, and
multiple two-way HAPs'. The terrestrial users are equipped
with one antenna’. The HAPs act as two-way half-duplex
DF relays®. Firstly, by the layered coding technology, the

'In this paper, we focus on one satellite beam and one HAP with the same
coverage. The satellite and terrestrial users exchange signals with each other
through either direct links or HAP-assisted links.

It is mentioned that, in this paper, the terrestrial nodes are equipped
with only one antenna, while the results are also suitable to the case that
transmission nodes are equipped with multiple antennas and beamforming
(BF) is utilized at each multiple antenna node.

3 Although only one HAP is employed for the two terrestrial users, the
derived results can be considered as a special case of multiple HAPs scenario.
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satellite (S) and terrestrial user (U)* transmit a superposed
signal to each other via the HAP. Next, the two-way HAP
utilizes the superposition coding technology to obtain the
superimposed signal from the decoded source signal. Finally,
it simultaneously transmits the signal to the satellite and user”.
In addition, the HAP employs a receive antenna and a transmit
antenna, respectively, to communicate with the two signal
sources [27].

@
&
- 7
Propagation Links S =

Fig. 1.
NOMA.

Ilustration of a two-way satellite-HAP-terrestrial network with

A. Signal Model

The proposed system contains two transmission phases.
In the first phase, the satellite and terrestrial user transmit
their own superimposed signals through the layered coding
technology®. The superposition signal of S can be expressed
as ys = \/a1Ts + /azx, where the satellite divides its own
signal into a basic layer signal x, and an additional layer signal
xg, which satisfies E {|x8|2} =F [\x8/|2 = 1, where E[]
denotes the expectation operation. a; and as are the power
allocation coefficients of S, which satisfy a; +as = 1. To
guarantee the quality of the signal, more power is allocated to
Tg, 1.€., a1 > ag [24]. Similarly, the terrestrial user divides its
own signal into a basic layer signal z,, and an additional layer
signal x,,/, which can be expressed as yy = b1 Ty + VbaTy
with E [|xu|2] =F {|xu/|2} = 1. by and by are the power
allocation coefficients of U, which satisfy b; + b2 = 1 and
b1 > bs. Therefore, the signal received by the terrestrial user
from the satellite can be expressed as

zu, = V/Pshsu (Varzs + agey) +nu, M

4The terrestrial user is assumed as a small IoT or IoV device, which is
equipped with a single antenna [53].

5Owing to obstacles, weather conditions like rain, fog and the other reasons,
only one direct link is considered in this paper, which is a widely used
assumption [24], [25].

By utilizing NOMA, which can transmit a two-layered signal through
one resource block. Compared with single-layered signals, the layered coding
technology encodes one signal into a two-layered signal, which can improve
the spectrum efficiency of the system. In addition, the SIC technology can be
adopted in the receiver to decode the layered signal [48].
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where Pg is the power of the satellite transmitted signal.
Ps = uPg, Pg is the entire power of the satellite transmis-
sion, and p € (0,1) is the power coefficient allocated for the
signal transmission, whereas the remainder of the entire power
is allocated to the pilot symbol to estimate the CSI. hgys is the
complex propagation coefficient between the satellite and the
user, which undergoes shadowed-Rician (SR) fading [61]. ny
denotes the zero mean additive white Gaussian noise (AWGN)
with variance 9% at U can be modeled as ny ~ CN (O, 19U2).

Similarly, the signal received by the satellite from the
terrestrial user can be expressed as

zs, =/ Puhus (\/affu + \/gffu/> +ns, 2)

where Py is the transmit power of U, Py = uPg. hys =
hsy. ng is the AWGN at S modeled as ng ~ CA (0,1952).
Moreover, the signal received by HAP? can be expressed as

2z = V/Pshsp (yaixs + /azas) 3)
+VPohuw (Voizy + Vbaxw) +ng

where hgy is the complex propagation coefficient between
the satellite and the HAP. hy g is the complex propagation
coefficient between the terrestrial user and the HAP, which can
be considered to follow the Nakagami-m fading distribution
[27]. ng is the zero-mean AWGN with variance 19%{ at HAP.

In the second phase, the HAP decodes the signal received
from the satellite and terrestrial user; then, it employs the
superposition coding technology to generate the NOMA signal
[28]. The superposed signal transmitted by the HAP can
be expressed as yg = ./c1w, + /Cc2x,, which satisfies
E [|:cu|2} = F [|xs|2} = 1. To improve the signal trans-
mission quality, the basic layer signals are superimposed to
transmit. ¢; and co are the power allocation coefficients of
HAP satisfying ¢; + co = 1. Since the link condition between
the HAP and the satellite is significantly worse than that
between the HAP and the user, more power will be allocated
to transmit x,,, i.e., ¢; > co. Therefore, the signal received by
the satellite in the second phase can be expressed as [62]

25, = V/Puhis (Verv, +/an) +ns, @)

where Py is the transmit power of H, Py = Pg, and hgg =
hs.

The signal received by the terrestrial user in the second
phase can be denoted as [62]

20, =V Pubiu (Verz, + Vers) + g, (5)

where hHU = hUH~

B. Imperfect CSI and SIC

In the entire signal propagation process, it is difficult for the
system to acquire perfect CSI due to shadow fading, scattering
and other reasons [52]. Channel estimation error often occurs
in the channel estimation processing, thus so after using the
traditional method of estimating the CSI of transmission, the

7Since the HAP simultaneously receives signals from two signal sources,
the signals will interfere with each other when they are decoded [46].
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channel coefficient can be defined as
he = he + ec,C € {SH, HU,SU} , (6)

where he is the realistic channel coefficient between nodes, fzc
is the estimated channel coefficient, and e shows the Qegree
of imperfect CSI, which obeys ec ~ CA (0, k.). ec and h¢ are
mutually orthogonal to each other. Using the pilot symbols to
estimate the CSI, with the linear minimum mean-square error
(MMSE) algorithm [50], . can be expressed as

-2 1
ke =FE {|hc|2} - F Uhc‘ } = m7 (N

where L is the length of the pilot symbol. T¢ = E {vc} =
PCE{|hc|2}/192, and Po = (1 — p)Pg is the power for
channel estimation.

SIC is the conventional method to decode the superposed
signal [55]. However, SIC technology must rely on strong
receiver performance. The terrestrial user and satellite cannot
satisfy this requirement. Thus, we assume that imperfect SIC
appears at S and U.

Under these circumstances, the SINR of decoding the su-

perposed signal from U at .S can be obtained. Firstly, the basic
layer signal with more allocated power is decoded as

_ pb1ysu
pbysu + pukie 417

where vsu = Fsu|hsul’, Fsu = Pr/0%.
Then, the additional layer signal with less allocated power
is decoded; due to imperfect SIC at .S, the basic layer signal

cannot be totally eliminated. Thus, the SINR of z,. is given
by
pbaysu

p€db1ysy + pke + 17
where ¢ € (0,1) shows the imperfect degree of SIC.

Similarly, the SINR of decoding the superposed signal from
S at U can be obtained separately by

kha1yus

Up—s = ) (10)
o pazYus + phie + 1

©))

VS, —u =

and
Ha2vYu s
péaryus + pke + 17

where s = Jus|hus|’, Jus = Pr /Y%
At the HAPS, with decoding x5 as an example, the SINR
can be expressed as

Y

YU, —s' =

Ha17YHS

 paxyms + @ (phiyhu + pbeveu) + pke + 17
(12)

YH—s

where w € (0,1) describes the interference factor. ypg =
- 2 2 - 2 -
Yuslhus|®, Yus = Pe/V%. vou = Yuu|hgu|” and gy =
Pr/9%.

81n this paper, it is assumed that the HAP has strong receiver performance,
so imperfect SIC is not considered. However, the decoded signal at the HAP
will be interfered by another source signal.

4
Similarly, we can obtain
HA2YH S
= . (3)
b w (ub1vau + pbovay) + pke + 1
- ub1vHU
Y wboymu + w (paryes + pasyus) + pke + 17
(14)
and
b
VH = HO2YHU (15)

w (parvms + pazyms) + pke + 10

In the second phase, the SINR for decoding signal z,, at .S
can be obtained as

HC1YSH
peeYsH + pike + 17

VSo—u = (16)
where s = Jsulhsu|*, Jsi = P /0%.
At U, xz, is first decoded; then, x, is obtained under
imperfect SIC, and the SINRs can be expressed as
HC1YUH
peoYUH + pike + 17

VUo—u = a7

and
HC2YUH
pEeryum + pre +17

VUz—s = (18)

where Yo = Yuu|hsul’s Jun = Pe/Y%.

C. Statistical Properties of Channels

In this subsection, the statistical properties of channels will
be presented.

1) Satellite-HAP/User links: The propagation model of the
satellite to the HAP/user links hg, S € {SU, SH }, undergoes
SR fading as follows [61]

_1 1
hs = VFsQsRg* -Gigs, (19)

where Rg shows the rain attenuation, which modeled as
10gn02rmal random distribution, i.e., Rg ~ CN (¢,9%). Fs =
(%) m is a scaling constant with V=c/4r, ¢ is the
electromagnetic wave velocity, f is the frequency of the signal
carrier, dg is the vertical distance from a GEO satellite to the
receiving equipment plane, and dj, is the horizontal distance
between the receiving equipment and the center of the satellite
antenna coverage area center. s = KT, denotes the free
space path loss (FSPL) factor. K = 1.380649 x 10~ %J/K
is Boltzmann constant, 7}, is the propagation path’s noise
temperature, and (g is the receive antenna gain, which can
be given by

Grmax — 25 x 1073(429)° 00 <9 <4,

Qs ~ 2+ 15log 42, 0, <6 <6
32 — 25log ¥, O, < 0 < 48°
—10, 48° < 0 < 180°

(20)

where G g max 1S the maximum receive antenna gain; dp is the
diameter of the receive antenna, 6 is the angle of off-boresight
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for the receive antenna. 6, = &\/ Omax — (2 + 151og dTR)

dr
and 0, = 15.85(%1“3 are two angle values. Next, Gg =

GTmax(K;i(p) + 36%’)—@)2 is the transmit antenna gain of
satellite; Gf)Tmax is the maximum transmit antenna gain of
satellite; K,,,n € (1,3) is the first-kind Bessel function with
order n. p %, where o is the angle between
the center of the transmit beam and the receive user antenna.
Without loss of generality, to obtain the best antenna gain, we

adopt the maximum gain in each node.

)—0.6

gs describes the channel coefficient for SR fading of the
satellite to the HAP/user links. SR fading has been proven to
be well consistent with the measured satellite signal transmis-
sion channel [61]. In addition, SR fading has less calculation
complexity than other models. Hence, SR fading model is
widely used in [29], [31], [51].

The PDF of g = ﬁs\h5|2 can be given by [61]

mg—1
f’)/s (JJ) =ag Z €(J]f3 xke—Asz’
k=0

Vs

21

where ¢ (k) = (=11 —mg) 05/ (K)% (), is

Pochhammer Wi}g/mbol, Ag = (Bs —ds) /9. as 2
2bsmg AN A Qs

(2bs’”?s-:ﬂs) /21)5, BS T 2bs” 6’9 B ZI)S(QbSmZUP +QS) ’

mg € (0,00) is the fading severity factor. When mg — oo,
the shadowed-Rician channel will be reduced to the Rician
fading. Besides, (g and 2bg are the average powers of the
LOS and scatter element, respectively.

Using [63, Eq. 3.351.2], the cumulative distribution function
(CDF) of ~g can be deduced as

FVS (x)

mg—1 k
¢(k kA —(k+1-%) ¢ —Agz -
1—ag > ,E+)1 > G g rte™ s
k=0 7S =0

(22)

2l

2) HAP-User links: The propagation model of the HAP-to-
user link h i follows Nakagami-m distribution, which can be
defined as [27]

hav = ©OruvQuugnv, (23)

where g is the channel coefficient for Nakagami-m fading
of the HAP-to-user link. Qg is the channel propagation
element during the HAP-to-user link, which can be expressed
as

Quu =Gy + Gy + 101g()\/4ﬂ') — 5§HUlg\/d%{ —‘y—d%,
(24)

where G and Gy are the transmit antenna gain of the
HAP and receive antenna gain of U, respectively. A is the
wavelength of the signal. ¢y is the FSPL of the HAP-to-user
link. dg is the height of the HAP, and d,, is the horizontal
distance from the user to the center of the HAP beam. O g
shows the three-dimensional positional relationship between
the HAP and the terrestrial user. To facilitate the understanding
of the distance and angular relationship between the HAP and
the terrestrial user, a three-dimensional coordinate system is
built with the HAP as the coordinate origin. Then, we can
readily mark the coordinates of U as (xy7, yu, zv ). The angular

IEEE Transactions on Vehicular Technology

relationship between the HAP antenna and the user antenna
can also be obtained: ¢y € [0,27) shows the azimuth angular
between HAP and U, and wyy € [0, 7/2) depicts the elevation
angular between HAP and U. The angular relationship can also
be expressed in the form of coordinates as follows

arccos (OUU/\/M) s yu =0
27 — arccos (.CCU/\/I%] +y(2]> , yu <0

YU =

(25)

wy = arctan <ZU/\/.’L'%] + y%) ) (26)

Based on the three-dimensional coordinate system, © gy
can be expressed as

Onv =0, (vv,wu) ® Oy (Yu,wu), (27)

where @ denotes the convolution operation. ©,. (py,wy) and
©, (¢u,wy) denote the horizontal and vertical array steering
vectors, respectively.

According to v = Yru|hiu|?, the PDF of vy is given
by [27]

and

\II;JHU my—1_—VYyx
f’YHU (.T)) = F (mU) € 9 (28)

where U = Q;":ﬁw. my and €y denote the fading severity

and average power of the HAP-to-U link, respectively.
After an integral transformation, the CDF of vy can be
expressed as

va—l \I/k .’L'k
Fopy (@) =1—e Yo" Y 1121 . (29)
k=0 :

III. SYSTEM PERFORMANCE

In this section, closed-form expressions for OP and EC are
derived through theoretical results to verify the impact on
performance at different system parameter settings. Also, to
further demonstrate this phenomenon, asymptotic expressions
for OP in the high SNR communication environment are
further derived.

A. Outage Probability (OP)

The OP is one of the most important factors in the wireless
network to describe the performance of the system. In this
paper, we adopt strict OP for the entire system, i.e., the SINR
to decode a signal at each node must fall below the outage
threshold ~;;, of the system [4].

The outage of the overall system can be mainly divided
into two situations: (i) In the first phase, the node is outage,
which consists of the satellite decoding decode user signals,
user decoding satellite signals, and HAP decoding satellite and
user signals. (ii) In the second phase, the node is outage, which
consists of satellite failing to decode HAP signals and user
failing to decode HAP signals.

Theorem 1. The OP of the entire system can be written as

(30) at the top of the next page, where T, = milalm
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MY () N kA~ (k1) to—AsT MY C) N A~ (kH1-D) to—AsT
Pt =1—ag” > Z/HIZ*AS T te st mea E—AS Tole AsT2
) L k=0 s =0 ) k=0 75 {=0
ms— ms
¢(k) kA —(k+l=t)An £ —AgY k' —t)~ t —AgT
X =A T sls Ty e sta
kz::O s tZ::O ues kz::o 7s" !
ms—l k t
ST S S BASETT S (] ) ALBy e Aa E”gf (1 my — DI Ag Ay + Tg) )
k=0 Ts  i=0 " =0\ [ my)
mg—1 k t
xS LB S BASHHT S () ALt As B Bu T (1 s — 1)(AsAp + 0p)TT)G30)
k=0 s =0 =0\ ! (mv)
ms—l my—1 1 t Al pt—1
IATk—1 _ o—VuBs _YytAgByT (k+D!
) k=0 75 <kA tgo zgf) H(TuAstAs)™H
mg—1 my—1 t t Al pt—1
¢(k | k=1 _ —‘I/UB4 Vy'AiBy (k+1)!
* kz::O st (kA tgo =0 t'(‘I'UA‘“LAS)HHI
_ Myl g g MESL g ey, k) —(kt+1—t _
e Hotter ZZO \I’Ul11’!r6 : lz; \I,Uli’!rS : Z _<;E+1 Z k'AS’( )TE’ € AsTs
: f
Ty = %, T3 = %, = %, Proof: The proof is relegated into Appendix C. [ |
Ty = WretDyen o (retDvn 4 — _=wn _ p — Finally, by substituting (36), (37) and (38) into (34), we
(Ame+1l)L’CYi;HCZW:: @Vth Hg;fq(z?e-ﬁ-l)%h i{; a:ﬂth @Yth obtain the EC of the user-to-satellite link.
pai—pazyen’ az ’ paz -’ br—bzen’ Similarly, the EC of the satellite-to-user link is
B3 = (lg'ﬁe-‘rll))’hh 4= wl;Yth, and By = (#Rﬂtl)%h'
e " ECy = ECys + min [ECys, ECun],  (35)
Proof: The proof is relegated into Appendix A. ]

B. Asymptotic OP

To gain more insight of the OP, the asymptotic analysis for
the OP in high SNR regime is investigated.

Based on the CDF expressions for SR fading and Nakagami-
m fading, when the average SNR of the channel approaches
infinity, the CDF expressions in high SNR regime are respec-
tively, rewritten as

00 A g
Fys ( ) = ’77333, (31)
and
oo A \IIZ-LU muyu
Foh, (x (z) ~ T (mU)x . (32)

Lemma 1. The asymptotic OP of the entire system is given
as (33), which is seen at the top of the next page.

Proof: See Appendix B. ]

C. Ergodic Capacity

The EC is another expression of link capacity. When the link
capacity cannot meet the required user rate, an interruption
event is generated, which is probabilistically distributed, de-
pending on the average signal-to-noise ratio of the link and its
channel fading distribution model, and is one of the important
evaluation indicators of the system performance. [31]. In this
paper, there are two transmission links: the user-to-satellite
link and the satellite-to-user link. The EC of the user-to-
satellite link can be defined as

ECS = EOSU + min {ECHU,ECSH} s (34)

where ECgsy denotes the EC of the direct link. ECyy and
ECgy are two links in the two-way HAP-forward link, which
help spread the signal of the user to the satellite.

where ECypg is the EC of the direct link from the satellite to
the user. EFCyg and ECy g are the ECs of two links in the
two-way HAP-forward link, which help spread the signal of
the satellite to the user. Using similar derivations in Appendix
C, we obtain the final EC of the satellite-to-user link.

Theorem 2. The final expression of ECgsy, FECgxy and
ECsy are derived as (36), (37) and (38), respectively. (36)
and (37) are shown at top of next page.

mg—1

k
ECSH:QCL:,SQ Z %

k=0
0,1
31 [ predl 31 [ pret1
{G%(“u As 1+k,070> G?«?(”m As

0,1
1+4+%,0,0
(38)

IV. NUMERICAL & SIMULATION RESULTS

In this section, some representative Monte Carlo simulations
are provided to validate the outage behavior and EC of the
two-way satellite-HAP-terrestrial network. In addition, the
influences of key parameters, i.e., the power allocation coef-
ficient, channel conditions, imperfect CSI, imperfect SIC, and
interference factor, on the system performance are revealed.
Without loss of generality, we set a1 = by = ¢1, as = by = ca,
Jsu = Asg = Tuu = 7 Y%y = Yty = Vhy = 1,
msy = Msy = mg, bsy = bsy = bg, Qsv = Qs = g,
and Qpy = 1 [23], [29]. In addition, the detailed system
and channel parameters are shown in Table I and Table II,
respectively [27], [37], [59].

Fig. 2 illustrates the OP of the system versus a; for different
SR shadow fading conditions under ¢ = 0.01, L = 5,
uw = 0.75, 4, = 1dB, @ = 0.01 and my = 1. Firstly, the
numerical simulation results are observed to be in agreement
with the theoretical analysis, which verifies the correctness of

Page 6 of 27
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m 2 m
Pot = 1= ST TTT TR (Ars + Br) (Axis + Ba) (WL)) £,( % A
t1=0 1
_ (33)
my ms m 2
> 551“11 (ks + 185~ 3K (0) g et "S5 ) (kg g1t (2
k1=0 ta—=0 2 — 9 (mu)
1= 2= k2=0
ms 1 0,1 0,1
_ as ¢(k) pre+1 ) (31 [ pret+l )
ECSU = Ins2 kgo +1Ak+1 |:G < m AS 1+ ]C,0,0 > G23 < b AS 1+ ]C,0,0 > (36)
0,1 0,1 '
PRe+1 ) o 31 PKe+1 )
+G33 <b2+£b1 As 14 %,0,0 ) Gas | e, s 14+ %,0,0 ﬂ
mg—1 my—1 _ 1 7(k+t+1)
k
EChU = 313 $IS+)1 ( Ut (%j - \IC%J) (=1)" (k+1)!
k=0 'S L t=0 . (37)
X ‘I/Utclitcbikil G31 Yy 0? 1 _ 1 G31 Mﬁe+1A 07 1
o) 23\ G £,0,0 )~ AFTUBE\ = T8 14 £,0,0

TABLE I
SYSTEM PARAMETERS

Satellite height ds=35786km
HAP height dr=20km
Frequency f=2GHz
Bandwidth B=15MHz
Noise temperature T=300K
Satellite transmit gain | G ax=48dB
Receive gain G R max=4dB
3dB angle 0345=0.5°
TABLE II

SR FADING CHANNEL PARAMETERS

Shadowing mg bs Qg
Frequent heavy shadowing (FHS) 1 0.063 | 0.0007
Average shadowing (AS) 5 | 0251 | 0.279
Infrequent light shadowing (ILS) | 10 | 0.158 1.29

our theoretical derivations. Then, when the satellite channel
suffers light shadowing, the OP decreases. In addition, the OP
of the system achieves the better performance at a; = 0.76.
Thus, the optimal power allocation coefficients is set as
a1 = 0.76 and as = 0.24 in the following simulations.

Fig. 3 depicts the OP of the system versus 7 for different SR
shadow fading and Nakagami-m shadow fading under a; =
0.76, az = 0.24, £ = 0.01, L = 5, p = 0.75, v, = 1dB
and @ = 0.01. The asymptotic results are identical to the
simulation results in a high-SNR regime, which validates the
exactness of our asymptotic derivations. Similar to Fig. 2, the
outage performance improves when the SR fading improves.
The OP of the system decreases when my increases under
the AS and ILS scenarios. However, the outage performance
of my = 1 is better than that of my = 2 in the FHS scenario.
This result can be explained that in the FHS scenario: with the
my increasing, the interference impact on the satellite-HAP
link increases, so the system is more easily interrupted. When
the SR channel suffers AS or ILS shadowing, the increase in
my has a relatively small impact on the interference of the

109 )
09F
0.8
0.7
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%
a 05
<)
o
Qo4
8
=}
(@)
0.3 1
® FHS MC Simulations
@  AS MC Simulations
¢ ILS MC Simulations
L A Analytical Results
0.2 ! ' M A AN

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
ap

Fig. 2. OP of the system versus 7 for different power allocation coefficients.

satellite-HAP link.

Fig. 4 plots the OP of the system versus & for different &
and Nakagami-m shadow fading conditions under a; = 0.76,
az =024, L =5, up = 0.75, "Yth—ldB w = 0.01 and the
FHS scenario. According to 7y, < 5 , the value of £ must
be less than 0.25. We observe that the performance for the OP
of the system will deteriorate when £ increases. Regardless of
how the channel condition or SNR is improved, when ¢ >
0.22, the OP of the system will be close to 1. This result
enlightens that performing perfect SIC can effectively enhance
the performance of the OP for the considered system.

Fig. 5 illustrates the OP of the system versus w for different
L and SR shadow fading conditions under a; = 0.76,
as = 0.24, £ = 0.01, p = 0.75, v, = 1dB and my = 1.
The observed interference factor w significantly impacts the
OP performance of the system. When @ > 0.1, the system
cannot complete normal communication. Moreover, from the
enlarged simulation results, the performance of the OP for the
considered system is enhanced with L increasing.



oNOYTULT D WN =

IEEE Transactions on Vehicular Technology

SUBMITTED TO IEEE

Outage Probability

@ FHS MC Simulations
@  AS MC Simulations

¢ ILS MC Simulations
Analytical Results
— — — Asymptotic Results X

10 15 20 25 30 35 40 45 50
5(dB)

<>
<>
RS
<

Fig. 3. OP versus 7 for different SR shadow fading and Nakagami-m shadow
fading conditions.
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Fig. 4. OP versus ¢ for different Nakagami-m shadow fading conditions.
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Fig. 5. OP versus w for different lengths of pilot symbol L and SR shadow
fading.

8

—o— R
PO E====c
“_H, - w ]
0.8 ]
2
307 1
©
o
o
Qo6 .
[0
()
8
S
Oos 1
@ o = 0.65 MC Simulations
B o = 0.75 MC Simulations
¢ o =0.85 MC Simulations
04 Analytical Results
: ‘ — — — Asymptotic Results
0 2 4 6 8 10
Vth (dB )
Fig. 6. OP versus for different signal power coefficients and
g Vth g p 12
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Fig. 6 shows the OP of the system versus ~;;, for different
p and w values under a; = 0.76, as = 0.24, ¢ = 0.01,
L =5, my = 1 and the FHS scenario. A higher system
outage threshold corresponds to higher requirements for the
outage performance of the system. In addition, the outage
threshold affects the power allocation factor. When 4, < 1.5
dB, the performance for the OP of the considered system
enhances with p decreasing. However, when v, > 1.5 dB,
the performance for the OP of the considered system enhances
with p increasing. The reason is that the system will allocate
more power to transmit signals when the system has higher
requirements for outage performance.

Ergodic capacity(bit/s/Hz)

@® FHS MC Simulations
@  AS MC Simulations

K ¢ ILS MC Simulations
r ) Analytical Results
0 5 10 15 20 25 30 35 40
7(dB)

Fig. 7. EC of S and U versus 7 for different SR shadow fading conditions.

Fig. 7 elaborates the ECs of the satellite and user versus 7
for different SR shadow fading conditions under a; = 0.76,
as =024, =0.01, L=5, 4 =0.75, w = 0.01 and my =
1. The simulation results are consistent with the analytical
results, which prove the accuracy of our analytical derivations
of EC. Moreover, the ECs of the satellite and user elevate that
when the SR suffers light fading, and the EC from the user
to the satellite is larger than that of link between the satellite

Page 8 of 27



Page 9 of 27

oNOYTULT D WN =

SUBMITTED TO IEEE

and the user, since the two-way HAP allocates more power
to transmit the user signal in a superposed signal under the
NOMA scheme.

~
T

(=]
T

o
T

IS
T

my =1,2 i

Ergodic capacity(bit/s/Hz)
w

N

©® ECs MC Simulations
B ECy MC Simulations
Analytical Results

.
0 5 10 15 20 25 30 35 40

Fig. 8. EC of S and U versus 7 for different Nakagami-m shadow fading
conditions.

Fig. 8 depicts the ECs of the satellite and user versus 7 for
different Nakagami-m shadow fading conditions under a; =
0.76, ag = 0.24, £ = 0.01, L =5, . = 0.75, w = 0.01 and
the FHS scenario. We observe that, the Nakagami-m shadow
fading has no effect on the EC of the satellite and user. The
reason is that the EC is mainly affected by the direct link, and
the two-way HAP link is restricted by the minimum value of
the two links. Therefore, only improving the channel condition
between HAP and user cannot improve the EC of the entire
link.

¢ ¢ =0 MC Simulations

@ ¢ =0.01 MC Simulations
B ¢ =0.1 MC Simulations
Analytical Results

o

]

Ergodic capacity(bit/s/Hz)

Fig. 9. EC of S and U versus 7 for different SIC imperfections.

Fig. 9 examines the ECs of the satellite and user versus 7
for different SIC imperfections under a; = 0.76, as = 0.24,
L =5, up=0.75 w=0.01, my =1 and the FHS scenario.
As expected, the EC performance strongly deteriorates with
the increase in imperfect SIC coefficient. At 40 dB, the EC
under & = 0.1 is only half of that with perfect SIC.
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Fig. 10. EC of S and U versus 7 for different CSI imperfections.

Fig. 10 depicts the ECs of the satellite and user versus 7
for different CSI imperfections under a; = 0.76, as = 0.24,
& =0.01, @ = 0.01, my = 1 and the FHS scenario. When
the system allocates more power to signal transmission, the
ECs of the satellite and user increase. In addition, with the
increasing the length of the pilot symbol, the EC is enhanced.

~
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Fig. 11. EC of S and U versus 7 for different interference factors.

Fig. 11 plots the ECs of the satellite and user versus 7 for
different w values under a; = 0.76, ax = 0.24, £ = 0.01,
L =5, u = 0.75 my = 1 and the FHS scenario. Similar
to Fig. 8, the effect of interference on the two-way HAP link
does not greatly influence the ECs of the satellite and user.

V. CONCLUSIONS

In this paper, we investigated the performance of a two-way
satellite-HAP-terrestrial network with NOMA and imperfect
limitations. Closed-form expressions for the OP and EC of
the considered system were theoretically derived to quantify
the system performance. In addition, asymptotic expressions
for the OP in high-SNR regimes were obtained to gain deeper
insight. MC results were performed to evaluate the correctness
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of our theoretical analysis and the impacts of key parameters
on the system. The simulations determined the optimal power
allocation coefficient of the NOMA scheme. The imperfect
CSI and SIC strongly affected the system deterioration, which
could not be ignored in reality.
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APPENDIX A
PROOF OF THEOREM 1

The OP of the entire system is defined as
Pouwr = Polut Po2ut PolutP02uta (39)

where Pout = Pg + Py — Ps Py is the OP of the first phase,
and Ps and Py are the OPs of the nodes that receive the
satellite signal and terrestrial user signal.

Then, Ps can be expressed as

Py =Py_s+ Pg_s — Py_sPy_g, (40)

where Py _g and Py_g show the OPs of the terrestrial user
and HAP for decoding the superposed signal from the satellite.
Py_g can be defined as

Py_s=Py_s+Py_s — Py_sPy_g, (41)

where Py_s = Pr{vy,—s < 1} and Py_y = Pr{yy,—s <

fyth}~
Using (10), the expression of Py_, can be derived as

Py_ *Pr{7U1 s <’Yth}

et1)vin ,
= Pr{qus < e} (1)

(42)

_ (pret)ven a a
where T, = ar gy Vth < o Iy > 3, the node
will always experience outage.
Recalling the CDF expression in (22), the expression can
be rewritten as

msl

k!
Poe=as ), MZ s e @)

Similarly, the other OPs can be obtained as

Py_o =Pr{yu,—s < v}

_ (BretD)yen | _
= Pr {’YUS < paz—pgaryin }

T
LS . 'YUS( 2) , (44)
a5 $ AT
k=0 7S i=0

(wretDyin
paz—pEaiVen

Psfu =Pr {’Ysru < ’Yth}

— (BretD)yen | _
= Pr {’YSU < pby— NbZ'Yth

where Ty = s Yeh < 5“721

’YSU (T?)) (45)

msl

Z 7k+1 Z k'A (k+1— t)'r to—AsTs

10

where Y3 = %, Yen < b2.
Ps—w = Pr{ys,—w <}
—Pri@’YS(i< %}:va (T4) 46
SZ Ckﬁ)l Z HA G0y fo=AsTa
where T, = %, Yin < gbl
Ps, w =Pr{vs,—u < Ven}
=Pr {’VSH < %} = Fypy (Ts) W

mil Ck(j;)l Z k|A (k41— t)rr t _ASTS

Vs

_ (pre+1)vin o c1
where Y5 = ey ey satisfying v, < o

Unlike the above derivations, the HAP is accompanied by
interference when decoding signals. Therefore, Pg_, can be
expressed as

PH—S = Pr {’YH—S < ’yth}

_ wpyenYHU +(HEe+1)Ven
=Pr {VSH < pa1—pazyen ,

'YSH (A1yru + Bi)
_fo YSH A1y+Bl>f’YHU( )dy

1
where A; = 7@17;’;% and B, = 7(’““9+ yen

By resorting to the CDF of SR fadlng and PDF of
Nakagami-m fading, using [63, Eq. 1.111 and Eq. 3.351.3],
we can recast Pg_, to

(48)

mgs—1 k t
_ (k) kA —(kt+1-1) t I pt—l
Py_s=ag kZ::O SEET t;o 1Ag zzo( I )AlBl .
xe~ AP Il (14 my — 1)(Ag Ay + @)~ Hme)

By utilizing similar derivations, we obtain Py _4 as

mg—1 k i _ t t _
Puow=as S SH ¥ 8AT0 S () Ay
—0 s t= 1=0 )
xe=AsB2 ¥ (1 gy — 1)I(AgAg + W) ")
(50)
where Ay = ZI% and B, 7(““6’21)’”*‘

Similarly, Py, and Py_,/ can be respectively, derived as

- t Al pt—L |
IA—k—1 _ —UyBs Uy Az By~ (k+1)!
X (k.As e Z Z t,(q/UA3+AS)k+l+1

(D
where As = 2% and By = ety
27 bimbavn T pbi—pbaven
ms—
PH_u/ = a Z -
— ’Y
my—1 ¢ t Al pt—1
IAN“F—1 _ o=YuBs VYutAB, (D!
X (kAS € Z:O l;) Ny AgtAg)etirt
(52)

41
where A4 = L;Y;" and By = (wret1)ven

In the HAP-to-user link, the chl;mnel undergoes Nakagami-
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m fading. By resorting to the CDF of Nakagami-m fading,
the expressions of Py,_,, and Pp,_ can be, respectively, as

PU2 —-u Pr{’yUz —Uu < ’Yth}

(het+D)yen |
=Pr {’YHU < her—peaven

’YHU (T5) (53)

9

— ef\I/UT‘s

PUQ*S =Pr {’YUz*S < 'Yth}

. (pret+1)vin —
=Pr {VHU < m} Fy (To) (54)
my —1 ke K ’

— o TuTs Z %

(Bre+1)vin
where T = Hea—pECiyen Vih < f cr’

Based on (43) and (44), we obtain the OP for the terrestrial
users as

Py_s=Py_s+Py_y — Py_sPy_y. (55)

By using (49) and (50), we obtain the OP for the HAP by
decoding the satellite signal as

Pg_s=Py_s+ Py_y — Pg_sPr_s. (56)

Therefore, the OP of the nodes that receive the satellite
signal can be obtained as (57), which is shown at the top of
the next page.

Similarly, from (45) and (46), we derive the OP for the
satellite by decoding the legitimate users’ signal as

Ps_ty = Ps_y + Ps_y — Ps_yPs_y. (58)

From (51) and (52), the OP for the HAP by decoding the
satellite signal can be obtained as

Pg_uy=Py_ow+ Py_w — Pg_uPr_w. (59)

Thus, the OP of the nodes that receive the user signal can
be given by (60) at the top of the next page.

Owing to the utilization of DF protocol, the OP of the first
phase is obtained as

Pl.,=Ps+ Py — PsPy. (61)

(e}

Recalling (53) and (54), the OP for the user by decoding
the HAP signal in the second phase can be denoted by

PU2 :PUz—u+PU2—S _PUQ_'LLPUQ_S' (62)
Using (47), the OP of the second phase is derived as

qut :PUZ +PSZ*U_PU2PSZ*U' (63)

(o}

The detailed expression of P2, is given by (64), which can
be seen at the top of the next page.

Finally, by substituting the OP expressions of each phase
into (39), the final expression of the entire system is given as
(30).

The proof is completed.

APPENDIX B
PROOF OF LEMMA 1

IEEE Transactions on Vehicular Technology

Firstly, we replace (22) and (29) with (31) and (32), respec-
tively. Then, by using the similar method of Appendix A, the
asymptotic OP of the node under SR fading can be written as

og

P, =25, (65)
j——t (66)
P, = 25y, (67)

s
P, ===, (68)

Vs

and oo ag
PSQ*H = _7T5. (69)

Vs

Hence, the asymptotic OP of the HAP node under interfer-
ence can be, respectively, given as

PX = agA + %Bl, (70)
oo as
Py g =asAs + 732, (71)
oo _ _Yy™u ‘W mu my —t
PHU—(TZJUH)Z:O< ‘ )AéBsU
ms—1 ) (72)

xas > S (k+1)lagThrO!
k=0

and P> _ _wymu Tij myu AthU—t
H—w = r(mU+1) = + 4Dy

. (T3)
(k+t)—1

X as z L0 (o4 A

In addition, the asymptotlc OP of the node under Nakagami-
m fading can be, respectively, derived as

WY
Uz—u T (mU) 5 (74)
Py
P =y, 75
Uz—s T (mU) 6 (75)

Finally, recalling the closed-form expression for the OP in
each phase, we obtain the asymptotic expression for the OP
of the entire system.

The proof is completed.

APPENDIX C
PROOF OF THEOREM 2
ECgy is defined as
ECsy = E [logy (14 vs,—u)] + E [logy (14 75, —u')] -
(76)

By substituting the SINR of vg,_,, and vg,_, into (76)
and using the logarithmic function operation rules, we obtain

ECsy = 15 { B |In (225 + ) B |in (42es 4 1)
[ (e ) i (s )]}

For brevity, we define E {ln (% + 1)} = I, Y7vs =

x1, and ,j”‘fl = z;. After an integral operation, the PDF of
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k k
Ps = 1—as4 Z c(icr)1 Z #Af(kﬂft)Tlte—AsTl Z E;Ef)l Z I%Ag(kﬂ t)T e—AsT:

1 50 =N r=o s i=o"
ms— B _ t - .
CE S AT 5 (A e A (= DA+ %) L8
k=0 t=0 1=0
ms—1 k _ ot ¢ e
DM DI V. R DY < z )Al B lemheBa Tl (14 myy — 1)1(Ag Ay + Ty)~ )
k=0 t=0 1=0

Py=Ps_y+Pug_y— Ps vPu_u

mgl

s—1

=1-ag* Y _k ) Z k'A (k+1= t)T e~ AsTs Z Z ’Z— S kt1- t)T e~ AsTa
o Js' =0 75 t=0
mg—1 my—1 t t Al pt—1
¢(k) k=1 _ —UyB; Yy AL BE (k+1D)! (60)
X p2 ST (k‘!AS — e YUbs t;] IZ t'(\I/UA3+As)k+l+1>
ms—1 my—1 1 t4l pt—L
¢(k) k-1 _ _—WyB Uyt AL B (R
X P (k!AS e~ VYuBa tz::o = t'(quA4+AS)k+z+1>
To(TotT )mu—l \IJUIITGll my —1 \I/Ul2T512 mg—1 ¢ (k) k k! 1t t At
Ul My S e L S
1,=0 15=0 k=0 1S  t=0
z1 can be obtained as nents
e 1 e 1 = pbayus
fole) =0 <‘m u z) gy L= (s )]
H ms— 0.1 ,
— C(k) 3L [ pretl A )
By substituting the PDF expression of f,,¢ into (78), we as kz::() FEFIAETT Y23 < pb2 =5 14+ k,0,0 )
can rewrite f,, (z) as (84)
"= 1 C(k) (ke +1 +1
e _ LEe z
fo()=as 3 <0 (M - ) N j— [ln (u(bﬁgbﬂws +1>}
s
k=0
¢(k) 1he+1 0,1 ’
(79) = Qg Z ,k+1Ak+1G <M(Ib2+§b1)AS 1+%,0,0 >
In addition, I; can be expressed in an integral form as (85)
I :/ In(z+1) 1., (2)de. g0y and
0 I, = [ln (Mj?’luls + 1)}
Using the Meijer’s G function defined in [63, Eq. 9.301] ms—1 0.1 )
and [64, Eq. 8.4.6.5], we obtain =ag > =8 @8l (et )
, Eq. 8.4.6.5], k=0 W?HA?H 23 HEb1 1+k;070
(86)

In(1+2) = Gi3 (z } (1)) 81)

By substituting (79) and (81) into (80) and using [64, Eq.
2.24.3.1], after some mathematical steps, we can obtain I; as

mg—1
_ C (k) 31 M _k7 17 1
I = as Z k+1Ak+1G (ire + 1) As 1.0 .

(82)

To avoid the case where the equation cannot hold when
ysu = 0, we utilize [64, Eq. 8.2.2.14] to rewrite the expres-
sion, which is shown as

0,1
1+4£,0,0 )°

’n’Ls—l
k Ke +1
Li=as } _kC( ) G3l (“ Ag
k=0 7 K
(83)

+1 A k+1
S AS

With the similar method, we obtain the remaining compo-

Therefore, by inserting (83), (84), (85) and (86) into (77),
we obtain the final expression of ECgy .

Since the HAP adopts the half duplex DF protocol, ECyy
can be re-written as

1
EChy = 5 {E Nlogy(1 +vE—u)] + E [logg(1 + vr—u)]} -
(87)

By inserting (14) and (15) into Eq. (87), after some loga-
rithmic function operations, we can re-write EC'y as

_ 1
ECHU T 2In2

< { B (e 4+ =asn 1)| -5 [ (22232 1)}
(88)

For further analysis, we define C; = ﬁ, Cy = ﬂ%ﬁ_l,
YUH = T2, Ysg = x3, and y; = C129 + Cax3. Recalling the
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PDF expressions of SR fading and Nakagami-m fading, after
some integral steps, we derive the PDF of f,, (y) as

fon @) =5 ey fe ("c%) fas (017) dv

mgs—1 my, mu—1 mrr — 1
—as"E s T (T ) oo
k=0 s =0

—(k4t+1
(85 - ) gkt B
(89)
Using Meijer-G function again, we obtain
Is = B [in (420 4 2ism 11))]
= fo In(y+1) fy, (y)dy
mg—1 my—1 mrr — 1 —(k+t+1)
—as S TS (M) (% - %)
k=0 7S t=0
t U tc —tC —k—1 U O,l
(-0 s (|, O )
(90)
Similarly, we obtain
I, =E [m (% n 1)}
mg—1 0.1
— ¢(k) 31 [ pre+l )
s 4 agHAZflG??’ ( o D5 |14 k,0,0 )
oD

By substituting (90) and (91) into (88), we obtain the final
expression of ECpy.

Similar to deducing FCgsy and ECyy, the expression of
ECgy can be obtained.

The proof is completed.
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