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ABSTRACT In this paper, a hybrid satellite-terrestrial spectrum sharing system allows terrestrial secondary
network to cooperate with a primary satellite network and to further provide higher spectrum efficiency.
For massive connections design, we implement non-orthogonal multiple access (NOMA) technique to
form cognitive radio based satellite-terrestrial (CR-NSHT) system relying on NOMA and further achieve
more benefits compared with traditional schemes. The secondary network only remains its stable operation
when the outage probability of such system is guaranteed, and thereby, to explore advantages of spectrum
sharing opportunities. Considering Shadowed-Rician fading for satellite links, and Nakagami-m as well
as Rician fading for terrestrial links, we derive the closed-form expressions of the outage probability to
evaluate the performance of secondary network. We consider further system performance metrics including
ergodic capacity, energy efficiency and multi-user scenarios. We also demonstrate the impacts of power
allocation factors, transmit signal-to-noise ratio (SNR) at the source, parameters of satellite links, target
rates, and fading severity parameters on the system performance. Numerical and simulation results validate
our analysis and highlight the performance gains of the proposed schemes for CR-NSHT with relay link
serving secondary network and direct link serving the primary network.

INDEX TERMS Hybrid satellite-terrestrial systems, cognitive radio, spectrum sharing, outage probability.

I. INTRODUCTION

To resolve the challenge of line-of-sight satellite commu-
nication systems blocked by heavy shadowing or obsta-
cles [1], the authors in [2]-[6] has been studied a hybrid
satellite-terrestrial system. In particular, a terrestrial relay is
implemented in satellite communication systems to overcome
challenges of large coverage and high data rate services.
To enhance the wireless spectrum utilization, the satellite
communication systems enable the cognitive radio (CR).
Considering the benefits of the underlay CR scheme, cogni-
tive hybrid satellite-terrestrial systems are proposed in [7],
[8]. In such systems, the secondary users’ spectrum access
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opportunities are limited by the tolerable interference level
which is allowed by the primary user. The performance
analyses of the primary and secondary networks depend on
interference coordination and such issue is considered as
one of the key parameters to control the quality of service
(QoS) of the primary network in the context of underlay
transmission mode. In the overlay mode of CR network
reported in [9], the secondary users help the primary trans-
mission through cooperative relaying protocols related to
spectrum access. In [10], the authors analyzed an overlay
CR architecture in hybrid satellite-terrestrial networks to
exhibit its performance. The authors in [11] investigated a
novel cognitive hybrid satellite-terrestrial model including
two cognitive relays which are enabled to forward their
received signal to a mobile user successively. The secrecy
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TABLE 1. Comparison of proposed system with related studies.

Context Cooperative Relay Proto- || NOMA Cognitive Ra- || Outage proba- || Diversity order ||Ergodic Capac- || Multiple Users
Relay Network || col dio bility of Sys- ity
tem
This Work || Yes DF Yes Yes Yes Yes Yes Yes
[11] Yes AF No Yes No No Yes No
[14] Yes AF Yes Yes Yes Yes No No
[30] Yes DF Yes Yes Yes No Yes No
[31] No No Yes Yes Yes No No No
[32] Yes AF Yes Yes Yes Yes No No

outage probability of the hybrid satellite-terrestrial network
was analyzed to indicate the secrecy performance by intro-
ducing the closed-form formula for the single-relay selection
and baseline round-robin scheduling modes [12]. By using
Vickrey auction to achieve an efficient secondary relay selec-
tion, a cooperative spectrum sharing scheme is examined
in the scenario of a multi-potential secondary relay selec-
tion [13]. X. Zhang et al. studied the generalized shadowed-
Rician fading for satellite links while Nakagami-m fading
is adopted in terrestrial links. Further, the authors derived
the closed-form outage probability expressions for both the
primary and secondary users [14]. To get extra spectrum
efficiency, non-orthogonal multiple access (NOMA) was
introduced in [15]-[24]. In principle of NOMA, multiple
users are permitted to share the same resource elements
in signal processing domains including time, frequency,
space, or code. These studies presented a lot of benefits
such as massive connectivity and high spectral efficiency.
The satellite systems have more beneficial by implementing
NOMA to form NOMA -aided hybrid satellite-terrestrial sys-
tems (NHST) [25]. The authors in [25] developed the model
to allow a user with better channel condition to operate as
a relay node and forwards signal to other users. Therefore,
the impacts of the masking effect of users with poor channel
conditions can be avoided in circumstance of heavy shad-
owing. The authors in [26] introduced how NOMA bene-
fits to hybrid satellite-terrestrial relay network. Such NSHT
enhances ability of spectrum sharing in the manner of the
underlay architecture. The work in [27] considered NSHT
by applying both the decode-and-forward (DF) and amplify-
and-forward (AF) protocols at the relay and the imperfection
of channel state information (CSI) at all nodes. Further-
more, NOMA can be applied to edge computing and content
caching in wireless networks to enable the emerging networks
which provide high-quality services for users [28], [29].

The performance of NOMA based cooperative spectrum
sharing in hybrid satellite-terrestrial networks is studied
in many scenarios [30]-[32]. The authors in [31] consid-
ered the underlay CR-HSTN including a primary satellite
source with its terrestrial receiver and the secondary trans-
mitter (ST) with its pre-paired users on the ground. They
derived a novel closed-form formula to exhibit the outage
performance of secondary network in the existence of pri-
mary interference power constraint imposed by the adjacent
primary satellite network. The recent work reported the
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asymptotic outage performance of CR-HSTN at high signal-
to-noise-ratio (SNR) to show performance of the primary
and secondary networks, and thereby achieve the diversity
orders [32]. Those studies show open problem which motive
us to study in this article.

Inspired by the comparison presented in Table 1, a
CR-NHST need be studied in this paper to enhance the spec-
trum utilization and tackle the fairness issue benefiting by
exploiting NOMA with fixed power allocation approach. The
contributions of this work are manifolds as follows

« First of all, we propose a CR-NHST system, where the
secondary terrestrial network operates under the help of
the base station in role of relay. Besides, the NOMA is
adopted in system to show differences in outage perfor-
mance of two-user model.

o Secondly, different performance of two users under
overlay paradigm is examined by deriving expressions in
the closed-form for outage probability, ergodic capacity
and energy efficiency. We also present related analysis in
case of multiple users which need more signal process-
ing stages in such system. Our results indicated that main
parameters need be adjusted to achieve the improvement
in term of system performance.

o Thirdly, more insights in term of performance analysis
are provided. Particularly, the asymptotic expressions of
outage probability and diversity order are derived.

« Finally, the impacts of key parameters in the CR-NHST
system are analyzed, and the superiority of the
CR-NHST relying on NOMA scheme is proved to com-
pare to conventional OMA-based satellite system in
terms of outage and throughput performance.

The rest of this paper is organized as follows. Section II
introduces the CR-NHST system model, reformulates signal
to interference plus noise ratio (SINR), and gives channels
model. In Section III, the exact expressions of outage prob-
ability are derived. Section IV present the extended case
for multiple users in the considered system and Section V
shows simulation results. Finally, conclusions are drawn in
Section VI.

Il. SYSTEM MODEL

Considering system model in Fig. 1, a CR-NHST includes the
secondary network (SN) serving NOMA users. The SN com-
prises of a satellite transmitter (S), terrestrial base station (R),
two user D1, D and the primary network with corresponding
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FIGURE 1. System model of CR-NHST system relying on NOMA.

TABLE 2. The main parameters of the system model.

Symbol |Description

hsr The channel coefficient from the satellite to the relay

hsp The channel coefficient from the satellite to the primary
destination

hrp The channel coefficient from the relay to the primary desti-
nation

h; The channel coefficient between the relay and secondary

user Dy, 1 € {1,2}

The transmit power at j, j € {S, R}

The maximum transmit power at j

Pp The interference temperature constraint at PD

ngr, np, |The additive white Gaussian noise(AWGN) at R and D;
with CN(0, 0%) and CN'(0, 0'2) respectively

z; The signals corresponding users D;

a; the power allocation coefficients

Py
b;

primary destination PD. We will consider the situation of
multiple users in section I'V. Let such satellite be a GEO satel-
lite and the terrestrial nodes be fixed service terminals. The
base station and mobile users are single antenna nodes. We do
not concern the Doppler spread at the terrestrial node due to
static their nature. Therefore, the secondary transmitter (base
station) performs for spectrum sharing opportunities to send
signals to its intended secondary receivers. The main symbols
and parameters can be clarified in table 2. The transmit power
at S and R is constrained by [33]

. (5 Pp
P; = min | Pj, —> |- @))
|hjp|

In two-phase transmission from satellite to users, S sends
the superposed signal /a; Psx| + +/a2 Psx; to R in the first
phase. Following principle of NOMA, operation of such net-
work is conditioned on a; < ap and a;+a; = 1. Inthe second
phase, R forwards signals to two secondary destinations.

In the first phase, the received signal at R is given by

yr = (Vaix1 + ax2) v/Pshsg + ng. )

The signal to interference plus noise ratio (SINR) decoding
X2 is given by

r Psa; |hsg|?
Ry =" 5
> Psay lhsgl® + oz

3
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After applying SIC, the SINR computed at R is used for
decoding signal x1 and such SINR is given by
Psa; |hsgl®
Tryy = —sok, @)
OR
In the second phase, the relay transmits the signal to D;
with i € {1, 2}. The received signal at D; can be expressed as

yp; = (Vaixi + /azx2) /Prhi + np,. (%)
The SINR at D used for decoding x; is calculated by
Praz |hy|?
Pgai |ha|* + o3

(6

I'pyx, =

Then, the SINR at D for detecting x; is computed by
_ Prax|my)?
Pray |hi|* + o}

)

b x

Applying SIC, the SINR for decoding x; at D is given by

2
FDl,xl = PRal lhl' . (8)
o1
Ill. PERFORMANCE ANALYSIS
A. CHANNEL MODELS
Under Shadowed-Rician fading model for the satellite links,
the probability density function (PDF) of |h5k|2 with k €
(R, P) is given by [3]
Fnge 2 (0 = aske P Fy (mgi; 15 8gex) , x > 0 (9)

where o, = (ﬁﬂ " b, Bsi = 0.5bg and

Sk Mk 1525k
Ssk = Sask/ (2bsk) 2bskmsk + Qsk), with €25 and 2bg
denote the respective average power of the LOS and multi-
path components, mgy, is the fading severity parameter and
1 F1(.) is the confluent hypergeometric function of the first
kind [41, Eq. 9.210.1]. In this paper, we consider arbitrary
integer-valued fading severity parameter [34]. Then, we can
simplify (9) as

mgk—1

Frgp @ =as Y ts (ng)x"k e Fxm090% - (10)
ngr=0

where Cge (ngr) = (—=1)"% (1 — mge),g, 865/ (nge)? and

()ng is the Pochhammer symbol [41, p.xliii]. Thus, we can
obtain the CDF of |hg|? as

mgi—1

Flgp @ =1—og E Esk (nsk)
ngk=0
S g Ixd e~ (Bsk—dsi)x

x (1D
(FX(:) g! (Bsk — i)™

The PDF and cumulative distribution function (CDF) of
|hy|* for I € {RP, 1,2} are computed respectively as

(12)
T (m;)
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and
y (my, myx /)
I (my)

I ALY 1
=1-e IZO”_I! o) @

nj=

Fypyp &) =

where y (., .) is the lower incomplete gamma functions [41,
8.310.1], my and ix denote the fading severity and average
power, respectively.

B. OUTAGE PERFORMANCE

1) OUTAGE PROBABILITY OF D,

For target rates R;, the OP of the secondary satellite network
with relay link enabled. We deal with two kinds of fading
channels in the secondary network, especially considering
Nakagami-m and Rician fading environments for terrestrial
links. The OP at user D; is expressed by

OPp, = Pr(min (Tr.x,. T'p, 20 TDyxs) < Yiy)
= Fry, , (¥m,) + (1 —Frp, ., (I/Izhz)>
% (Frpyy (Vi) + Frie,, (Yins)
- FFDZ,.Q (Wthz) Fl‘R,x2 (wthz)) ) (14)

where ¥y, = 22Ri _ 1 is the threshold SNR corresponding to
target rates R; for two users D;.

Lemma I: The term Fr;, (Wthz) can be expressed as (15),
shown at the bottom of the next page.

Proof: See Appendix A

Lemma 2: We can calculate Fry (Vin, ) as (16), shown at
the bottom of the next page.

Proof: See Appendix B.

Finally, with the help of (15), (16) and after some manipu-
lations, the closed-form expression of OP for D is obtained
as

OPp, =1 — (1 — Fry, (Wz))
% (1= Frp,, (W) (1= Fre, W)) . (D)

2) OUTAGE PERFORMANCE OF D,
In this section, we conduct the OP analysis of the secondary
network of CR-NHST under NOMA scheme in the absence
of direct R-Dj link.
OPp, = Pr(min (T, Tp,x,) < Yin,)
= FrR,xl (wthl) + FrDl,Xl (‘(/fthl)
- FFR,xl (I/fthl) Frpl_xl (ll/lhl) . (18)

Based on (1) and (4), we can write Fr (Wi, ) as

Psay |hgl?
FFR,XI (wthl) =1-Pr (—2 > Wth.

OR

Yy 1hspl? oD
— Pr (|hSR|2 > T hspr > =)
pPDA] S

=1 —Pr(thR|2 o I el < p—”)
psai 0s

19)
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Similarly, with the help from Appendix B, it can be rewrit-
ten as

FFR,XI (Ipthl)
msg—1 _ Vihy (Psr—3sr)
=1—as Y isglksple 75
ksgr=0
ksr ' N Isr mgp—1
ksg! (Yin, Yin, / Psar)
X it | 1~ > tsp (ksp)
; ZSR!(ﬁR_aR) SR—ISR
sr=0 ksp=0
ksp _ _ rp(Bsp=dsp)
ksplasp(pp/ps) P e ’s
ksp—1 1
oz Isp! (Bsp — 8sp) ST
msg—1 msp—1 ksr  ksp+isp

— > srtksg) Y csplkse) D Y

ksg=0 ksp=0 Isg=0 Isp=0

aspasgksg! (ksp + Isp)! (op/ps)'s
)kSR —Isp+1

Lsrlsp! (Bsr — dsr
Yy (BSR—3SR) o i
*(',)TJr(ﬂspfﬁsP))% < Yin, ) SR
xXe —_—
ppa
)ISP—kSP—lsp—l

<I/,th1 (IBR - ‘SR)
x| =t TR

- . (20)
ppai

+ (Bsp — dsp)

Regarding the computation at R, F Ty .y (1/fth]) is given by

w1 Y
1 IZ e 91PRM w[hlml m
B ny! ai pr:
np=
_1 _™RPPD
1 " e e <poRP>nRP
(1= 2
nrp! ORA
HRp=0 RP PRARP
mi;—1 mgp+n;—1
Yoy (M) ()
mgp — 1 ORA
n=0 =0 RP PRARP

 Viuny ARPMI a1 MRPAL PD
X (‘/fthlml )"‘ e a1212RpAR
ayripr by!

A ArpD mgp+n1—Dbi
x( aiAMARpPR ) . 1)
Yin MIARP + a1MRpA1 0D

Finally, putting (20) and (21) into (18) OPp, can be
obtained as (22), shown at the bottom of the next page.

Remark 1: Although the exact OP expression of CR-NHST
based on (22) is useful and provide several insights from
numerical plots, it is too complex to predict main impacts on
system performance of the secondary network. Fortunately,
transmit SNR at the satellite plays an important role in outage
performance. Therefore, a further metric is necessary to high-
light performance improvement of such CR-NHST. For this,
we consider throughput performance in the following section.
This is ergodic capacity in delay-limited mode.!

I These metrics are enough to confirm advantage of NOMA in such CR-
NHST system. We do not want to study ergodic capacity in delay tolerant
mode. Our work provides similar metrics reported in [10].
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‘//th2m2
P - — ) n;
, ) =1— —
Up;xy Wiy — n;! (a2 — all/fthz) PRA
=
_ Vi ™i — MRPLD "
+m,i:l mgl e (az*ﬂll//mz)ﬁl?A RPPR wthzni ’<poRP>nRP
ngp!n;! (a2 — a1V, ) PrAG PRARP
n;j=0 ngp=0
—1 mgp+n, n;
_ Z RPz:l (mRP +n; — 1) (poRP>mRP Vinym;
= = mgp — 1 PRMRP (a2 — aryun,) hidr
11— l_
Vihy AIelt""i+(az —a1 ¥y )mRP/\zpD
- (a —ayy )M 5 _ mpp+n;i—bj
e 2T Vihp JRTREPR (a2 — a1y, ) MidrpPR (15)
X
b;! Vinymirgp + (a2 — a1¥m,) mrphipp
Vihy (BR—3R) &
-1 Ly VR R = SR
= _ﬁS("Z*“]‘//th2> s nSR! (1//1]12 /IOS ((12 - alwl‘hz))
Fry,, (W) =1 —asg Z {sr (nsg) e Z P e
’ kse!  (Br — 8r)
nsr=0 ksp=0
_ N
| msp—1 _pD(ﬂS;;—BSP) ”ZSFj nsp! (PD/,OS) SP
X — asp Z Lsp (nsp) e ksp! (Bsp — 8SP)’1SP—]€SP+1
ngp=0 ksp=0
o ke
mfi fop ( )mSR : Cr (1R ISR (ngp + ksg) sk aspasy
=D Gsplnse) D0 Esnusn) Do Y v
1e! — nsr—ksr+
ngp0) oty kom0 om0 Ksr'c! (Bsr — dsr)
(Bsp=ssp)op | Vil (’SSR’SSR)) ksr c—nsp—ksgr—1
— — + — _ 8
e < rS (az—alljlthz)ps I/Ithz ,BSP _ (SS wthz (ﬂSR SR) (16)
(a2 — a1¥m,) P (a2 — a1¥rm,) pp
1 SR -3
OP 1 msr— k ZSR: aSRkSR l/fthl/psal) _W
py=1—| D &orlksp) sn! (B — ) 5r BT
ksr=0 Isg=0
ep(Bsp—3sp)
—1 __PD\PSP—9SP)
mi tsp (ksp) ksplosp pD//)S) e rs
SP RSP Z ksp—Isp+1
! — SP—LSP
kepm0 o lspt(Bsp —dsp)
—1 msp—1 ksr ksp+isp N
" r ~ r aspasgksr! (ksp + Isp)! (op/ps)™P
+ Z ;‘SR( SR) Z {SP( SP) Z Z lop!l '(/3 _(SSR)kSR—lSR-i-l
ksg=0 ksp=0 Isg=0 Isp=0 SR-tSP- \PSR
Isr Isp—ksp—lsp—1 _( Vihy (PSR=3SR) | (Bsp—b5p)
Vin Yin, (BR — OR) psal T s
X ( 1 : + (Bsp — dsp) e
pPDA1 PDA1
wthlml ) _
-1 — = my—1 mgp+n;—1
P N G v M o v A [
—t ' \a1prAt 0 ngp! ORARP a0 b0 mgp — 1 ORARP
— \N - +n;—b Y, M + 2
X (wthlml/al)‘lpR) < a1 1 ARPPR >me ! E_W (22)
by! Vi m1ARp + a1mgpi pp

56620 VOLUME 9, 2021



A-T. Le et al.: Enabling NOMA in Overlay Spectrum Sharing in Hybrid Satellite-Terrestrial Systems

IEEE Access

C. DIVERSITY ORDER ANALYSIS
In this paper, we consider the peak interference constraint
scenario as [33], where Pp is fixed and only I_’j becomes large
in the high SNR regime.

It is worth noting that the diversity order for Dy, D; are
defined by

4= tim 20T D) (OP%O" (ﬁ))

- (23)
p—>00 log o

First, we can write OPp, as

oPy =1— (1 -F (w,hz))
(%hz)) (1 - F

It is interestingly to find F2° (Yim,), F o
X 172

><(1—FOO

'p

(W) %)

X2 2:%2

(%hz) and

F l?g (lﬂ,hz) which can be expressed in Proposition 1 and
2 as follows.

Proposition 1: The asymptotic expression of F l?: (wt;n)
can be formulated as "

FOO (‘Wlhz)

rR.xz

—1
g ¢ (k) asrosp¥in,

T A Ber— 8t (a2 — Yman)
pp(Bsp—3sp) pp(Bsp—dsp)
y (k+1, 2bg=bed) (k4 o, enllip=iin))

0s pp (Bsp — dsp)

X
(25)

Proof: See Appendix C.

Proposition 2: The asymptotic expression of F FO;" (%hz)
can be formulated by i

F (wthz)

FDi,xz
(Vinymi/ni (a2 — Ypar))™
[ (m; + 1) T (mgp)

MRPPD . MRPPD
4 (mRP’ )\RPﬁR) r (mRP + mi, ARPOR

) . (26
* (PR)™ + (ppmgp/Arp)™ (20)

Proof: See Appendix D.
Next, the asymptotic expression of OP for user D and it is
given by

org, =1- (1 —F (V)

x (1=F2 (). @7)

lqD] X1

It is noted that (27) can be achieved based on the following
computations. Similarly, F ;’l‘: (Vin,) and F ﬁ;’ (Vin,) are
] 1

WX
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given as respectively

F (Ipthz)

1-‘R‘)rz

—1
"E ¢ (k) asraspim,

= (Bsp—dsp) T ar

Pp(Bsp—3sp) Pp(Bsp—3sp)
y(k+1, 2 ) r(k+2, = )

X —
ps oD (Bsp — dsp)
(28)
and
FI?Zlvxl (wthz)
. (Wnymi/rrar)™
I'(my + 1) T (mgp)
4 (mRP, —’;’RP/}D) r (mRP + my, _TRP@)
x RPPR + RPPR ] (29)

(oR)™ (opmgp/Arp)™

Remark 2: We can infer from (24) and (27) that the sec-
ondary network of such CR-NHST exhibits different per-
formance of two users which depends on transmit SNRThe
diversity order of OPp, is zero in transmit power at some
nodes. It can be concluded that the diversity order of OPp; is
zero in high SNR. This is predicted that outage performance
is flat curves at high region of transmit SNR at the source.

D. THROUGHPUT PERFORMANCE

The overall throughput is an another performance metric
for such systems, which can be evaluated with the help of
outage probabilities. In delay-limited mode, at fixed target
rates Ry, R, the throughput can be achieved. As a result,
the overall throughput can be formulated as

Tioal = (1 — OPp,) Ri + (1 — OPp,) Ry. (30)

E. ERGODIC CAPACITY ANALYSIS
By using definition, the ergodic rate of x; is given by

Cy,

1
EE [logy (1 + Z1)]

]

1 [1-F
_ / 2@ 31)
2In2 14+x

0

where Z; = min (FR’xl, FDl,X1)~ Then, the CDF of Z; is
expressed as

Fz, (x) = Pr(min (Tg.x,, Tp,.x,) <)
= 1= (1= Frey, ) (1= Fry, ) G2)

Based on (20) and (21), we obtain the PDF of Z;. Unfortu-
nately, it is difficult to obtain a closed-form expression from
(31) as [35].
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Next, the ergodic rate of x; is given by

Cy,

1
5 E [logy (1 + 22)]

oo
2In2 T+y

0

where Z, = min (FR,XZ, I'p,.x, b, ,x2). Furthermore,
the CDF of Z; is obtained as

FZz (Y)
= Pr (mln (FR’xz, FDz,xzv FD1,X2) < y)

= 1= (1= Fro, ) (1= Frp,., ) (1= Fry,, @)
(34)

With the help (15) and (16), the PDF of Z, could be computed.
To the best of authors’ knowledge, (33) does not have a
closed-form solution [35].

F. ENERGY EFFICIENCY

To further evaluate the performance of the considered sys-
tems, energy efficiency (EE) could be examined as an
important criteria, which is defined as the bits of information
reliably transferred the receivers per unit consumed energy at
the transmitters [36]

Total data rate
" Total energy consumption

NEE (35)

Based on the throughput analysis in (30), the energy effi-
ciency of the considered systems is given by
_ 2T otal

T (Ps+ Pg)’
where T denotes the transmission time for the entire commu-
nication process.

NEE (36)

IV. EXTENSION TO SCENARIO OF MULTIPLE USERS

We continue to evaluate how multiple users make degraded
performance of specific group of users in the context
of NOMA. Ideally, two-user scenario is considered in
the previous section which motivate us to further exam-
ine the groups containing N users, i.e. denoting them as
(D1, D», ..., Dn_1, Dy). In such circumstance, the source S

N

intends to proceed the superimposed signals Y +/a,Psx, +
n=1

ng to R. For signal processing for user Dy, x,, is targeted to

it, and this user is allocated the percentage of total power,
i.e. a, with the constraint a; > ap; > > ay and

N

> a, = 1. In term of multiple users in groups of NOMA
=1
gystem, it is usually assumed the channel ordering could be

/’l1 </’l2 <... <hN_1 <hN.

In practical scenarios, a multi-user multi-relay architecture
for NOMA aided CR-NHST has been explored. However,
by grouping pair of users, such system can satisfy particular
requirements of paired users.
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TABLE 3. Channel parameters.

Shadowing b m Q
Average shadowing (AS) 0.251 |5 0.279
Heavy shadowing (HS) 0.063 |1 0.0007

In the first phase, the received signal at R can be formulated
by

N
VRN = hsg Y \/PsanXy + ng. (37
n=1

Further, after receiving the mixture signals, R needs assis-
tance of the SIC in the context of NOMA [39]. In particu-
lar, R detects the signal x; and considers other signal(g =
2,3,...,N)asnoise. In the next stage, R decodes the signal
x2 and the noise in this case could be x4, (¢ = 3,4, ..., N).
As expectation in the last step, R decodes the signal xy.
Therefore, the SINR of detecting x, at R is computed by

B |hsg|* Psa,
= . < .
|hsrl® Ps Y piy1 ap + 0

Finally, the SINR at R detects the signal x is given as

Tk (38)

2
_ |hsrl” Psan
= 2

ORr

Cr N (39)

During the second phase, R forwards the detected signal to
Dy(me (1,2,...,N)). The signal at D,, is given as

N
Ym = hm Z VPrapxp +np,,. (40)
n=1
Similar to R, D,, executes the SIC to decode the signal
x4(1 < g < m < N). The SINR can be written as
him|? Pra
Tmg = —3———— . (41)
| |” PR Zp=i+1 ap + Om

The SNR of Dy to detect the own signal is given as

2

|hn |~ Pray
FN = —2.
O—m

(42)

Finally, the achievable rate of the messages devoted to
D,(1 < g < m < N) and Dy are accordingly expressed
by [40]

1 .

Ry = §logz[14—nnn(FRq’Fmﬂ)]’ “43)
1 .

Ry = 510g2[14-HHn(FRN’FN)]' 44

V. NUMERICAL RESULTS

In this section, to verify mathematical analysis, it is necessary
to simulate and illustrate for proposed assisted CR-NOMA
scheme. Here, the shadowing scenarios of the satellite links
hsy, including the average shadowing (AS) and the heavy
shadowing (HS) being given in Table 3 [1], [37].
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FIGURE 2. The outage probability versus 5 with different values of the
satellite link, where mgp = m; = m, =2, pp = 20dB.

We set power allocation factors a; = 0.2, a = 0.8,
p = ps = pg, the target rates Ry = R, = 0.5 bit per
channel use (BPCU) except for specific cases, the channel
gains Asp = 0.01, A1 = 2, A = 1 and mgp = m; = mo.
Moreover, case of mgp = m; = my = 1 is equivalent
with the Rayleigh fading channel model. In these following
figures, Monte-Carlo simulations are performed to validate
the analytical results.

In Fig. 2, we plot the OP curves for the secondary network
of CR-NHST (with two sets of channel, i.e. HS and AS)
under impact of SNR at the satellite. In particular, it can be
seen good matching between the analytical and simulated
OP curves. Such observation definitely confirm how exactly
our expressions presented in in Sections III. We can see
that the OP performance can be improved if we increase
SNR at the satellite approach 15 dB. It is very important
to point out that asymptotic lines are matched with exact
curves at high SNR region. This result is definitely confirmed
exactness of our derived expressions. But, if we continue to
increase SNR, the OP curves still remain unchanged. As a
result, the expression of diversity order in previous section is
verified. For comparison, we have also plotted the OP curves
for benchmark of OMA transmission. The case of AS in such
CR-NHST shows the best performance among these cases.
It shows that OMA is worst case. Similar trends of OP curves
can be seen in Fig. 3. When we increase pp, which means the
transmit power at the satellite increases, OP performance can
be enhanced.

Fig. 4 plots the OP curves for the secondary network of
considered system under Nakagami-m faded terrestrial links.
Herein, it can be concluded that m; = my = mpp = 2
exhibit the best performance. We can see that the analytical
OP curves for two users converge to floor value when the
transmit SNR is higher than 30 dB. The performance gap
exists among two users due to different power allocation fac-
tors and condition of SIC. In Fig. 5, we investigate the target
rates which make influence on OP curves for two NOMA
users. As definition of OP, the target rates limit performance
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FIGURE 3. The OP versus pp, with different values of the satellite link,
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0
10 o
‘@\\
AN
8
\Q
. R\
> =m = —
Z \\Q\ m =m,=my,=2
B O\
< \
’g \Q\ m=m=m, =1
= 1L N 1~ 27 "rP
A, 10 .
& ‘e
3 "o ¢
OS O 8 6-6-0 0-0-0-0-0-4
o OPp, Sim.
——-0OPp, Ana.
o OPp, Sim.
OPp, Ana. 4
102 | | | |
0 10 20 30 40 50

A(dB)

FIGURE 4. The OP versus pp, with different values of mgp = m; = m,,
where 5 = pp = 20 dB and the satellite link set HS case.

of OP in such network. For such, the lower required target
rates contribute to better OP performance for two users.

We can study the impacts of power allocation factors aj, ax
on the OP of two users in Fig. 6. When we increase aj,
the SINR to detect user D;’s signal increases and hence the
value of OP for user D becomes smaller. While the OP
performance of user D> would be worse as increasing a;. The
main reason is that SINR is computed based many parameters
including ay, as.

In Fig. 7, depending on the OP performance, the through-
put of considered system increases significantly as the trans-
mit SNR at the satellite increases from 0 dB to 40 dB.
It is clearly that there is existence of ceiling value of such
throughput at high region of SNR.

Interestingly, in Fig. 8, we can find optimal throughput in
HS and AS configuration for proper target rates Ry = R,. The
superiority of this system with AS scheme still remain in this
experiment.

Due to difference among expressions of SINR for two
users, we show different ergodic capacity performance,
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FIGURE 7. The throughput versus 5 where pp = 20dB.

and AS) for our considered system, shown in Fig. 10. At high
SNR, EE curves also meet their ceiling values. The main
reason it that the corresponding throughput is limited at high
SNR region.

as shown in Fig. 9. It can be seen intuitively that, the ergodic
capacity of the first user is better than that of the second user.
In meantime, we also examine EE for two configurations (HS
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FIGURE 11. Multiple users case: The outage probability versus 5 with
different values of the satellite link, where mgp =m; =m, =2,
pp =20dB, a; =0.5,a, =0.3, az =0.2,R; =0.3,R; =0.5 and Ry =1.

It is more challenging when we consider multiple users
scenario, shown in Fig. 11. In particular, user D3 has power
allocation factor a3 = 0.2 and its performance is worse than
the others. This circumstance can be explained that more
interference and less power are joint happened in all users in
a specific group and such issue becomes crucial if the number
of users is greater than 2.

VI. CONCLUSION
In this study, we have investigated the system performance of

the CR-NHST system relying on NOMA in terms of outage
probability, ergodic capacity, energy efficiency and through-
put. In particular, we have derived the closed-form expres-
sions of outage probability, defined expression of ergodic
capacity to show how different performance of the two users
in the secondary network over some sets of channels. These
derived expressions were validated by numerical results, and
the outage events of two users were compared with OMA
case. The asymptotic computation of outage probability and
diversity order are also provided to show more insights related
to performance analysis. Moreover, the numerical results
showed that the proper selection of power allocation factors
and transmit SNR at the satellite can guarantee the perfor-
mance fairness for both users.

As most of papers in literature, it is assumed the knowledge
of perfect channel state information (CSI) in such CR-NHST
to facilitate the user selection process. Although the CSI for
user selection may be outdated due to various reasons such as
feedback delay, mobility, etc. Further, with dense frequency
reuse in wireless networks, the HSTRN is prone to co-channel
interference (CCI). These challenges need be addressed in
extra effort in our future work.

APPENDIX A
We recall expression of Fry, (Wi, ) as below

Fry, ., (Viny)

Pra |hy|?
=1-Pr| —= Sy,
(PRm P +o2
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praz |hi? 2 PD
=1=Pr| ———— > Yy, hgpl” < —
<pRa1 P +1 PR

A

ppaz |hi]?
- 2 2
ppai |hil” + |hgpl

> Yy Ihgpl? > ’i—D>, (45)
PR

in which pg = i—g,azza,gzaf ;
we can rewrite A as
First, A1 is expressed by

h D
Al =Pr <|h1|2 > _w;z), |hR1D|2 < ;—S)

or (a2 — a1¥m,

oD
00 S
= / f\hllz (x) /ﬁthlz (y)dydx. (46)
‘//thz 0
PR (ﬂz —a ‘/’fhz)
Then, Ay is rewritten as
_ Vihy ™1
s mi—1 e (azfaulfmz)ﬁRM Wthznl m
=Y :
| _
ard ny! (a2 — a1¥in,) PrA2
‘/’lhzml __ MRPAD

mi—1mgp—1  (ar— 5 XRPPR
1 RP (ﬂz ﬂlllfzhz)pRM

ngplng!
=0 ngp=0 RP:1

Vin, N1 " kP
x e S <p_ DR ) . @
(a2 — a1 Yu,) PrRM PRARP

Secondly, it can be obtained A; as

h 2
Ay = pr (P > — Yo iRel s P2
0Da2 — Yih, Ppal PR
o o0
= /flhkplz ) / Jiny p (X)dxdy. (48)
@ ‘//thz)'
PR

ppa2~Vih, PDA]
Then, A, is rewritten as

mp—1

n
Ay = Z (mgp/Arp)"RE ( Yinymi

—o ™m!T" (mgp) (a2 — a1¥m,) 110

‘//thzml mgpp
ot —1 "\ (et Yo 2 )
y RP 1 e thy dy (49)

X
\8
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Finally, we can achieve A; as

A

_ mil mRPiﬂil <mRP +n — 1> (poRP>mRP

mpp — 1 ORA
=0 b0 RP PRARP

Viny *RPM| + (az —a1V1hy )MRPM oD

X Vi1 " e (a2-a1 vy )112rpoR
(az _Cllllfzhz) A PR by!

_ mgp~+n1—by
N ( (a2 — a1, ) MArP PR )

Vinymiigp + (a2 — a1¥m,) mrpi1pp

(50)

Similarly, we easy obtain Fy. (%hz)- This completes
2.X)
the proof of lemma 1.

APPENDIX B
First, Fry (Vih,) can be formulated by

FFR,XZ (wthz)

Psay |hsg)?
:1—Pr< sas |hsg] >1ﬂth2>

2
Psa |hsg|* + o

psaz |hsg|? PD
=1-Pr|{ ———F— > Ym,, lhspl* < —
psay lhsgl= +1 os

By

ppaz |hsg|*
—Pr 5 5
ppai |hsgl”~ + |hspl

PD
> Yty |hSP|2 > _—>,
Ps

By
(51)

where ps = ]PV‘; There are two components can be further
computed in the closed-form expressions. We can express B

as below

PD
s 00
By = fﬁhsp\z (x) f Singer O dxdy. (52)
0 Viny
s (02 —a ‘/’th2>

Then, it can be obtained B; as

msp—1 _ Vihy (BSR—3sR)

Bi =asg ) sk(nsw)e os(e2-ervin)

nSR=0

x % 1! (Yiny / Ps (a2 — alw’hZ))kSR

ks +1
oo ksrl (Bsg — Ssp)"SkTHSRT
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msp—1 _ pp(Bsp=dsp)

x| 1 —asp Z Ssp (nsp) e ’s

nsp=0
nsp ~ \ksp
nsp! (op/ ps) (53)
B
oo ksp! (Bsp — 8sp)"srHsrT
Similarly, we can obtain B; as below
mgp msr—1
By= ) ¢sp(nse) Y sk (nsg)
ngp=0 nsp=0
nsg nsp+ksg ker)! |
y Z Z (nsp + ksg)!nsrlospasg
ksrt1
oy =0 ksl (Bsg — Ssr)"SRTISRT
_( Bsp=ssp)op | Yimy (Psr—BsR) ksr
LA PR Yin,
e 2= Viiy )PS _
ay — arn,) pp

Yiny (BsrR — SsR) )C_nsp_ksr.l (54)

X | Bsp —8sp + ——————
( (a2 — a1¥rm,) pp

This completes the proof of lemma 2.

APPENDIX C

By using (1), the asymptotic of F;ol hel? (x) for peak interfer-
'SR

ence constraint can be obtained as

PD

os
© — 0
Fosthse? @ = /Fﬁs\hSRF gz O) dy
0
01
o0 -
o0 XypPs
* / Fihsar? ( Py >thP|2 Ody. (55
oD
ps
0
Further, at high SNR, we can rewrite F>°  , (x) as
pslhsrl
o0 __ OSRX
F,ﬁslhsizl2 ) = Ds (56)

Furthermore, based on [41, Eq. 3.351.1, Eq. 3.351.2], and
(10). 01 and Q» are obtained as respectively

—1
"= ¢ (k) asrospx

= bs (Bsp — dsp)*T!
)
<y <k—|— |, Po(Bse SP)>’

Prs
msp—1

01 =

(57)

¢ (k) asgaspx
= pp (Bsp — 85p)
oD (Bsp — dsp)
os ) '

xF<k+2, (58)
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Then, substituting (57) and (58) into (55), we have

o0
F/OSIhSR\2 )

—1
" ¢ (k) asporspx

k+1
)+

im0 Ps (Bsp—dsp

pD(Bsp—Ssp) op(Bsp—8sp)
J/(k+1, - ) r(k+2,—ﬁs )

X = +
ps pp (Bsp — dsp)

(59)

Finally, with the help (3) and performing necessary manip-
ulations. This proof is completed.

APPENDIX D
By using (1), the asymptotic of F I?OI 2 (x) for peak interfer-
SIAR
ence constraint can be obtained as
oD
PR
00 _ 00 X
Foene @ = / Fip (a)ﬂhmz ) dy
0
01
o0
Xy
+ / Fl‘;‘l_’lz (p_D>f|hRP|2 ydy. (60)
oD
PR
0

(61)

mix\ x—»0 1 (mix\"™
y(mi,— )~ —(—) .
)\i m; )\i

Similarly, we have similar expressions as below. Firstly,
the asymptotic of F;, > can be written as

1 mix\"™
F* =—|(—) . 62
WQ)FWWD(M) ©
Then, Q; and Q, are given respectively by
o = — (rmae. St ( mi )mi 63)
1= —X s
I (m; + 1) T (mgp) \ 2ipr

I'(m m;, TREL
RP + Mi, S o5

) <)‘ﬂ>nﬁ (ﬂ)ml (64)
I (m; + 1) T (mgp) \mgp AiPD

Next, we have

o0
F ez &

= ro o ()
T (mi+ DT (mgp) \ A

Xygwﬁgg+r@m+wg$) )
(oR)™ (ppmgp/Arp)™ )

This completes the proof.
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