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Abstract—The cognitive hybrid satellite terrestrial networks
(CHSTN) is regarded as an effective way to enhance the spectrum
efficiency as well as mitigate the spectrum scarcity problem.
In this paper, we introduce a non-orthogonal multiple access
(NOMA) scheme, which has the ability to simultaneously serve
multiple users, in the cognitive network to further improve
the utilization of radio spectrum. With the help of Meijer-G
functions, the analytical expression for ergodic capacity of the
considered system is derived. Simulations are provided to show
the advantage of introducing the NOMA scheme in the cognitive
system and the effects of some parameters on the performance
of the considered network.

Index Terms—Cognitive hybrid satellite terrestrial networks,
non-orthogonal multiple access scheme, ergodic capacity.

I. INTRODUCTION

CHSTN, in which a terrestrial network shares the spectrum
with a satellite network by employing cognitive radio (CR)
technology, has been proposed and viewed as an effective
strategy to increase the spectrum efficiency and mitigate the
problem of spectrum scarcity. Meanwhile, a significant number
of works have been devoted to investigate the performance of
CHSTN [1]-[6]. Assuming multiple antennas at the primary
and secondary source, the work [1] investigated the ergodic
capacity in a CHSTN. Considering the transmit power of
secondary source was limited, the work [2] derived both exact
closed-form and asymptotic expressions for outage probability
(OP) of a CHSTN with the help of Meijer-G functions. In [3],
the authors employed a multiple antennas relay in a downlink
CHSTN to improve the OP performance. The authors in
[4] studied two optimal power control schemes to maximize
the delay-limited capacity and OP performance for CHSTN.
Under the constraint of not deteriorating the communication
of primary user, the authors in [5] and [6] investigated the
optimal power allocation for secondary source in a downlink
and uplink CHSTN, respectively.

Although these aforementioned works have investigated
the performance measures such as OP and ergodic capacity
for CHSTN, the key limitation of those prior studies is
that they all provide service with orthogonal multiple ac-
cess (OMA) scheme. Since only one user can be served at
any time/frequency resource with OMA scheme, the limit-
ed time/spectrum resource in CHSTN is still underutilized.
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While high information transmission rate and large number
of users are required in next generation network. Based on
this observation, researchers have proposed a novel multiple
access scheme, referred to as non-orthogonal multiple ac-
cess (NOMA) scheme, which has the ability to superpose
multiple signals in power domain and serve multiple users
with the same time/frequency resource [7]. Several works
have investigated the performance of NOMA scheme in a
variety of different scenarios and proven that NOMA scheme
could achieve a higher resource utilization [8]-[13]. In [8],
the authors proposed a general power allocation which can
guarantee the quality of services with NOMA scheme in uplink
and downlink to outperform those with OMA scheme. The
work [9] developed a new interfering channel alignment to
deal with the inter-cell interference problem, which was caused
by the biased power allocation strategy of NOMA scheme.
The scenario of combining NOMA scheme and mmWave
technology was studied in [10]. While an extension of [10]
to a scenario which combined with NOMA scheme, multiple-
input-multiple-output (MIMO), and mmWave technology was
investigated in [11]. The authors in [12] introduced NOMA
scheme in visible light communication multi-cell networks and
proposed a user select strategy to mitigate interference. By
assuming the user with better link quality as an energy harvest-
ing relay, the work [13] investigated the OP and throughput
performances of NOMA users with different user selection
schemes in Rayleigh fading channels.

However, to the best of the authors’ knowledge, most of
the studies on NOMA application focus on terrestrial cellular
network, no results regard to the application of NOMA scheme
in CHSTN have been reported thus far. To fill this gap,
in this paper, we consider a downlink CHSTN, where the
NOMA scheme is employed to serve multiple secondary users
simultaneously and further improve the efficiency of the lim-
ited resource in secondary network. Specifically, the ergodic
capacity which is usefull in understanding the performance
limits of the considered network is derived in terms of Meijer-
G functions. Simulation results are provided to validate our
theoretical formulas, show the superiority of introducing the
NOMA scheme in the cognitive system, and the effects of
various parameters on the system performance.
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Fig. 1. TIllustration of the system model.

II. SIGNAL MODEL

As illustrated in Fig. 1, we consider a CHSTN, where
terrestrial network acting as a cognitive system shares the
spectrum resource with satellite network which is the primary
system. To further improve the spectrum utilization, NOMA
scheme is adopted in terrestrial network. Due to the fact
that the complexity of NOMA scheme with two users is the
simplest, we assume two terrestrial users, i.e., user y and
user x, are selected to form a NOMA group for simplicity.
Despite only two users are selected, we must highlight that
the considered system can be easily extended to a more than
two users scenario, and the difference is the power allocation
factor at each user. Since our focus is on the superiority of
introducing the NOMA scheme in the cognitive network, we
assume that all nodes in Fig. 1 are equipped with a single
antenna. Thus, the received signal at terrestrial users can be
written as

Ym = hsmT + V Ppgpsmxp + nm (D

where hg,, and gpsm (m=z, y) are the channel coefficients
from the cognitive base station (BS) and satellite to terrestrial
user m, respectively, * = /aP,z, + /(1 — ) Psz, denotes
the superposing signal with o (0 < « < 1) representing the
power allocation factor at user y, Py being the transmit power
at the terrestrial BS, and z,, (E “mef = 1) denoting the
transmit signal of user m, P, is the transmit power at satellite,
and n,, denotes the additive white Gaussian noise (AWGN)
at user m with E {|nm|2} = 2. To avoid the satellite user
being interfered beyond an interference threshold (), Ps should
satisfy Py = ﬁ [1], where hg,, is the interference link from
the terrestrial BS to satellite user.

Without loss of generality, We assume terrestrial users
are ordered by their channel gain to interference plus noise

fe |hss |? By |2 :
ratios, i.e., Polor 707 = Pyjgpe 7107 Thus, in the NOMA

downlink, user = decodes its signal directly and the end-to-end
signal to interference plus noise ratio (SINR) of user x can be

given as

Y (1—a) P, |he|?
’ aPs|hsw‘2+Pp |9psw|2+62

2

While user y first decodes and removes the signal of user x
based on the principle of successive interference cancellation
(SIC), and the decoding SINR at user y can be derived as

(1—a)Ps |hsy|2
ol |hsy|2 + B |gpsy‘2 + 42

3)

Yy—a =

From (2) and (3), we can find that ~,_,, > <, since the
assumption that a better channel gain to interference plus noise
ratio is acquired at user y. In other words, the signal of user
x can be removed successfully at user y. In this regard, the
SINR of user y is

__ah |hsy‘2
y

= bl 0)
Pp |9p5y|2 + 42

Before analyzing the ergodic capacity of the considered
network, we first provide the statistical properties of the
satellite and terrestrial channel links, which will be frequently
invoked in next section.

Similar to [2]-[6], we assume the satellite links, i.e., gpp,
Jpsz» and gpsy, are following the independent and identically
distributed (i.i.d.) Shadowed-Rician fading distribution, and
the probability density function (PDF) of |g;|* (i=psz, psy,
pp) is given by [14], as

f‘g”z (z) = ae P R (my;1;0;) 5)

where o; = 05(2b1m1/(2b1m1+Qz))m1/bl, Bi = 05/()“
d; = 0.5Q;/b;/(2b;m; + ), 2b; is the average power of
the scatter, (2; denotes the average power of line-of-sight
component, m; (m; > 0) is the Nakagami-m fading parame-
ter, and 1 F} (a;b; ¢) [15, Eq (9.100)] represents the confluent
hypergeometric function. According to [5], the terrestrial links
are modeled as i.i.d. Nakagami-m fading distribution, the PDF
of |hj|2 (j=hsp, hsz, hsy) can be expressed as

é’;nj ym]- —1

=&
T (m;) © ’ ©

fing2 () =

where T'(-) denotes the Gamma function, &; = m;/§; with

m; being the fading parameter and (2; the average power.
Further, based on (6) and the concept of conditional prob-

ability theory, we can derive the PDF of f, . Jlhep ? (z) as

f\hsm|2/|hsp|2 (z) = /0 yf\hsm\z (zy) f\hsp|2 (y)dy. (7)

With the help of [15, Eq.(3.351.3)], we get

M Msp Mgy —1
o Esp ™o T (Mg, + M)

r (msm) r (msp) (5sp + fsml‘>ms’"+m59 :
3)

P2 o2 (%) =
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III. ERGODIC CAPACITY

The ergodic capacity is defined as the expected value of the
instantaneous end-to-end mutual information [4], which can
be expressed as

Cerg = Elogy (1 +72)] + Eflogy (1 +7)]. (9

By substituting (2) and (4) into (9) along with some
simple mathematic manipulations, the ergodic capacity of the
considered system in this paper can be derived as

Cors =108, ©) B {n (147, lgpes "+ T e /)
—In(1+7, \gpsz|2+aﬁqlhsxl2/\hsp\2
+In{1+7, \gpsy|2 + OWQ|hsy|2/‘hsp‘2
—In (1 + % ‘9p3y|2>}

where 7, = E[y;] = E[P,/6?] is the average signal to noise
ratio (SNR) at the satellite, and 7o = E[yq] = E[Q/6?]
denotes the average SNR at the terrestrial BS, respectively.
Unfortunately, the closed-form expression for the integration
in (10) is mathematically intractable, we hereafter seek to
consider the approximated expression of (10) in this paper.
According to the result provided in [16], the analytical ap-
proximation of E (In (14+x)) can be obtained as

E (22) — (E ()
2(1+E(x))?

Based on (11), we start with the first summand in (10),
which can be approximated as

E [0 (147, lgpsel” + Tl /1o ) |

~In (1 +7,E (|gpsx|2) +7qE (Ihsxlz/lhspIQ))
(%E (1g0sel?) + 7B (1hes? [11s?) )

2 (147, (lgpes ) + 70E (1heal? /1))

78 | (lomel?) |+ 7RE | (1l )]

2 (1478 () + 7P (el /11 2))
7 (lopsel”) T (el /1ol

(14 7E (Ignsel*) +7E (Insal? /11 ?))

In order to compute (12), we first compute the n'*-order
moments of |gpm\2 as

E |:|gpsz‘2ni| = A y”f\gpsx|2 (y) dy.

Substituting (5) into (13) and expanding 1 F1 (mpse; 1; Opszy)
in Meijer-G functions via [15, Eq. (8.455.1)], as

1 — mpsz:|

(10)

E(ln(14+z)) ~In(1+E(z)) — (11)

5(12)

13)

1. _ 1 1,1
1 (mpsm 1; 5psmy)*mG172 Pépszy ‘ 0,0

where G1'3 [] [15, Eq. (9.301)] is the Meijer-G functions with
one variable. Then, with the aid of [15, Eq. (7.813.1)], we get

I;(Spsz
Lﬁpsw

Qpsg 1,2
n+1 2,2
I (Mpsa) Bpsa

2n
E |:|gpsx| ]:

—1, 1 —Mpse
0,0
(15)

The n"-order moments of |fgy|> / |hep|? can be derived as

E[(1hael /1hol?) ]

o0
= Bap / Yt (1 4 Gy /Ep) T dy (16)
0

with

msmr ST S
5, = L (s + Mop) (17)

I (mge) T (msp) sp

Using the identity [17, Eq. (10)], we can get

1
I (msz + msp)

1 —mg —mgp

0

(1+ gswy/gsp)_msx_msp =

sp

Substituting (18) into (16) along with the help of [15, Eq.
(7.811.4)], we get

(18)

2 2\" é.gp/é.gzr (mSiC + Tl) r (mSP B n)
e (el )] - |
I (mse) ' (msp)
19)

To this end, Eq. (12) can be calculated with n=1, 2.

Due to the fact that |gps * and |hsy|2 have the same PDF
form with |gpsz|” and |hge|”, respectively. We can compute the
second and third commands of (10) by following the similar
steps of deriving (12). Then, the remaining task is to compute
the forth term in (10), by using [17, Eq. (11)], In (1 + y) can
be written as

1,1
Vo)

Using (5) and (20) conjunction with the help of [18, Eq.
(2.6.2)], the forth command of (10) can be obtained as

In(1+y)=Gys [y (20)

— 2 Ops
B[ (147, low )| = 5255
psy/ Fpsy
_ 1,1
e 1 1—m
1,2,1,1,1 s s 4y S|
XG 1 5:1),0,12:2] —ﬁgpzy ey
Posy 1,0:0,0

where G}[2211]1 ’01.[2:2] [[] [18] is the generalized Meijer-G func-
tions with two variables, which can be computed with the
method proposed in [19].

Finally, pulling everything together, the asymptotic result for

the ergodic capacity of the considered system can be obtained.
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TABLE I
SATELLITE CHANNEL PARAMETERS [14].
Shadowing b; m; Q;
Heavy shadowing (HS) 0.063 | 0.739 | 8.97 x 10—*
Average shadowing (AS) | 0.126 10.1 0.835
Light shadowing (LS) 0.158 194 1.29

Ergodic capacity (bits/s/Hz)

Average SNR, 7q (dB)

Fig. 2. The ergodic capacity versus 7q for various terrestrial channel
parameters.

2.5}

—©—NOMA, 0=0.2

—+—NOMA, 0=0.3

—>—NOMA, 0=0.5
-0-- TDMA

5 10 15 20
Average SNR, 7q (dB)

Ergodic capacity (bits/s/Hz)
W

Fig. 3. The ergodic capacity versus 7q for various power allocation
coefficient o

IV. SIMULATION RESULTS AND ANALYSIS

In this section, simulation results are provided to show the
validity of our theoretical analysis, the superiority of the pro-
posed NOMA-based strategy in CHSTN. In the simulations,
according to [14], the satellite channel parameters are provided
in Table I. In addition, because the range of terrestrial network
is much smaller than that of the satellite network, we assume
the links between satellite to terrestrial users undergo the same
fading and set |gpez|® = |gpsy|”. Moreover, based on the power
allocation principle of NOMA scheme, the user with worse
channel gain can be allocated more power, thus in this paper
we consider o < 0.5. The TDMA scheme which transmits

25

-o- TDMA. Ely |=5 dB
~%- TDMA, E[y |=10 dB
—5—NOMA, E[y]=5 dB ||
——NOMA, E[y ]=10 dB

Ergodic capacity (bits/s/Hz)

5 10 15 20
Average SNR, 7q (dB)

Fig. 4. The ergodic capacity versus 7q for different E[vp].
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Ergodic capacity (bits/s/Hz)

0.5
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Average SNR, 7q (dB)

Fig. 5.
rations.

The ergodic capacity versus 7yq for different satellite link configu-

data in two orthogonal time slots is given for comparison in
all cases.

Fig. 2 shows the comparison of ergodic capacity with
NOMA and TDMA schemes for different terrestrial channel
parameters, where we consider the power allocation coefficient
a = 04, mg; = 1, and 7, = 5 dB for heavy shadowing.
As we see, the ergodic capacity curves with NOMA scheme
are superior to those with the TDMA scheme, particularly
at high 74q. This phenomenon indicates that higher ergodic
capacity and resource utilization with the NOMA scheme
can be achieved with the same amount of transmit power
at terrestrial BS. Moreover, we can note that the ergodic
capacity performance degrades when either the link parameter
ms, decreases or the parameter mg, increases. This is an
expected result because a smaller m, corresponds to a worse
propagation condition between the cognitive BS and user y,
while a bigger myg;, corresponds to a lower transmit power at
cognitive BS for the protection of the satellite user.

Fig. 3 depicts the effect of different power allocation coef-
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ficient « on the ergodic capacity performance by considering
Fp = 5 dB, mgp = me, = 1, and mgy, = 4 for heavy
shadowing. It can be found that as the power allocation factor
a decreases, the ergodic capacity of the considered network
degrades. This is because lower power allocation factor means
that the user with better channel gain to interference plus noise
ratio is allocated with less power. Specially, when oo = 0.2, the
ergodic capacity with the NOMA scheme at low 7q is inferior
to that with the TDMA scheme, implying that the ergodic
capacity with a fixed power allocation NOMA scheme can not
outperform that with the TDMA scheme in certain case, we
should provide a flexible power allocation strategy to assure
the superiority of applying the NOMA scheme in CHSTN.

Fig. 4 illustrates the impact of different 7, on the ergodic
capacity of the considered system, where o = 0.4, mg, = 3,
and mgy = 6 for heavy shadowing are considered. It can be
seen that an increase in 7, can cause significantly degradation
of the capacity performance, since the interference from prima-
ry network becomes stronger. However, the ergodic capacity
with the NOMA scheme outperform the TDMA scheme in all
cases.

Fig. 5 plots the ergodic capacity curves for various satellite
link configurations, where we consider o = 0.3, ms, = Mmgp =
1, mgy = 4, and 4, = 5 dB. As observed, the superiority
of ergodic capacity with the NOMA scheme under average
shadowing is inferior to that under heavy shadowing. This
phenomenon suggests that we should take the effect of satellite
channel configurations into account when setting the power
allocation strategy.

V. CONCLUSIONS

In this paper, we have investigated the ergodic capacity
of a downlink CHSTN with a NOMA scheme. Considering
the limited transmit power at the terrestrial BS, we have
derived a theoretical expression for the ergodic capacity of
the considered system. Simulation results have provided to
show the superiority of introducing the NOMA scheme in
CHSTN, the impact of key parameters such as terrestrial and
satellite channel parameters, power allocation coefficient, and
different transmit power on system performance. Our findings
have illustrated that a higher ergodic capacity and resource
utilization can be achieved with the NOMA scheme in most
cases, but the NOMA scheme with fixed power allocation
strategy is inferior to the TDMA scheme in some cases. Thus,
a flexible power allocation scheme taking into account various
parameters such as the satellite fading severity, the terrestrial
link quality, and the available power at terrestrial BS should
be considered when performing NOMA scheme in CHSTN.
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