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Abstract—In this letter, we investigate the ergodic capacity
of an uplink satellite network using a power-domain non-
orthogonal multiple access (NOMA for simplicity) to serve users
simultaneously in the consideration of random deployment of
satellite users. Taking into account the deployed information of
served users, we derive expression for the achievable ergodic
capacity of the considered networks, where an entire link budget
involving propagation loss, channel statistical prosperities, and
location information is considered. Moreover, expression for
ergodic capacity with OMA scheme is also derived to facilitate
the performance comparison. Numerical simulation results are
provided to attest the validity of theoretical results and show the
vital effect of key parameters, such as the deployed information
and link quality on the considered networks.

Index Terms—Power-domain non-orthogonal multiple access
(NOMA), satellite networks, ergodic capacity.

I. INTRODUCTION

Satellite network will play an important role in the
upcoming 5G networks in providing ubiquitous coverage
for areas where terrestrial wireless infrastructures are diffi-
cult/unecnomical to be deployed, such as desert and subur-
ban [1]. However, due to the usage of orthogonal multiple
access (OMA) scheme, satellite networks provide service at
an inefficiency way in terms of resource utilization efficiency,
since a resource block, i.e., a time/frequency/code block, is
absolutely allocated to one user [2]. Such scheme limits the
number of users to be served, and further limit the ability
of satellite networks to meet the demand of providing high
quality of service (QoS) for a large number of users at a
high resource efficiency in future satellite communications [3].
Under this condition, new multiple access schemes, which can
provide an improved spectrum efficiency, high connectivity,
and harmoniously integrate with the existing OMA scheme,
should be considered in future satellite networks.
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Recently, a novel multiple access, named as power-domain
non-orthogonal multiple access (NOMA for shortly) scheme
has been proposed and viewed as one of the most promis-
ing strategies to apply in the 5G networks [4]. Since the
power domain is exploited for multiple access, the NOMA
can not only integrate with the existing OMA scheme, but
also serve multiple users simultaneously within each resource
block [5]. For these advantages, studies have been done
to explore the benefit of this scheme in various networks,
such as satellite networks [6–9], vehicular networks [10], and
visible light communications [11]. Among the applications in
satellite networks, the authors in [6] provided a comprehensive
performance analysis to show the superiority of the NOMA
based satellite networks. Moreover, the authors in [7] and [9]
applied the NOMA scheme in downlink satellite terrestrial
relay networks and cognitive satellite terrestrial networks from
the perspective of providing reliable service and improving
resource utilization efficiency, respectively.

However, we note that those aforementioned works [6–9]
studied such benefits in the case of downlink transmission
without taking the locations of NOMA users into consider-
ation, since they were fairly relevant to users’ beam gains and
much challenging. To fill this gap, we investigate the perfor-
mance of a NOMA based uplink satellite network, where users
are randomly deployed and their locations will have impact on
the system performance. Specially, a comprehensive channel
model considering the locations of users is first provided.
Then, based on this channel model, capacity expressions for
NOMA-based and OMA-based satellite systems are derived.
Finally, a set of simulation results are presented to reveal the
validity of theoretical results and the vital effect of parameters,
such as the location information,transmission power, and link
quality on the considered system.

II. SYSTEM MODEL

Consider an uplink NOMA-based satellite system, where
destinations simultaneously communicate with a satellite by
applying the NOMA scheme. We assume that destinations are
deployed in the same spot beam approximated as a circle of
radius R. Specifically, users who are located within the disc
with radius Rn, 0 ≤ Rn ≤ R, are viewed as near users,
otherwise they are viewed as far users. Moreover, users are
assumed to be independent and uniformly distributed in their
respective areas. As [12], the number of near and far users,
i.e., Nn and Nf , are also assumed to satisfy Nn ≥ 1 and
Nf ≥ 1, respectively. We further assume that each node in
the considered system is equipped with a single antenna.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY CORRESPONDENCE, VOL. XX, NO. YY, MONTH, 2018 2

A. Channel Model

From transmission to reception, the entire link budget of
User I (I = n, f) can be modeled as

QI = LIGs (φI)GI |gI |2, (1)

where

• LI : Free space loss (FSL) of User I is LI =
(

c
4πfIhI

)2

with c, fI , and hI being the light speed, the frequency,
and the distance from User I to satellite, respectively. Due
to the fact that NOMA users are served within the same
frequency and the same spot beam, we assume Ln =
Lf = L in this paper for simplicity.

• Gs (φI): Letting φI , φI = arctan(dI/h) with dI denot-
ing the distance from beam center to User I , stand the
angle between User I and beam center with respect to
the satellite, the beam gain of User I is [13]

Gs (φI) = Gmax

(
J1 (uI)

2uI
+ 36

J3 (uI)

u3I

)2

, (2)

where Gmax is the maximum antenna gain at satellite,
Jn(·) is the Bessel function of first kind and n-th order
[14], and uI = 2.07123sinφI/sinφI3dB with φI3dB is
the beam’s 3dB angle, which can be written as φI3dB =
arctan(R/h). For h ≫ R and h ≫ dI , uI can be
expressed as [15]

uI ≈ 2.07123 · dI/R = adI , (3)

and then, (2) can be approximated by

Gs (φI)≈Gmax

(
J1 (adI)

2adI
+36

J3 (adI)

a3d3I

)2

=Gs (dI) . (4)

The impact of the distance dI on the b (dI), where
b (dI) = Gs (dI) /Gmax, is plotted in Fig. 1, from which
we can find that b (dI) decreases with dI . And thus, we
get that Gs (dn) ≥ Gs (df ) because of dn ≤ df ≤ R.

• GI : The the antenna gain at User I . For simplicity, Gn =
Gf is considered in the rest of this letter.

• |gI |2: Channel power gain of link User I→satellite is as-
sumed to follow a Shadowed-Rician fading model, which
is mathematically-tractable and suitable for fixed/mobile
terminals. The probability density function (PDF) of |gI |2
is given by [16]

f|gI |2 (x) = αIe
−βIx

1F1 (mI ; 1; δIx) , (5)

where αI=
(2bImI)

mI

2bI(2bImI+ΩI)
mI , δI= ΩI

2bI(2bImI+ΩI)
,βI= 1

2bI
with 2bI and ΩI being the average power of the
multipath and the LoS components, respectively, mI

(mI > 0) denoting the Nakagami-m fading parameter,
and 1F1 (a; b; c) representing the confluent hypergeomet-
ric function [14, Eq. (9.100)]. As [6–9], we assume that
User n experiences a better fading propagation than that
of User f , namely, |gn|2 ≥ |gf |2.

Based on aforementioned assumptions, we can conclude
that the link budget of the entire transmission for User n is
smaller than that of User f , namely, LnGs (dn)Gn|gn|2 ≥
LfGs (df )Gf |gf |2.
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Fig. 1. b (φI) versus with distance dI .

B. signal models

1) OMA: For the OMA scheme, such as a time domain
multiple access (TDMA) scheme commonly applied in satel-
lite networks, a unit energy signal, xI , is transmitted from User
I with a transmission power, PI, to the satellite in different
time slots. The received signal-to-interference-plus-noise ratio
(SINR) of User I is

γTI = PILIGs (φI)GI |gI |2 = ΘIGs (φI) |gI |2, (6)

where ΘI = PILIGI .
2) NOMA: For the uplink NOMA scheme, Users simul-

taneously transmit to the satellite over the same time/radio
block, with their maximum or controlled transmission power.
In this paper, a near and a far user are random selected from
their corresponding areas to form a NOMA group. So, a
superposed signal is received at the satellite and successive
interference cancellation (SIC) strategy is adopted to detect
each information.

Specially, User n, which has a good channel link quality and
stronger at the satellite, is decoded firstly and directly, While
User f must be decoded by applying the SIC strategy, which
means that the signal of User f is detected after subtracting the
signal of User n, xn, from the received information. Thus, the
achievable SINRs of User n and User f can be respectively
derived as

γNn =
ΘnGs (φn) |gn|2

ΘfGs (φf ) |gf |2 + 1
, (7)

and
γNf = ΘfGs (φf ) |gf |2. (8)

III. ERGODIC CAPACITY

The ergodic capacities for both NOMA-based and OMA-
based uplink satellite networks are analyzed as follows:

A. OMA

The ergodic capacity with the TDMA scheme is

CT = 0.5E
[
log

(
1 + γTn

)]
+ 0.5E

[
log

(
1 + γTf

)]
= 0.5

∫ Rn

0

∫ ∞

0

log
(
1 + γTn

)
f|gn|2 (x) fdn (y) dxdy

+0.5

∫ R

Rn

∫ ∞

0

log
(
1 + γTf

)
f|gf |2 (x) fdf

(y) dxdy, (9)
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where factor 0.5 appears owing to the time resources needed
with the TDMA scheme are twice of that with the NOMA
scheme. Moreover, the location PDFs of User n and User f
can be respectively given by

fdn
(y) =

2πy

πR2
n

, (10)

and

fdf
(y) =

2πy

π (R2 −R2
n)
. (11)

To evaluate (9), we express 1F1 (mI ; 1; δIx) in (5) and
log (1+x) into series with [14, Eq. (9.14.1)] and Meijer-G
functions with [14, Eq. (?)], as

1F1 (mI ; 1; δIx)=eδIx
mI−1∑
k=0

(−1)
k
(1−mI)k δ

k
I

(k!)
2 xk, (12)

and

log (1+x) =
1

ln 2
G1,2

2,2

[
x

∣∣∣∣ 1, 1
1, 0

]
, (13)

with (x)k and G1,2
2,2 [· |· ] being the Pochhammer symbol [14,

p.xliii] and the Meijer-G function [14, Eq. (9.301)], respective-
ly. Then, substituting (2), (5), (12), and (13) into (10) along
with the help of [14. 7.813.1], we obtain the result as given
in (14).

B. NOMA

The ergodic capacity of the considered system with the
NOMA scheme can be written as

CN = E
[
log

(
1 + γNn

)]
+ E

[
log

(
1 + γNf

)]
. (15)

Substituting (7) and (8) into (15) along with some manipula-
tions, we have

CN =E
[
log

(
1+ΘfGs (φf) |gf |2+ΘnGs (φn)|gn|2

)]
.̌ (16)

Since the expression for the PDF of ΘfGs (φf) |gf |2 +
ΘnGs (φn)|gn|2 is unavailable, CN cannot be derived directly.

TABLE I
PARAMETERS INVOLVED IN FADING MODEL [11].

Shadowing bI mI ΩI

Infrequent light shadowing (ILS) 0.158 19.4 1.29
Average shadowing (AS) 0.126 10.1 0.835

Frequent heavy shadowing (FHS) 0.063 0.739 8.97× 10−4

To conquer this difficult, we apply the results reported in [3]
and hence consider the tight lower bound for (16) as

CN
L =log

(
1+eE[ln(ΘnGs(φn)|gn|2)]+eE[ln(ΘfGs(φf )|gf |2)]

)
. (17)

By defining I1 and I2 to denote the first argument and second
argument in (17), substituting (4), (5), and (10)–(12) into (17),
and applying [14, Eq.(4.352.1)], I1 and I2 can be derived as
(18) and (19), respectively. Then, pulling (18) and (19) into
(17), the lower bound of CN

L can be obtained.

IV. NUMERICAL RESULTS

In this section, numerical results are provided to demon-
strate the impact of key parameters on the ergodic capacity.
Specifically, the parameters involved in various shadowing
scenarios are given in Tab. 1 [16]. In this situation, we consider
the carrier frequency as 1.6 GHz, R = 120 Km, FSL as
L = 154 dB, Gn = Gf = 3.5 dBi, and Gmax = 24.3 dBi
[17]. Moreover, The label AS/FHS presents the link shadowing
severity of User n/User f .

We first conduct numerical simulations to compare the
ergodic sum capacity of two multiple access schemes and
validate our theoretical analysis, as depicted in Fig. 2, where
Pn = Pf = 10 dBm, Rn = 20 Km, and Rf = R − Rn

are considered. It can be observed that capacity curves of
two schemes all degrade with Rf , which reveals that the
sum capacity performance is closely related to the deployment
information of User f . Meanwhile, the capacity curves with
the NOMA schemes over those with the TDMA schemes in all
cases, demonstrating the advantages of employing the NOMA
scheme in the uplink satellite networks. Specially, we note
that the ascendancy of the NOMA scheme is improved when

CT =
αn

ln2

mn−1∑
k=0

(−1)k(1−mn)k δ
k
n

πR2
n (k!)

2
(βn − δn)k+1

∫ Rn

0

G1,3
3,2

[
ΘnGs (y)

βn − δn

∣∣∣∣ −k, 1, 1
1, 0

]
ydy

+
αf

ln2

mf−1∑
k=0

(−1)k (1−mf )k δ
k
f

π(R2 −R2
n) (k!)

2
(βf − δf )k+1

∫ R

Rn

G1,3
3,2

[
ΘfGs (y)

βf − δf

∣∣∣∣ −k, 1, 1
1, 0

]
ydy, (14)

I1 = lnΘnGmax + αn

mn−1∑
k=0

(−1)
k
(1−mn)k δ

k
n

k! (βn − δn)
k+1

[ψ (k + 1)− ln (βn − δn)] +
4

R2
n

∫ Rn

0

ln

(
J1 (ax)

2ax
+36

J3 (ax)

a3x3

)
xdx. (18)

I2=lnΘfGmax+αf

mf−1∑
k=0

(−1)
k
(1−mf )k δ

k
f

k! (βf−δf )k+1
[ψ (k + 1)− ln (βf − δf )]+4

∫ R

Rn

ln

(
J1 (ax)

2ax
+36

J3 (ax)

a3x3

)
x

R2 −R2
n

dx. (19)
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Fig. 2. Ergodic capacity of the considered system versus Rf with different
fading scenarios.
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Fig. 3. Ergodic capacity versus Rf with various shadowing scenarios: (a)
Various fading severities of User f and (b) Various fading severities of User
n.
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Fig. 4. Ergodic capacity versus Rn for each user with different transmission
powers.

the link quality of User f or User n improves, which consist
with the analytical result given in (16). Moreover, it can be
observed that the analytical results are all in agreement with
the Monte Carlo simulations.

Then, we analyze the effect of shadowing severity on
capacity performance. The impact of fading severity of User f
on users’ performance is depicted in Fig. 3(a), from which we
can find that the fading severity of User f has a directly impact
on the performance of User n, i.e., a better link condition of
User f can obviously enhance the capacity performance of
User f , but simultaneously degrade the performance of User
n. However, as observed in Fig. 3(b), the fading severity of
User n has no impact on the performance of User f . The
reason behind these phenomenons is that User n experiences

interference from User f , but User f receives zero interference
from User n, as γNn and γNf given in (7) and (8), respectively.

The effects of transmission power and location information
of User n on users’ performance are illustrated in Fig. 4, where
ILS/HS and Rf = 100 Km are considered. As seen in this
figure, Rn has no bearing on the capacity performance of User
f , but has an effect on the performance of User n. Moreover, it
can be observed that capacity curves of User n degrades when
Pn decreases or Pf increases, implying that besides the loca-
tion information and link condition, transmission power must
be taken into account to adjust users’ capacity performance.

V. CONCLUSIONS
In this letter, we have studied the capacity performance of

a NOMA-based satellite networks with randomly deployed
users. Specially, based on the channel model which takes the
location information of users into account, we have derived
expressions for ergodic capacity of the considered system.
Then, simulations have been provided to show the impact of
the location information, transmission power, and link quality
on the considered system.
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