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Abstract—The construction and operation of multi-layer het-
erogeneous satellite network (MLSNs) have gain significant atten-
tion due to its multiple capabilities and functionalities. This paper
investigates the capacity performance of a two-layer geostation-
ary earth orbit (GEO)/ low earth orbit (LEQO) satellite network,
where the non-orthogonal multiple access (NOMA) scheme is
incorporated in a frequency coexistence scenario to improve the
spectral efficiency. Specifically, a two-layer GEO/LEO satellite
network framework is established by considering the dynamic
properties and transmission characteristics of different satellites
under practical environment. Then, the theoretical expression
of achievable ergodic capacity is derived in terms of Meijer-G
functions to evaluate the system performance effectively. Finally,
simulation results are provided to validate the theoretical results,
show the superiority of the employed NOMA scheme and analysis
the impact of various system parameters on capacity performance
of the considered network.

Index Terms—Two-layer satellite network, non-orthogonal
multiple access, ergodic capacity

I. INTRODUCTION

Multi-layer satellite networks (MLSNs) have been proposed
as a practical architecture of next generation satellite net-
works which can realize functionally integration of different
orbital satellites [1]. However, in addition to the frequency
coexistence between satellite and terrestrial systems, MLSNs
also face in-line interference from geostationary earth orbit
(GEO) and non-geostationary (NGEO) satellites due to the
heterogeneous framework [2], [3]. Currently, several methods
have been adopted to solve the frequency interference co-
ordination problem problem in different scenarios, including
power control technique in hybrid satellite-terrestrial networks
to realize spectrum sharing [4], [5S] and progressive pitch
technique in LEO satellite constellations [6] to mitigate the
interference to GEO satellites.

Recently, non-orthogonal multiple access (NOMA) has re-
ceived considerable interest in satellite communication net-
works for its superior spectral efficiency. Both theoretical
analysis and numerical simulations have validated the effec-
tiveness and superiority of the NOMA scheme in various
scenarios. Particularly, key performance merits are analyzed
in NOMA-based satellite networks in both GEO and LEO
satellite networks [7], [8]. Considering the interference from
the terrestrial communication network, ergodic capacity and
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outage probability performances in NOMA-based cognitive
hybrid satellite-terrestrial networks were further analyzed in
[9] and [10], respectively. For uplink transmission cases, the
system performances were investigated considering the impact
of random deployment of the terrestrial users [11] and detect-
ing methods at the receiver [12]. In addition, power allocation
schemes were investigated in [13] and [14] to enhance the
fairness of multibeam satellite networks employing the NOMA
scheme. A joint user pairing, precoding, and power allocation
scheme was proposed in [15] to maximize the system capacity
in integrated terrestrial-satellite networks, and a multiuser pair-
ing method combined with beamforming scheme was further
studied in [16]. However, it can be observed that these works
mainly focus on single satellite networks without considering
the application of NOMA in MLSNs.

Noticing that the heterogeneity of channel condition be-
tween GEO and LEO satellite can be exploited to employ NO-
MA scheme in MLSNs under the aforementioned frequency
coexistence scenario, this paper investigate the performance of
a two-layer GEO/LEO satellite network enabling the NOMA
scheme. Specifically, the system model is analyzed consid-
ering the dynamic properties and transmission characteristics
of different satellite nodes. The achievable ergodic capacity
expression is derived in terms of Meijer-G functions and
approximated using Gaussian-Chebyshev Quadrature (GCQ)
to provide an efficient approach to evaluate the system perfor-
mance. Simulation results are provided to confirm the validity
of the theoretical formulas, the superiority of employing the
NOMA scheme, and the impacts of various parameters on the
performance of the considered network.

II. SYSTEM MODEL

As illustrated in Fig.1, we consider a two-layer satellite
network enabling the NOMA scheme where a ground user (U)
transmits signal to GEO satellite (Sgro) and LEO satellite
(SLeo) simultaneously occupying same frequency resource
block. Node U, Spgo and Sggo are all equipped with one
single antenna.

Following the principle of NOMA, the ground user U
broadcasts a superposed signal to Sppo and Sgpo. Using
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Fig. 1.

System model of a two-layer satellite network

g and [ to represent Sgro and Sy go, the observation at the
satellite nodes can be expressed as

Y = m(\/aPsxl + (1 —a)Psxy) +ng, ke{gl}
(1)
where P; denotes the transmit power at node U, « denotes the
power allocation coefficient which is the fraction of transmit
power allocated to Sppo, xx is the transmit signal to the
satellite nodes with E[|z;|°] = 1, Hj denotes the channel
coefficient between the satellite nodes and U, n; denotes the
additive white Gaussian noise (AWGN) at the satellite nodes
with E[|ng|*]=
The channel coefficient Hj consist of free space loss,
antenna gain and channel fading factor

Hy, = LG Gr(pr) ||, )

where G, denotes the antenna gain at node U, G () denotes
the antenna gain at the satellite nodes which is a function of
angle ;. (the angle between ground user and the beam center
with respect to the satellite). In this paper, S go is supposed
to operate under the staring beam mode so Gg(pr) can be
viewed as constant Gy.

Lj, denotes the free space loss of the transmission link
which can be calculated as Lj, = (c/4wfdy)?, where ¢, f
and dj, denote the light speed, the carrier frequency and the
transmission distance, respectively.

For Sgro, Ly is a constant due to the geostationary orbit.
For Sppo, L; is time-varying due to the relative movement
between Spgpo and U. The varying distance d; can be ex-
pressed as a function of LEO elevation angle 6 with respect
to U.

dit (6) = \/ R2sin®04-h7 + 2R, — R, sin6,0 € [0

s
75]7 (3)

where R, denotes the earth radius and h; denotes the altitude
of S LEO-

It is worth mentioning that the NOMA scheme is employed
under a frequency coexistence scenario when the in-line inter-

ference arises. Thus, elevation angle 6 is limited in a certain
range from 6.« to Onin. The probability density function
(PDF) of elevation angle 6 can be expressed by (4) with a
prescribed maximum elevation angle and minimum elevation
angle [15]

o) G(z)sin (¢(x)) ETCCRIIY
\/COS2 max _COSQ (¢(x))COS_1(COS((:::()()2
- 144 —2a cos (4(0))
where qb(@)R— cos (a - cos )0, G(0)= 1—acos(¢(0))
and a= m
|h,€|2 denotes the fading channel factor between U and

each satellite node which undergoes shadowed-Rician fading
distribution [18]. The PDF of |hk|2 is given by

fing2 () = are PR F (mg; 1; 6p), %)

where o, = (Qbkmk/(Qbkmk Jer))mk/Qbk, Br= 1/2bk, Op =
Qi /20 / (2bgmy, + Q), i and 2by are average power of
line-of-sight and multipath components, respectively. my is the
Nakagami-m parameter. 1 F (-) is the confluent hypergeometric
function [19, eq. (9.100)].

Here we assume that the satellite-terrestrial channel fading
factors |hg|2 and |hy|* are independent and identically dis-
tributed (i.i.d.). This is due to the fact that the shadowed-Rician
fading model of the satellite-terrestrial channel depends on
both the propagation environment and elevation angle respect
to the satellite [18].

By employing the NOMA scheme in the considered net-
work, Sgpo with higher altitude and worse channel condition
is allocated with more power and decodes its information
directly. S po with lower altitude and better channel condition
is allocated with less power and decodes its information by
carrying out successive interference cancellation (SIC).

Specifically, Spgo first decodes the information of Sgro
and then decodes its own information after subtracting the
former information. The SINRs of Sqgro and Sy po satellites
are given by

_ (1-a)P;H, (1-a)y,H, aP.H,
Wg—apng+U§ - ay,H,+ 17 n= o}

=oy Hy,

(6)
where 5, = P, /o2 and 4, = P, /o}.

Furthermore, in order to ensure the NOMA scheme can
achieve a larger transmission rate than traditional orthogonal
multiple access (OMA) scheme, the power allocation coeffi-
cient « is expressed as [20]

€l

g
= —+ s
w/1+’_ngg+1 Vi4+yH +1

where 0 < ¢j,eg <1land g +¢4 =1

)

It can be observed from (7) that the maximum sum rate can
be obtained when ¢4, = 1,51 = 0. By substituting (7) into (6)
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RIII ax

sum

logy (1+471) + logy (14+7,)

_ YoH, + 1
=log, (1+ay H;) +log, (M)
g-+g

along with some simplification,
Rm'}x

sum

can be expressed as

H

= log, (\/l—l-'_ngg)—l—logQ( \/#+1>
oH,

®)

III. ERGODIC CAPACITY ANALYSIS

From the analysis above, the system ergodic capacity with
maximize transmission rate can be express as

= Y H,
log, (/17795 Hy)] + B [log, 1+ ——tfl
I:OgQ( ’yg g)] Og2< /1+7gHg+]~>
=B [log, (147 Hity/T+ 7,1, )|

Cma.X

erg

C
_E {10g2 (1+\/1+%Hg)} 4E {1og2 (\/1+%Hg)} .
CQ CS

)]

To further evaluate the system ergodic capacity, we divide

(9) into three parts: Cy, Co, and C3, the derivations are as
follows.

A. Computation of C

For C1, we first derive its approximated expression with the
help of Taylor series

E[©?] — E2[O]
Ci =logy(e) |IIn(1+E@O]) - ——|, (10)

1 ~ logy(e) In(1 +E[6)]) 21+ E[0))°
where ©=%,H;++/1+ 7,H,. Since |hy|*, |h|* and 6 are

independent of each other, E[O] and E[©?] can be expressed

as
E[6] = E[y.H|+E[\/1 + 7,H,), (11)
E[0?]= E[3?H+2E7 H|E[\/1 + 7,H,| + E[1 + 7,H,].

(12)
With the help of (2) and (6), E[y,H;] can be expressed as

Omax o
E[5.Hi] = /0 &) fol) /0 yfime @) dydz,  (13)

min

where & (z) = Li(2)G,G.
With the help of [19, eq. (9.34.8)] and [19, eq. (7.813.1)],
(13) can be expressed in terms of Meijer-G function [19, eq.

(9.301)]
63| 5

Vi
EyH)] = e 3

2T (my)
B

X / &i(x) fo(x)dx

Omin

—Ll—ml
0,0

(14)

where T'(+) is the complete gamma function [19, eq. (8.310.1)].

This integral can be further approximated using GCQ [21]

ElyH] ~ Z ;2;%% (k@i + 1) fo (ki + K7) s
, 51 1 1-— my
><G272 E 0.0 ,

where £=(0max — Omin)/2, £*=(Omax+0min)/2, 7; is the i-th
zero of Legendre polynomials and w; is the Gaussian weight
factor shown in [21, tab. (25.4)].

Following the same step, E[? H7] can also be expressed as

'YZ Hl Z ‘;;’]_i,n - gl KT + K )f@(ﬁxz +K )
t (16)
y G [ & |—2,1 —ml]
/61 07 0
Noticing that Hg only has one variable |hg\2, E[1+7,H,]
can be written as
E[l+7,Hy| = 1+;2g1§(9%)G1 -2 {;g _1’3 8 mg} . (17)
g )

To compute E[m} , we first express /1 + J,H,

in terms of Meijer-G function with the help of [22, eq. (10)]

T

With the help of [19, eq. (9.34.8)] and [23, eq. (2,6,2)], (18)
can be computed as

E[1+7,H,

= ay(T(—0.5)T(my)By) "

72759 (1,1) (19)
1,1,1,1,1 g 1.5;1—m
XGrimona | g, T

By 0; (0,0)

where {, = L,G,Gy, Gi:[ll’:ll’]l,b{[m] [-|-] is the generalized
Meijer-G functions with two variables.

Then, the closed-from expressions of E[©] and E[©?] can
be derived by substituting (15), (16), (17) and (19) into (11)
and (12). Moreover, C can be computed by substituting E[©]
and E[©?] into (10).

B. Computation of Cs and Cj3

To compute C5, the approximated expression can also be
expressed as

[I]

E[
2(

E2[E]

Py ~ logs (¢)In(1 + E[Z)) - LE[ Y

—_

where E = /1 + Y,H,.

From the analyses above, E[Z] and E[Z?] have been ex-
pressed in (17) and (19). Hence C3 can be computed by
substituting (17) and (19) into (20).

For Cj3, we first express E [log2 (w /14 ’S/gHg)] in terms of
Meijer-G function with the help of [22, eq. (11)]

E[log, (VI+73,H, ) | =21112E{G%:§ [vg 1o
@n
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Fig. 2. Ergodic capacity versus user SNR 7,

Utilizing [19, eq. (9.34.8)] and [23, eq. (2,6,2)], C'5 can be
computed as

E DOgZ (V1I+ %Hg)}
= ay(2In QF(mg)ﬁgr1
Joba (1,1)

Gl By 1,1;1—my
1,[2:1],0,[2:2] P

Y%
5, | (1,0):(0,0)
Finally, C'2* of the system can be expressed and approx-

erg

imated by substituting C7, Cs and Cj5 into (9).

(22)

X

IV. SIMULATION RESULTS

This section provides numerical results to validate the de-
rived theoretical analysis and investigates the impact of various
system parameters on system performance. In the simulations,
the network is operating under the central frequency of 14GHz
in Ku band, the signal bandwidth B is 10MHz, the maximum
elevation angle of LEO satellite is set as €, = 90° , the
beam gain G, = 20dBi, G, = 40dBi and G; = 30dBi.
The channel shadow parameters undergo three states: heavy
shadowing (br, = 0.063, m; = 0.739, Q. = 8.97 x 10™%),
average shadowing (b = 0.126, mj; = 10.1, Q, = 0.835)
and light shadowing (b = 0.158, my = 19.4, Q) = 1.29)
[24].

Fig. 2 shows the comparison of ergodic capacity between
the NOMA and OMA schemes for different channel shadow
parameters with a varying user SNR 7, the LEO satellite
altitude h; = 1400km and the minimal elevation angle
Omin = 70°, the labels HS/AS/LS denote the channel shadow
condition of heavy shadowing, average shadowing and light
shadowing, respectively. For all cases, we can observe that
the system ergodic capacity of the NOMA scheme are superior
to those with the OMA scheme under same channel shadow
condition. This observation indicates that the NOMA scheme
can not only reuse the frequency resource but also achieve

Ergodic capacity (bit/s/Hz)

600 800 1000 1200
Altitude of LEO satellite hz (km)

400 1400

Fig. 3. Ergodic capacity versus LEO satellite altitude
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Fig. 4. Ergodic capacity versus minimal elevation angle

higher system capacity. Besides, it can be observed that the
capacity gap between the NOMA and OMA scheme degrades
when the channel condition gets worse from LS to HS. This
is due to the fact that a worse channel condition will decrease
the power allocation coefficient o to ensure the capacity
requirement of GEO satellite and in turn decrease the capacity
gap between the NOMA and OMA schemes.

Fig. 3 depicts the impact of the LEO satellite altitude on the
system ergodic capacity with fixed user SNR 7, =20dB and
minimal elevation angle 6,,;, = 70°. It can be observed that
the ergodic capacities of both NOMA and OMA system de-
grade as the LEO satellite altitude h; increases under all three
channel shadow conditions. This observation can be explained
by the fact that higher LEO satellite altitude corresponds to
severe free space loss, thus results in a degradation on the
system capacity performance. In addition, we can find that the
capacity gaps between the NOMA and OMA scheme degrade
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as h; increases, this observation justifies the fact that the
NOMA scheme can achieve less capacity gain under smaller
channel condition difference.

Fig. 4 shows the system ergodic capacity with differen-
t minimal elevation angle 6,;,, where 7, = 20dB and
h; = 1400km. As shown in the picture, the ergodic capacity
increases with the growth of minimal elevation angle 6,
because the LEO satellite experience better channel condition
with higher elevation angle. In addition, it can be observed
that the capacity gaps between the NOMA and OMA schemes
increase with larger 6,;,. This observation indicates that the
transmission link of the LEO satellite operates more effectively
in the NOMA scheme, thus improve the spectral efficiency of
the considered network.

V. CONCLUSION

This paper proposes a NOMA enabled a two-layer satellite
network in frequency coexistence scenario and analysis the
capacity performance of it. Specifically, the ergodic capacity
expression is derived and approximated to provide an efficient
and intuitive approach for evaluation and demonstration of
the NOMA scheme in the proposed scenario. Simulations are
provided to confirm the validity of the theoretical analysis
and indicate the effect of various parameters on the ergodic
capacity performance. Our results reveal the benefit and per-
formance improvement of the considered network, which can
be potentially extended into multi-layered satellite scenarios.
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