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Abstract—Due to the spectrum scarcity in the space information
networks, non-orthogonal multiple access (NOMA) is envisioned
as a promising technique in satellite-terrestrial communications
networks as its improved system capacity and spectral efficiency. In
this paper, to further improve the spectrum utilization efficiency in
satellite-terrestrial networks, bandwidth compression (BC) design
is embedded in the NOMA scheme, which contributes to the non-
orthogonality both in power and frequency domains, named BC-
NOMA. However, with such advantages provided by BC-NOMA,
the inter-carrier interference (ICI) and the intra-group interfer-
ence (IGI) are severe, which degrade the reliability and the capacity.
Therefore, the impacts of BC and power domain multiplexing on
the system capacity are first investigated. To cancel the mixed
internal interference, an iterative and successive interference can-
cellation (ISIC) approach is proposed. Secondly, the symmetrical
coding (SC) is designed with BC-NOMA to avoid the error propa-
gation when using ISIC, which benefits much for the low power
user (LUE). Furthermore, the closed-form expression of error
probability for SCNOMA is derived and the system and individual
capacities are also analyzed. Results show that the BC-NOMA
system can achieve a quasi-optimal performance compared with
the orthogonal subcarrier NOMA (ONOMA) system and balance
the fairness.

Index Terms—Bandwidth compression, BC-NOMA, ISIC,
symmetrical coding, interference cancellation.

1. INTRODUCTION

ITH the rapid development of wireless communications
W and the growth of the number of mobile devices, it is
predicted that the mobile customers will reach to ten billion up
to the 2020 [1]. As the global evolution of satellite-terrestrial
networks, the conception of integration has been arisen these
years, considering terrestrial networks to provide broadband
services with low-cost and satellite networks to provide a com-
plementary coverage for areas that cannot be covered by ter-
restrial networks [2]. Specifically, the quality of service (QoS)
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of cell-edge users can be enhanced significantly and the areas
without terrestrial networks can be taken into account. Besides,
spectrum sharing enabled satellite-terrestrial networks has been
considered as a promising construct aiming at 5 G and beyond,
and Internet of things (IoT) [3]-[5]. However, the increasing
number of connections lead to the scarcity of spectrum resource,
which expose an urgent requirement of higher communication
efficiency with the expectation of serving a large amount of
users.

To improve communication efficiency, the broadband spec-
trum sensing and the dynamic spectrum sharing techniques are
proposed to address the spectrum scarcity problem [6], [7].
For the spectrum access, traditional orthogonal multiple access
(OMA) and orthogonal frequency division multiple (OFDM) are
leveraged to release the stress of spectrum [8]—[10], in both satel-
lite and terrestrial networks. However, with the challenges of
the large requirements of capacity and the shortage of spectrum,
both satellite and terrestrial operators are trying to find a way to
deal with the coming large amount of deployments [11]-[13].

To meet the aforementioned requirements, non-orthogonal
techniques have attracted extensive attentions, such as non-
orthogonal multiple access (NOMA) and spectrally efficient
frequency division multiplexing (SEFDM) [11], [14]. It is well
known that resource blocks in OMA, i.e., time slots or frequency
subcarriers are segmented into orthogonal resource units and
allocated to users independently [10], which means only one
user is active at each time slot or each subcarrier [15]. In
specific to power domain NOMA, multiple users share full
time and frequency resources but multiplex power resource
non-orthogonally at different levels [13], [14], [16], [17], which
improves the efficiency of the physical resource utilization. For
SEFDM, the subcarrier resources are packed with breaking
orthogonality compared with OFDM [11], [18], which indicates
that a certain amount of bandwidth resource can be saved for a
given QoS constraint. Although such non-orthogonal techniques
have been widely applied in 5 G networks and IoT networks [11],
[13], it is still worth to point out that they have been investigated
in satellite-terrestrial networks in recent years [2], [17], [18].
However, the inherent inter-carrier interference (ICI) and intra-
group interference (IGI) of such spectrally efficient techniques
bring great challenges to satellite-terrestrial networks.

In this paper, to benefit extremely from the limited spectrum
resources of space information networks, the bandwidth com-
pression NOMA (BC-NOMA) scheme for satellite-terrestrial
networks is proposed, in which users access to the networks by
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power domain multiplexing and transmit information through
non-orthogonal sub-carriers. Particularly, multiple users share
full bandwidth resource and the bandwidth is sliced into non-
orthogonal subcarriers. High system capacity and spectral effi-
ciency can be achieved then. Main contributions of this paper
are summarized as follows.

® The architectures of both uplink and downlink BC-NOMA

scheme in satellite-terrestrial networks are constructed,
the receiver design and signal detection scheme are given
correspondingly. System capacity with BC-NOMA is in-
vestigated and the achievements of the throughout and the
spectral efficiency are evaluated.

® The main challenge in BC-NOMA is to restrain the con-

comitant interference among multi-user and sub-carriers.
We decompose the interference into two independent parts,
which can be cancelled by the proposed ISIC detection
algorithm. The quasi-optimal error performance can be
achieved by ISIC and the user fairness is guaranteed.

® The symmetrical coding (SC) scheme aiming at the error

performance optimization for the lower power user (LUE)
is designed, which is distinguished from conventional
NOMA structure. The error probability of SCNOMA is
analyzed and the closed-form expression of error perfor-
mance is given. The theoretical results show the enhanced
performance of LUE through the utilization of SC, without
additional influence upon HUE.

® Moreover, the BC-SCNOMA system is proposed. The

association with bandwidth compression and symmetri-
cal coding scheme benefit both the error performance of
LUE and the system capacity. The bit-error-ratio (BER)
performance is simulated with the utilization of ISIC and
significant improvement can be further achieved.

The remainders of the paper are organized as follows. Related
works are investigated following the introduction, in Section II.
In Section III, the system model is demonstrated and the con-
cerned problem is formulated. In Section IV, the capacity of
BC-NOMA and error performance expressions are derived with
the proposed detection method. In addition, theoretical and sim-
ulation results are shown in Section V. Finally, our conclusion
is drawn in Section VL.

II. RELATED WORKS

Power domain multiplexing scheme has been utilized in
satellite cluster networks as a hybrid method aiming at the
improvement of spectrum opportunity [19], [20]. In [21]-[24],
NOMA system is combined with multiple-input multiple-output
(MIMO) system and the performance is evaluated. As a consid-
erable hybrid up-down link design in satellite-terrestrial net-
works, a large magnitude of access subscribers are achieved
in NOMA. Successive interference cancellation (SIC) method
is usually applied within NOMA for signal detection and the
performance of LUE is generally hard to guarantee [14], [25].
For the detection method of NOMA, many studies have been
accomplished. The BER performance of downlink NOMA com-
bined with OFDM is evaluated in visible light communication
(VLC) systems [26], in which high order modulation is adopted.
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It reveals that it is hard to recover users’ signals under traditional
successive interference cancellation (SIC) method. In [19], the
method of user pairing is formulated to get better cooperation
performances. In [20] and [21], a power allocation algorithm
towards user fairness is proposed according to the channel cor-
relations between users and base stations (BSs). Some studies are
done in UAV communications networks, i.e., an effective scheme
was proposed to jointly optimize the trajectory of the UAV and
the precoding of the BS in UAV-assisted NOMA networks [27].
It is known that the complexity of SIC depends on the times of
subtraction, i.e., the number of multiplexing users in a group.
Moreover, the proceeding error decision of the high power user
(HUE) will cause the deterioration of the subsequent detection
performance. To address the error propagation problem from the
preceding level to the next one, a symmetrical coding method is
used in visible light communication [28].

On the other hand, bandwidth compression scheme, i.e.,
SEFDM technique is raised to address the shortage of spec-
trum in satellite-terrestrial communications networks [11], [18].
Due to the shortage of the spectrum resources, the bandwidth
compression scheme is put forward to improve the spectrum
efficiency. In orthogonal multi-carrier systems, i.e., OFDM,
the bandwidth is divided into multiple parallel orthogonal sub-
carriers. However, with respect to BC scheme, non-orthogonal
and over-lapping sub-carriers are employed to improve the spec-
trum utilization efficiency. The principle of BC is squeezing
the sub-carriers closer with breaking the orthogonality and the
interval between sub-carriers is adjusted by a compression fac-
tor [29]-[32]. Although the technique can improve the spectral
efficiency up to 25% without performance degradation, the
inherent ICI caused by non-orthogonal sub-carriers leads to
terrible deterioration for BER performance and the detection
complexity is increased [32], [33]. In [34], an iteration detector
is proposed to achieve a lower complexity compared with the
maximum likelihood (ML) detector. In [35], anewly fixed sphere
decoder (FSD) and an improved FSD are investigated in order to
solve the ICI problem more efficiently. Further, a detector based
on quasi-orthogonality compensation (QOC) is proposed and
an associative QOC-FSD detector is given for the performance
improvement [11], [36]. However, such detectors are all limited
to small system size.

III. SYSTEM MODEL AND PROBLEM FORMULATION

A. Downlink Access in Satellite-Terrestrial Network Based
BC-NOMA

The illustration of the downlink communications system in
hybrid satellite-terrestrial networks is shown in Fig. 1, where the
terrestrial communications system provides a high bandwidth
and low-cost service for the terminals nearby BSs, and within
the satellite coverage, the communication links are provided by
satellite for the terminals at the edge of the service region. In
other words, the satellite is regarded as the supplement to provide
service for users beyond the service of BSs.

The total number of users in the coverage of satellite is
defined as Uy, the number of BSs within the satellite coverage
is L and the users served by the [th BS are U;. Thus, the
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Fig. 1.

Downlink access in hybrid satellite-terrestrial networks.

number of users only served by satellite can be expressed as
Us=Ur — ZZL: 1 U;. Note that no matter the terrestrial or the
satellite users are arranged into multi-group under the utilization
of NOMA. Especially for satellite terminals, the multi-beam
technique is engaged to identify users in-ground, where the
inter-beam interference is out of our work. We just consider
the accessed terminals and the interference within a group.

The transmit signal of users in a group served by the I** BS
can be described as

M,

Si=> Vpisi, ey

i=1

where p; is the power allocation coefficient of the it" user, s;
is the modulated signal of the 7" user and M, is the number of
users within a group.

Considering users served by the satellite, similar to the ter-
restrial terminals, all users are divided into multi-group and
only one group is taken into consideration. Thus, the signal
transmitted by satellite is given as

M,
Se =Y \/Pis;, )
j=1

where M denotes the satellite users within a group, p; denotes
the power allocated to the j** user and s; is the signal of the

jt" user. Without loss of generality, the total transmit power is

normalized, i.e., Z]MZI p; = Zﬁ"]
average symbol power, i.e., E[|s;|’] = E[|s;;|"] = 1.

When applying NOMA in hybrid terrestrial-satellite net-
works, the interference environment is complicated, which con-
tains not only the interference led by non-orthogonal access
method but also the intra-group interference caused by multiple
access. Taking all these interference into consideration, the

piy = 1 and as well as the
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Fig. 2. Uplink model of BC-NOMA.
received signal at £ is given as
Ye = heSe + Yor + 1, 3)

where h¢ is the channel state information between the trans-
mitter and &, & stands for s and [, y,,- is the interference from
other groups, n denotes the additive white Gauss noise with o
variance and zero mean. Further, y,,. is expressed as

Mo,

Yor = Z hor Z \/pT;Sm “4)
v=1

where h,, denotes the channel state information of the other
groups within the coverage of BSs or the satellite, M, is the
number of grouped users.

Considering the technique we proposed in this paper, the prop-
erties of a single group are remarkable. Thus, the interference
from other groups is neglected, only the intra-group interfer-
ence is taken into consideration. The signal-to-interference-plus-
noise (SINR) and system capacity are discussed in the following
section.

B. Uplink and Downlink Model of BC-NOMA

The sententious model of uplink BC-NOMA is shown in
Fig. 2, where non-orthogonal sub-carriers are used to transmit
signals which are multiplexed in the power domain. Particularly,
the signals of multi-user are modulated separately according to
their modulation modes, then the modulated signals are super-
posed together under the premise of the power allocated to each
user. K points IFFT is utilized to reflect the superposition signal
into multi-carriers which are multiplexed in frequency domain
with the employment of BC scheme. Specifically, the signals
on multi-carriers are with all users’ information, which means
the frequency block is shared by all power domain multiplexing
users.

According to the bandwidth compression scheme, power do-
main multiplexing signals are transmitted by sub-carriers which
are non-orthogonal. In particular, the distance between adjacent
sub-carriers is « times of that in OFDM with the limitation
0 < a < 1. The frequency distance between sub-carriers can
be defined as Af = &, where T'is the signal duration. After re-
flecting superposition signal into non-orthogonal multi-carrier,
the normalized BC-NOMA signal is given as

1 X 2 — kT
7)== 30 3 Semexp [”m(zf)] 5)

k=—00 n=0

where the number of sub-carriers is N, Sy ,, is the g'" superpo-
sition signal modulated on the n'" sub-carrier. After sampling,
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Fig. 3. Downlink model of BC-NOMA system.

(5) can be represented as

1 N-1 m D i
X[k = JN Z (Z vpi,ksz‘,k,n> exp <M]\T[La> . (6)
n=0 \1

i—1

Further, we reformulated (6) as the matrix format, by denoting
S n as the signal matrix with the information of all users, we have

X =F ([Sn;0x-n])

Sy = ps, (N

where F}l denotes the K points IFFT matrix with elements
equal to e(ZRE) p = [p1,p2, - - -, Pm] explains the power fac-
tor matrix allocated to users in a group. The matrix of multi-user
is further expressed as

51,0 S1,1 S1,N—1
52,0 52,1 S2,N—1

s = (3)
Sm,0 Sm,1 Sm,N—1

After discarding part of the data in X, the final transmitted
matrix is expressed as

X = Qn {F¢ [ps; 0k ]}, ©9)

where Q{-} expresses the interception of the first N-dimension
data.

As shown in Fig. 2, users in a group are multiplexed with
different power and multi-user signals are transmitted through
BC scheme. By employing the proposed scheme, the system
capacity and spectral efficiency can be improved with the advan-
tages provided by both power domain NOMA and BC schemes.

In Fig. 3, the model of downlink BC-NOMA is given. In
particular, a K(-points FFT is completed in the receiver corre-
sponding to the K -points IFFT in the transmitter. The remaining
part after FFT can be regarded as the superposition signal of
multi-user. However, the mixed ICI and IGI are not tolerable.
Thus, detectors have to be engaged in the receiver for the
recovery of multi-user information.

According to the principle mentioned above, the received
signal can be given as

y(t) = =(t) + n(d),

where n(t) is the time domain white Gaussian noise with zero
mean and o2 variance.

(10)
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After Fast Fourier Transform (FFT) in the receiver, (10) is
further expressed as

Y =CS +N, (11)

where S is an N-dimensional vector of the transmitted signal,
C is an N x N correlation matrix which is defined as C =
F;(IF x, where F g is the FFT matrix with elements equal to

e(=*%"%)_ The element in the p'" row and the ¢** column of
matrix C is expressed as

N-1 : )
1 J2mnpa J2mnqa
pa = 77 Z exp (T |exp | T
n=0

I, p=gq

1 1-exp(j2ra(p—q))
N j2ra(p—q) ) ? p 7& q,
N I*CXp(‘] moipq )

12)

where p # ¢, the elements in C are the interference between
sub-carriers, which can be regarded as the intensity of ICIL. In
Fig. 3, corresponding to the IFFT in the transmitter, an FFT
operation is done in the receiver and the received signal is given
as

Y =Qy (C (Z \/msi,l,n> +N> . (13)
1=1

To restrain the maixed ICI and IGI caused by bandwidth
compression and power domain multiplexing schemes, detec-
tion methods are appealed in downlink BC-NOMA to suppress
the impacts of the non-orthogonal multi-carrier and recover the
information of multi-user. Generally, SIC is utilized as a promis-
ing scheme for multi-user detection. However, to accommodate
the mixed internal interference, the detection approach has to be
updated and details are discussed in particular.

IV. CAPACITY AND PROPOSED DETECTION FOR BC-NOMA
A. Network Capacity in BC-NOMA System

The capacity in BC-NOMA system is formulated in this part
with the utilization of SIC, which means the first-decoded-user
can be subtracted completely. In OFDM system, the total band-
width is set as B and the number of co-channel is M. Thus,
the frequency distance between adjacent sub-carriers can be
expressed as

B
f - M Na
where IV represents the number of sub-carriers in a co-channel.
Considering the BC scheme with a compression factor «, the
frequency interval between the adjacent sub-carriers is
aB
Ja=ol =3

Assuming the number of sub-carriers is defined as /N. The data
rate in the BC scheme is the same as in OFDM. The occupied

bandwidth of the BC can be expressed as

(14)

15)

By = (16)

M
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Itis obvious that for the same rate, the bandwidth compression
scheme applies for less occupied bandwidth. And the total
capacity of BC-NOMA system is given as

m K
c=> <Z B.log, (1 + SINRk,i))a (17)

i=1 \k=1

where STN Ry, ; is the SINR of the i*" user in the k*" co-channel,
m is the number of users in a group and K is the number of
co-channels.

In accordance of SIC, users with lower power are treated as
interference, the capacity of the i user in the k' co-channel
is expressed as

aB Phil il
= ——log, [ I + — ,  (18)
M ( Za:i+1pk,a|hk,i|2 +0?

where py, ; represents the power allocated to the i'" user in the
k" co-channel, hy i is the channel state information and |hy, ; \2
represents the k' channel gain.

Following the principle of SIC, the multi-user detection is
based on the sort of the power factors, each time for performing
SIC, the information of HUE can be eliminated. Therefore, for
the lowest power user, there is no interference from the other
users and the capacity of the lowest power user is given as

Chr,i

m| e’
Cio.m = Bilog, (1 + p’“Lf') : (19)
where B, = %. Further,
Cr,m
2 Bk — 1) o?
Dkym = (20)

|hk,m‘2

where in (20), Ry, ., = Cg‘]:” expresses the data rate. Consider-

ing the (m — l)th user next to the lowest one, it is easy to find
that

Pk,m—1 ‘hk m—1 |2
Crk,m—1 = Bilogy [ 1 + ———F5——

pk‘,m|hk,m‘2 + 02

2
Prm—t1 [k m—1]

Further, (21) can be reformulated as

Pemt|hgm | = 2Femg?(2Remr ), (22)

Specifically, the derivation can be applied to the arbitrary user
in the group and the capacity of the i* user in the group is
expressed as

2
Dil kil
nj zI‘JCIc,a ) : (23)

B
Cri= —log, [ 1+
0222a=i+1 —aB

M

Observing that the user with the lowest power determines the
capacity of the BC-NOMA system. Compared with orthogonal
frequency and orthogonal multiple access (O-OMA) system, for
the same transmission bandwidth, the number of accessed users

11111

in BC-NOMA system has increased % times, where m is the
number of users within a group and « represents the compression
factor in BC scheme.

B. Performance of the Proposed Detection Algorithm

1) ISIC Algorithm: In the receiver, the performance dete-
rioration caused by the mixed interference is severe, for the
proposed detection algorithm, the IGI and ICI are considered
simultaneously. In this part, an ISIC algorithm is proposed
to restrain ICI and recover multi-user information from the
superposition signal. The main idea of ISIC is defined as

y =R+ (e—-21C)S, i, (24)

where R is the received signal, S, ; is an N-dimensional
vector of the estimated signal after the 2" jteration, e is an
identity matrix, A is the convergence factor and y is the final
estimated signal, which can be regarded as the superposition
signal of multi-user. In the receiver, the ICI and IGI are deemed
as independent parts. After performing (24), the remaining part
in the [*" group is expressed as

y =h/"ps" +n, 25)
where the variables in (25) can be further expressed as
by =[P b, bl (26)
0y = [0, 2, ) (27
Thus, (25) can be represented as
Y =hi oy VPListi T i
_ | w2= hup D it \/Pristi 4 nun (28)

m
Yiom = him Y imy /PLisLi + Nm

Notice that the power allocation principle in NOMA is correlated
to the channel gains, users with better channel conditions are
equipped with lower power factors and users far from BS are
with higher power factors. Obviously, for the user with the worst
channel condition, there is no need to perform SIC, the desired
signal can be decoded for the first time.

Details of ISIC algorithm are given in Algorithm 1, where Sis
the expression of the unconstrained estimated symbols and S’ is
the N-dimensional vector of the constrained estimated symbols.
A is the convergence factor limited as 1 < A < 2, v is the number
of iterations and = represents the 2" iteration.

We further discuss the complexity of the proposed ISIC com-
pared with the conventional ML detector. The received signal is
given as (11) and the process of ML detector can be represented
as §; = argmingezm ||[Y — Cs 2 where §; is the estimated
signal and s is the ergodic exact constellations vector. Thus,
the complexity of ML is defined as

tyr =2N?ZN™ £ 2N? = O(2N?ZN™),

(29)

The complexity of ISIC is regarded as the summation of two
parts and given as

t; = 4mZN3>v +2(m — 1)N?v, (30)
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Algorithm 1: Iteration Successive Interference Can-
cellation (ISIC) Algorithm.

Input: R, C, v, A\, certain region C?l of constellation
R, B €R
Output: user signal s;,so;
1S'=R;
2 z2=1;
3 while z < v do

4 S=MR+(e—)\C)S’;

5 d=/p2(1—z/v);
6 mapping signal S;
7 if S € C¥ then

8 ‘ S/i = %i;

9 else

10 S, =8:
11 end;

12 z=z+1;

13 y=S;

14 So = demo (y);

15 s1 =y — mod (s2);
16 end;

17 Procedure End

where Z is the number of constellations defined by modulation
mode, m is the number of users within a group, NV is the number
of subcarriers and v is the iteration times in ISIC.

2) Symmetrical Coding Based on NOMA: In downlink
NOMA, distance users decode their data directly and users with
better channel conditions need to perform SIC to recover their
signals. Aiming at the terminals have to perform SIC, users with
high power are decoded first and then the desired signal can be
recovered through subtraction.

Extra interference is produced as a result of the preceding
detection errors. Generally, the users closed to BS are asserted
to get a preferable performance, while in conventional NOMA,
users with better channel conditions are allocated with lower
power factors which cause inferior performance.

In this part, an algorithm engaged in NOMA is arisen for
the sake of the error reatraints. The construction of SCNOMA is
given with the dereferencing operators x and x5, the values of
and k, are closely related to HUE. Through completing symmet-
rical coding before superposition coding and anti-symmetrical
coding (ASC) after SIC, the error delivery can be restrained
mostly. Details of SC and ASC are shown in the algorithm tables
below.

As shown in Algorithm 2, the signal after SC is expressed as

3D

where p is the power factor matrix with elements equal to
VPi-t=1,2,...,mand MT expresses the traverse matrix. Sig-
nals after SC are superposed and then transmitted. Thus, the ASC
has to be performed in the receiver after SIC corresponding to
the transmitter. Details of ASC are given in Algorithm 3. In next
part, the closed BER expressions are derived with the utilization
of SCNOMA, which demonstrate the benefits in theoretical.

a= pMT,

Algorithm 2: SCNOMA Algorithm.
Input: user signal s,power matrix p
Output: superposition signal S

1 sorted as P = [Pmin,* * * Pl
28=/[s1, ", Sm);

3 S =s;

41=1;

5 while i < m do
6 if [ <length (s;+1) then
1 ral(sipq,) }

. iy = (—1) L 2]
{i, imag(s;41,1) }
o = ()l ol
l=1+1;
10 else
1 L end;

12 foreach ¢ do
13 S) = siy1,0 + kireal(Sy) + jraimag(S));
14 t=1+1;

15 end;

16 Procedure End

Algorithm 3: Anti-Symmetrical Coding basd NOMA
(ASC-NOMA) Algorithm.
Input: received signal S
Output: multi-user s
11=1;
2l =1;
3 s, = demo (S);
4 while s <m — 1 do

i—1

5 8—i = demo (S - > §m_a>;
a=0

6 1=1+1;

7 if [ <length (8,,—;) then

{;, real(sy—;—1.1) }
s k1= (—1) 2 2freal(s, i1, |
1 imag(sm_i—1)
10 Sm—i,l = lecal (grnfi,l) + K2ilnag (émfi,l);
11 l=1+1;
12 else
13 L end;
14 end;

15 Procedure End

C. BER Performance Analysis of SCNOMA

1) BER Performance of HUE: According to the signal model
presented in (1) and Algorithm 2, only a single group is taken
into consideration and the number of users within a group is set
as 2. Signal after SC and superposition coding is defined as

2
S=Y " Vpisi+n, (32)
=1
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where p; and p, are the power factors with the limitation
p1+p2 =1, p; > pa, §; is the signal of the ith user after the
symmetrical coding and the transmit power is normalized. For
the simplicity, the modulation mode is selected as BPSK in
both HUE and LUE. Without loss of generality, any modulation
modes, i.e., QAM, can be employed. Note that distance between
constellations has to be updated corresponding to the modulation
mode [37].

Retrospecting to the principle of the symmetrical coding
scheme, it adds no effect on HUE, which means no additional
gain is acquired on the performance of HUE compared with
conventional NOMA. We assume that all modulated symbols
have equal priori probability and the error probability of HUE
can be defined as

7P =p(si=1)p(mS+n<0lsi=1)
+p(s1=0)p(hS+n>0]s;=0). (33)

To avoid long expressions inside the formula, the probability
events s; = 1 and s; = O are represented as &; and &,. Then the
error probability in (33) can be rewritten as

p (&) =p(s1s2=[1,0]) + p(s1s2 = [1,1]),
p(&) =p(s152 = [170]) +p(s152 = [lv 1])’

After superposition coding, the error probability can be defined
as

(34)
(35)

PP =p (&) p(n > prhn + Vp2hi [€1)
(&1)
(&2)

+p&)p(n < —/prhi — /p2hi [€1)
+p(&)p(n > /prhi—/p2hi |&2)

+p(&)p(n > —/prhi + p2hi §2)

The probability of an A event under the condition of BB event is

(36)

P(AB)
P(A|B)= ——=. (37)
(A|B) o(B)
Thus, (36) can be further formulated as
1
iU = 5 {p(n > /prhi + /p2h1)
+p(n > /pihi — p2h1)}, (38)
further, we have
HUE _ 1@ \/ZTlhl + \/]Tth
¢ 2 o
1 hy — h
+Q(\/’T” ﬁ“). (39)
2 o
The expressions inside Q(+) in (39) are reperesented as
(vPi+yme) B I
= 02 5
2 2
. (A - vE)E I
vy = = , (40)

where the expectation operator of the channel state information
is limited as E[|h;|*] = 1, i = 1,2. Notably, v? and v2 denote
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the SINR after superposition coding, which means the SINR
of the superposition signal is the only determinant of the er-
ror performance. Further, substituting (40) into (39), the error
probability of HUE is given as

1P = L 1Q (o) +Q ()],

2) BER Performance of LUE: Based on the sequence of

detection, it is obvious that the error of the first-decode-user

derives additional interference to the next one. Thus, the total

error performance of LUE is the summation of two parts: the

error caused by the erroneous detection of HUE and the error
caused by self detection.

(41)

LUE _

LUE LUE
e Py + 1 ,

(42)
where for the sake of the simplicity, we define pIVF =p
(correcty g )p(errory glcorrectyug) as the error probabil-
ity caused by self detection and piU¥ = p(erroryyg)p
(errorpyglerrorgy ) as the delivery from HUE to LUE.

In Algorithm 2, after subtracting the signal of HUE, the

remaining signal is given as

) haky/ogrs +n, (a)
2 ha (2\/071x1 + H\/OTzIQ) +n, (b)

where in (43), formula (a) expresses the signal after a successful
SIC and (b) expresses the signal after an unsuccessful SIC.
Definition of x is given in Algorithm 2, where the value of &
is relevant to the real and the imagine parts of HUE.

Similar to the derivation of HUE, the error probability of LUE
caused by previous erroneous detection is given as

(n > 2y/prha — \/p2h2)

(43)

PUE =

DO | =

1
+ Ep(\/ﬁhz +vP2ha < n < 2y/piha + /p2ho)
(44)

the same as (44), the error caused by self detection can be derived
as

1
VP = 5P (0 < —/paha)

1
+ Ep(\/ﬁhz <n<(Vpityp)h).  (45)

Further, we make some replacements as

v = (2\/171*2\/772)2E [‘h2|2} 7

v = (vor + \/172)2E thﬂ ’

o2
zé=@““;“@prmﬂ, (46)
the final expression of p»VF can be rewritten as
U =S IQ) + QM) ~ Q). @)

2
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TABLE I
SIMULATION PARAMETERS

Parameter Value
Qi 7
Compression factor « 3
The number of subcarriers K 8

Dominant power allocation factor p1 Fixed (0.7, 0.75, 0.8)

Fixed (0.3, 0.25, 0.2)

Non-dominant power allocation factor pa

Iteration times v 1000
Convergence factor A 1.1
Monte Carlo Simulation repeated times 106
Transmit power of BS 1(Normalized)
Channel state AWGN
Modulation mode BPSK

The number of users m 2 (Extensible)

Similarly, we define v = 22 E[|h,|*]. Hence, the error prob-

T o
ability of pI'UF can be represented as

PHUP = 2{Q (06) + 1Q () ~ @ ()]}

= Q) — 3@ (). 8)

Substituting (47) and (48) into (42), the total error probability
of LUE is

HE = 22Q(06) +Qus) ~ Q). (49)

In conventional NOMA scheme, the error probability of LUE
caused by self detection is expressed as p, = %[—Q(’Ul) +

2Q(ve)]. Based on the properties of @) function, there achieves

LUE
P = e

V. SIMULATION RESULTS AND DISCUSSIONS

In this section, numerical results are provided to facilitate
the performance evaluation of the proposed scheme and the
detection algorithm in satellite-terrestrial networks. Monte Carlo
Simulations are conducted and simulation results are proposed
to verify the analysis results. Simulation parameters without
particular definition are given in Table I.

The comparisons of accessed users in O-OMA, bandwidth
compression and orthogonal multiple access system (BC-OMA)
and BC-NOMA system are shown in Fig. 4. For the same trans-
mission bandwidth, the BC-OMA scheme can achieve a larger
user number compared with the O-OMA system. Similarly,
through multiplexing in power domain, A larger quantity of
accessed users has been achieved in the BC-NOMA system.
Simulation results indicate that the BC-NOMA scheme can
achieve a prominent increase contrasted to the O-OMA and the
BC-OMA systems.

Fig. 5 gives the illustration of the user capacity according to
(23). Based on the proceeding work, the system capacity is rele-
vant to the capacity of the lowest power user. Simulation shows
the capacity curves of HUE and LUE versus the compression
factor and the power allocation factor, note that the decrease of
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the compression factor @ means the decrease of the occupied
bandwidth.

Observe from Fig. 6, pLVF achieves an approximate perfor-
mance compared with the performance without error delivery
in conventional NOMA. Specifically, the higher SNR value
exhibits a better approximate performance, which indicates the
interruption of the error delivery.

Fig. 7 illustrates the BER comparisons of the symmetrical
coding scheme and conventional SIC, the results are compared
between SNR = 5 dB and SNR = 10 dB versus the power factor
p1. It can be observed that the SC scheme aids to achieve a better
performance in a certain range of p;, when p; falls out of the
range, it is clear that SIC performs an alight advantage.

In Fig. 8, the BER performances of SCNOMA versus SNR
are given according to (41) and (49). Results under simulation
and analysis are given below. It is obvious that the proposed SC-
NOMA scheme has a positive effect on the error performance of
LUE. Especially, with the increasing power allocated to LUE, the
error performance of LUE is getting better while deterioration
has occurred on the performance of HUE.
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Fig. 9 demonstrates the BER performance comparisons of
LUE between downlink NOMA based on the symmetrical cod-
ing and conventional SIC. Both simulation and analysis results
are given. In accordance with analysis, simulation results indi-
cate the benefits of the upon LUE with the utilization of SC.
Compared with the SIC scheme, less SNR is required in the
SCNOMA scheme for the same magnitude of error performance.

In the preceding work, the analysis and simulation results
under the symmetrical coding are given and the positive effects
on the error performance are indicated. Further, the symmetrical
coding scheme is engaged in the proposed BC-NOMA system to
achieve an enhanced performance. In the following simulations,
the comparisons between ISIC and ML are given, performances
under BC-SCNOMA and conventional NOMA are given simul-
taneously.

Fig. 10 shows the simulation results of the error performance
in ONOMA and BC-NOMA systems. ML and ISIC algorithms
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are employed and the performances are simulated jointly. The
SNR required in BC-NOMA is 3 dB larger than (BER = 107°)
in ONOMA system when an approximate error performance
is achieved. Further, in SC embedded BC-NOMA system, the
BER comparisons of ISIC and ML algorithms are simulated
jointly. Observe from the results, an approximate performance
is achieved with the utilization of ISIC compared with ML
algorithm. However, in preceding work, the complexity of ISIC
and ML is derived, which indicates that the proposed ISIC
algorithm requires fewer operations, especially when the number
of sub-carriers has reached to a certain level. Moreover, effects
on the power allocation factors are evaluated and discussed. The
approximate power factors between users can cause a more rig-
orous IGI, which further leads to the performance deterioration.

Fig. 11 shows the BER comparisons in BC-SCNOMA and
BC-NOMA systems. Observe that for the same BER perfor-
mance of LUE, a quite less SNR is demanded with the utilization
of the symmetrical coding and the performance of HUE with
and without SC are identical. Simulation results indicate that
with the utilization of SC in BC-NOMA system, an enhanced
performance can be achieved without any deterioration on HUE.
Specifically, the performance requirements can be achieved for
the user sacrificing more power in the NOMA system. In our
summation, through the uniting of the bandwidth compression
scheme and NOMA, together with the proposed detection meth-
ods, a predictable benefit can be achieved.

VI. CONCLUSION

In this paper, BC-NOMA system has been investigated in
hybrid satellite-terrestrial networks, bandwidth compression
scheme is engaged in conventional NOMA for the improvement
of the system capacity and spectral efficiency. First, system mod-
els of uplink and downlink BC-NOMA in satellite-terrestrial net-
works are given and predictable benefits are evaluated. Second, a
corresponding detector is proposed to restrain the impacts of the
concomitant interference, i.e., ICI and IGI which are caused by
bandwidth compression and power domain multiplexing. With
the proposed ISIC algorithm, the mixed interference can be
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mostly remitted, moreover, the SC scheme is engaged in the
proposed scheme for an additional benefit on BER performance.
Third, the interference between users in satellite-terrestrial net-
works has been formulated, individual and system capacity in the
proposed BC-NOMA system are given, closed BER expression
under the symmetrical coding scheme has been formulated and
the benefits to LUE have been identified in theory simultane-
ously. Simulation and analysis results indicate that BC-NOMA
system has achieved a larger accessed user number and the error
probability of ISIC has achieved an approximate performance
compared with ML. Conclusively, the BC-NOMA scheme aims
to the improvement of spectral efficiency and the proposed
algorithms are advantageous to the interference cancellation and
performance enhancement.
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