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Abstract

In this paper, we propose the opportunistic non-orthogonal multiple access (NOMA)-based cooperative
relaying system (CRS) with channel state information (CSI) available at the source, where CSI for the source-
to-destination and source-to-relay links is used for opportunistic transmission. Using the CSI, for opportunistic
transmission, the source instantaneously chooses between the direct transmission and the cooperative NOMA
transmission. We provide an asymptotic expression for the average achievable rate of the opportunistic
NOMA-based CRS under Rayleigh fading channels. We verify the asymptotic analysis through Monte Carlo
simulations, and compare the average achievable rates of the opportunistic NOMA-based CRS and the
conventional one for various channel powers and power allocation coefficients used for NOMA.
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1. Introduction

Non-orthogonal multiple access (NOMA) is one of promising techniques to improve the spectral
efficiency of wireless multi-user systems [1]. The NOMA scheme uses the power domain for multiple
access, and can be implemented by the superposition coding that enables the transmitter to send data
signals with different powers to associated different receivers at the same time and bandwidth [2]. In
order to enhance the spectral efficiency of cooperative relaying systems (CRSs), the NOMA scheme has
been introduced into CRSs in which one or more relays help a source transmit the signals to one or
more destinations to mitigate the wireless channel effects such as path loss and shadowing. In industry,
the NOMA scheme and the cooperative relaying technique have been considered as key techniques for
3rd Generation Partnership Project (3GPP) Long Term Evolution-Advanced (LTE-A) systems [3,4].
Hence, CRSs using the NOMA scheme can be practically realized as one of alternatives to achieve high
spectral efficiency in the fifth generation (5G) communication systems.

In many studies, the advanced NOMA schemes for various CRSs have been developed to significantly
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improve the spectral efficiency of the CRSs [5-13]. The studies have focused on the models of CRSs with
different node constructions (e.g., the number of relays or destinations) and different relaying schemes
(e.g., amplify-and-forward or decode-and-forward relaying), and have shown the spectral efficiency
gains achieved by their proposed NOMA schemes in terms of average achievable rate and outage
probability. It is noted that the node construction and the relaying scheme can be determined by
considering the acceptable complexity and overhead of the CRSs. The detailed literature reviews of
NOMA-based CRSs are as follows. In [5], CRS using NOMA has been proposed, where the source
simultaneously transmits two independent data symbols by superposition coding, and the relay decodes
and forwards the symbol with lower received power after performing the successive interference
cancellation (SIC). Also, the average achievable rate for the CRS using NOMA has been analyzed, and a
suboptimal power allocation scheme for NOMA has been presented. In [6], a novel detection scheme
for CRS using NOMA has been proposed to enhance the achievable rate for CRS using NOMA
presented in [5], but it requires the more complicated receiver. In [6], the destination jointly decodes
two data symbols from the direct and relayed signals with maximal-ratio combining and SIC. In
addition, its average achievable rate and the outage probability have been investigated. Unlike [5] and
[6] considering a single relay and a single destination, in [7], the more complicated CRS with multiple
relays and destinations has been treated, and a cooperative NOMA scheme has been proposed for the
CRS, where the receivers (i.e., relays or destinations) with better channel conditions have prior
information about the data symbols of other receivers, and the prior information is used to achieve the
spatial diversity. In [7], the outage probability and diversity order achieved by the cooperative NOMA
scheme have been studied. Unlike [5-7] with decode-and-forward relaying, in [8], a NOMA-based
downlink cooperative cellular system with amplify-and-forward relaying has been proposed, where the
base station transmits data signals to two users simultaneously with amplify-and-forward relaying. Also,
its average achievable rate and outage performance have been investigated. In [9], the NOMA scheme
has been introduced in coordinated direct and relay transmission (CDRT), where the base station
directly communicates with a near user while communicating with a far user only through a relay. In
the CDRT using NOMA, the near user has the prior information about the data symbol of the far user,
and exploits it for interference cancellation, which can significantly improve the spectral efficiency. Its
average achievable rate and outage probability have been also analyzed in [9]. In [10], the full-duplex
(FD) CRS using NOMA with dual users has been proposed and its average achievable rate and outage
probability have been investigated under the assumption of imperfect self-interference cancellation. In
addition, it has been shown that the FD CRS using NOMA can work better than the half-duplex CRS
using NOMA. In the studies on CRSs using NOMA in [5-10], channel state information (CSI) has been
assumed to be unavailable at the source in order to reduce the system overhead. However, it can limit
the performance improvement because the source cannot use the time-varying channels for data
transmission. In [11-13], hence, adaptive transmission, user selection, and hybrid relaying schemes
using CSI have been respectively proposed to enhance the spectral efficiency of CRSs using NOMA.
Unlike the proposed schemes in [11-13], in this paper, we propose the opportunistic NOMA-based
CRS using CSI that is available at the source in order to achieve the further performance improvement
at the expense of system overhead. In the proposed NOMA-based CRS, we consider a source, a decode-
and-forward relay, and a destination to focus on the low complicated CRS for the simple
implementation as in [5], where it is noted that advanced NOMA schemes for more complicated CRSs

can be studied by using the work presented in this paper. In the proposed NOMA-based CRS, CSI for
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the source-to-destination and source-to-relay links is exploited for opportunistic transmission. Based
on the CSI, for opportunistic transmission, the source instantaneously selects one of the direct
transmission (from the source to the destination) and the cooperative NOMA transmission [5] with the
help of the relay, which can provide better achievable rate performance than the conventional NOMA-
based CRS with no CSI at the source. In addition, we provide an asymptotic expression for the average
achievable rate of the opportunistic NOMA-based CRS assuming Rayleigh fading channels. The
asymptotic analysis is verified with Monte Carlo simulations, and the average achievable rates of the
opportunistic NOMA-based CRS and the conventional one are compared for different channel powers
and power allocation coefficients used for NOMA.

This paper is organized as follows: Section 2 proposes opportunistic NOMA-based CRS, and provides
its received signals and signal-to-noise ratios (SNRs). In Section 3, we analyze the average achievable
rate for the proposed NOMA-based CRS. In Section 4, we compare the proposed and conventional
NOMA-based CRS in terms of the average achievable rate. Section 5 concludes this paper.
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Fig. 1. A cooperative relaying system, where the solid and dashed lines represent the signal transmissions
for the first and the second time slots, respectively.
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Fig. 2. Direct signal transmission from the source to the destination for a time slot.

2. System Description

We consider the CRS as shown in Fig. 1, where a source (S) transmits signals to a destination (D)
directly and through a relay (R). The channel coefficients of S-to-D, S-to-R, and R-to-D links are
denoted as hgp, hgg, and hyp, respectively, and assumed to be independent Rayleigh random variables
with average powers of sy, Bsg, and fzp, respectively.

In the CRS using NOMA, the source transmits \/ﬁsl + ,/a,P;s, to the relay and the destination
during the first time slot, according to the NOMA scheme using the superposition coding [1,5,6], where
s; denotes the i-th data symbol, E[|s;|?] = 1, and P, is the total transmit power. a; is the power
allocation coefficient for symbol s;, and it is assumed thata, + a, =1 and a; > a,, which means
0.5<a; <1land0 < a, < 0.5. The relay decodes symbol s, after decoding and cancelling symbol s,
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with SIC, whereas the destination decodes symbol s; treating symbol s, as noise. During the second
time slot, then only the relay transmits the decoded symbol s, with power P, to the destination.
However, when |hgp|? > |hgg|?, the NOMA scheme may not provide a gain of end-to-end achievable
rate since the received signal power of symbol s, at the relay is very limited. Thus, in this paper, we
propose an opportunistic CRS using NOMA (O-NOMA), where if |hgp|? > |hgg|?, only direct
transmission between the source and the destination is performed without the help of the relay as
shown in Fig. 2, otherwise the NOMA scheme is employed with the relay. The rationale of the O-
NOMA is based on the fact that the achievable rate for the relayed link is the minimum of achievable
rates for the source-to-relay link and the relay-to-destination link. That is, when |hgp|? > |hgg|?, the
direct link achieves better rate performance than the relayed link. In the O-NOMA, hence, the source
directly transmits symbol s, to the destination with power P, during a time slot when |hgp|? > |hgg|?.
In the CRS using NOMA, the received signals at the relay and the destination during the first time

slot are respectively given as

rsCR = hSR(\/ a,Pis; + aZPtsz) + ngp, (1)
and
TsCD = hsv(\/ aPis; + azptsz) + ngp, (2)

where ngg and ngj, denote additive white Gaussian noise with variance 0. The received SNRs of
symbol s, to be decoded for SIC and symbol s, to be decoded after SIC at the relay are respectively

given from (1) as

c |hsr|?a, Py
= — 3
VsRs, |hsr|?azPet+o? ©
and
c  _ |hsrlazPe
Vsrs, = o2 . (4)
The received SNR of symbol s; to be decoded at the destination is given from (2) as
c |hspl*aq Py
= 5
Vspis, |hspl?azPe+o? ®
The received signal at the destination during the second time slot is given as
Tkp = hrp+/ PeS2 + Ngp, (6)

where ngp is additive white Gaussian noise with variance g2, and thus the received SNR for symbol s,

is given as

¢ _ lrrpl®Pe
yRD,Sz - o2 :
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On the other hand, for the direct transmission, the received signal of symbol s; at the destination and

its received SNR are respectively given as

175p = hgp+/Pesy + ngg, 8)
and
D _ |hspl?P;
SDs; = o2 - )

In this paper, it is assumed that the relay and the destination perfectly know which one of |hgp|? and
|hsg|? is larger. In practice, the relay and the destination may report their channel state information
(CSI) to the source, and then the source may transmit one-bit information, indicating which channel is
in better condition, to them. Hence, the O-NOMA may require more overhead and complexity than the
conventional one. It is noted that there may be alternative CSI feedback schemes with low overhead and

complexity since the source needs to know only whether |hgp|? > |hgg|? or not.

3. Achievable Rate Analysis

Let gsp 2 lhspl®, gsr 2 |hsgl®, gro 2 |hrpl®, p £ P/o?, and C(x) £ log,(1 +x), where p
represents the transmit SNR. Based on the fact that the end-to-end achievable rate of decode-and-
forward relaying is dominated by the weakest link [3], and using (3)-(5), (7), and (9), the achievable
rate of the O-NOMA is obtained as follows [5]:

If gsp < gsr »
crre = %min{logz(l + VSCD,sl)' 10g2(1 + VSCR,sl)}
+ %min{logz(l + ySCR’SZ),logZ(l + yﬁo,sz)} (10)
= ilogz(l + ygD,sl)
+%min{log2 (1 +vés,) 108, (1 + vips, )} (11)
Otherwise,
cPro = logz(l + ySDD‘Sl). (12)

In (10), it is noted that the first and the second parts denote the achievable rates of symbols s; and s,,

respectively. In the first part of (10), log, (1 + ng,sl) is required to assume that the relay successfully
decodes symbol s, for SIC, but that is deleted in (11) since ggp < gsg. It is also noted that there is one
half spectral efficiency penalty for relaying in (11), whereas there is no spectral efficiency penalty in (12)
as the source transmits an independent data symbol to the destination directly for a given time slot

when gsp > gsz. Then, using (11) and (12), the achievable average rate of the O-NOMA is obtained as
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CPo = 37 137 177 COP) 5 (V) 5 ) iy (7) dx dy dz

+ fow fooo foy E ¢ (M) + %min{C(yazp), C(ZP)}]

xazp+1

X fgsp X fgsr (V) fgrp (2) dx dy dz, (13)

where fy(*) denotes the probability density function (PDF) of random variable X, and fy,(x) =
(1/Bs)e™*/Ps for 5 € {SD, SR, RD}. Since mathematical analysis of (13) is intractable, we focus on
asymptotic rate analysis using high SNR approximation. Applying high SNR approximation to (13), the

average rate is then approximated as follows:

CProx [ 17 COp) fysp (O fysp ) fygp (2) dx dy dz
2y,

+ fooo fOOO Oy% c (Z_:) fgsu (x)f:t]sR (Y)ngD (Z) dx d_’y dz

2,

+ 1) 07 1 S min{C(yayp), C(2p)} fogy () fysn O fygrp () dx dy dz.  (14)

2@,

W, in (14) is derived as

W= [ 0L CGn) fysn ) fysp O fyrp (2) dy dix dz

© _ 1 -
=f0 C(xp)(l—e x/BSR)Ee x/Bsp dx

= _logze{el/(ﬁsn oEi (- ) - (G + i)_l

Bspp Bsp
1 1( e +L) 1/ 1 1
X —eP\Bsp BsrR/Ej| —=(—+ — , 15
Bsp ¢ ! p (ﬁsn BSR) (15)

© 13
where we use fo e ™™ In(1+nx) = —ienEi(—,u/n) in [14, eq. (4.337.2)], and Ei(*) denotes the
exponential integral function in [14, eq. (8.211.1)]. Then, ¥, in (14) is obtained as

Y2 = %C (E) Jo I3 1 Fasp GO fasn ) fyrp (2) dx dy dz

az

Q

= %C (_1) {1 N fowie‘y(ﬁslo Fsr) BLe Frp dy dz}

RD

Q
N

Q

1)) o

o 13
Using fo e ™™ In(l+nx) = —ﬁenEi(—,u/n) in [14, eq. (4.337.2)], ¥; in (14) is derived as follows:
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Wy = [ 7 Y 2 Caap) fgp () fy g (V) fomp (2) dix dy dz

0y e 33 5 €0 fasp () fysy ) fyp (2) dx dy dz

Yy __Zz
Y el _ o~ ¥/Bsp) & 2% 7 Fsr_Frp
Jo Jay3C0azp) (1—e ) e dzdy
_BL_BZ
© oo 1 _ o-Y/Bsp) & "SR “RD
+f0 fz/azzC(zp)(l e ) - dy dz
ey
— (*1 _ o-Y/Bsp) "SR "RD/
o 3COazp)(1—e™/Psv)——7-—dy
i)
oo 1 1 1\ ~e 42\PsD PSR e PRD
-C -z/(azBsr) — (— 4 —_
+f0 2 (Zp){e (BSD +.BSR) Bsr BrD z
_ logze ( LR )_le%(a2£SR+ﬁ)E- 1( LI 1)
N 2 azBsr  BRrD azPBsr ! p \azBsr  BrD
1 1 1 1
( ; 1)_1ep(a2ﬁSD+a2ﬁSR+m)Ei e )
azPsp  az2Bsr  BrRD azBsr p\azBsp  azPsk  PrD

1 1 1
) 1 —1eﬁ(azﬁsR+ﬁ‘RD) . 1 1 1
i) o (<2 )

azBsr  BrD

1 1 1 1
o
1 (azﬁsD az2Bsr BRD)

1 1\ 1/ 1 1 1\ ef
- (E + E) (azBSD + azPsr + E) BsrBRD
1/ 1 1 1
Ei -2 L))t 1
X l( P(azﬁsn + azPsr + ﬁRD))} (17)

Using the approximations of Ei(—x) = C; +In (x) forx — 0in [14, eq. (8.212.1)] and e* = 1 for
x — 0, where C denotes the Euler constant, (15) and (17) are respectively approximated for p — oo as

follows:

W, ~ —log,e [CE +n (=) - (;22-) {CE +1n <§ (= @))}] (18)

and

5 1] SR )|

1 1 1 1\1 1/ 1 1 1
— + +— Cg+In|-= + +—
azPsr (azﬁsu azPsr BRD) { E n (P (azl?sz) azPBsr .BRD)>}

+ (e v (2 (5 )}
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1
B ﬁ (Bsfil;ﬂ) (az;su + az;SR + ﬁ)

1 1 1 1
X {CE 1 (z (G i + ﬁ)}] : (19)

Summing (16), (18), and (19), and inserting a; = 1 — a, , the asymptotic average rate of the O-
NOMA for p — oo is finally obtained as

CPro 1(3 — M) (log,p — Cglogye) +%(ﬁ¢) log, (aiz)

2 Bsp +PBsr Bsp+Bsr

+log,Bsp + (Bi) log, (L + L) - %log2 (; + L)

Bsp +Bsr Bsp  PBsr azBsr  BRrD
1 Bsp 1 1 1
+ 2 (ﬁsn +.BSR) log, (azﬁsn + azPsr + ﬁRD). (20)

4. Numerical Results

For performance comparison, the average rate of the conventional CRS using NOMA (C-NOMA) is
considered in this paper. In the C-NOMA, the NOMA scheme presented in Section 2 is always used
regardless of the channel conditions. Thus, the achievable rate of the C-NOMA is given as (10), and its

asymptotic average rate for p — oo is given as [5, eq. (15)]

1

1 1
OizeCE _Elogz (_+£) (21)

Fcon ll _
¢ 2 982 Bsr  PrD

In Figs. 3-7, the simulation results for the proposed O-NOMA and the C-NOMA represent their
exact average achievable rates obtained by averaging (11) and (12) for O-NOMA and (10) for C-
NOMA, respectively, through Monte Carlo simulations. The asymptotic results for the proposed O-
NOMA and the C-NOMA denote the analytic results obtained from (20) and (21), respectively.

Figs. 3 and 4 show the average achievable rates for O-NOMA and C-NOMA with various transmit
SNR values when a; = 0.9, a, = 0.1, and g, = 1. In particular, in Fig. 3 their average achievable rates
are compared for different average channel powers of the R-to-D link (i.e., fzp = 1, 10) when S5z = 1,
whereas in Fig. 4 their average achievable rates are compared for different average channel powers of
the S-to-R link (i.e., Bsg = 1, 10) when Bz, = 1. From the figures, it is observed that the asymptotic
results for the proposed O-NOMA are in perfect agreement with the simulation results in the high
transmit SNR regime. Fig. 3 demonstrates that an increase in the average channel power of the R-to-D
link does not affect the average rate performances for both O-NOMA and C-NOMA. In addition, the
proposed O-NOMA attains better average rate performance than C-NOMA as the transmit SNR goes
up. On the other hand, Fig. 4 indicates that the average rate for the proposed O-NOMA becomes worse
but that for C-NOMA becomes better as the average channel power of the S-to-R link increases. Thus, a
rate gain attainable by O-NOMA over C-NOMA becomes smaller with an increase in the average

channel power of the S-to-R link.
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Figs. 5-7 show the average achievable rates for O-NOMA and C-NOMA with various power
allocation coefficients when p = 20 dB, 30 dB, and fis, = 1. Especially, their average achievable rates
are compared for fgp = frp = 11in Fig. 5, fsp = 1 and fSrp = 10 in Fig. 6, and fsz = 10 and Bz, =1
in Fig. 7, respectively. In the figures, the asymptotic results for O-NOMA perfectly match the
simulation results for high transmit SNR (i.e., p = 20 dB, 30 dB) and 0.1 < a, < 0.5, where it is noted
that the asymptotic results for low transmit SNR are not shown in this paper since a considerable
difference between the asymptotic and simulated results exists. O-NOMA attains better average rate
performance as compared with C-NOMA in a high transmit SNR regime, and hence their performance
evaluation for high transmit SNR can be more meaningful. In addition, from the figures, it is illustrated
that O-NOMA has better average rate performance than C-NOMA as the transmit SNR rises, which is
the same aspect as seen in Figs. 3 and 4. In Figs. 5 and 6, the average rate performances for both O-
NOMA and C-NOMA are almost not changed by the power allocation coefficients for 0 < a, < 0.5
when fgp = 1 and fzp = 1,10, where it is noted that a; = 1 — a,. However, in Fig. 7 for sz = 10
and Bgp = 1, their average rate performances are considerably changed by the power allocation
coefficients. From the results, it is recognized that a pertinent power allocation coefficient may be
required to improve the average rate for O-NOMA when the average channel power of the S-to-R link
is large.

It is noteworthy that O-NOMA achieves better average rate performance than C-NOMA at the
expense of CSI feedback or other feedback schemes with lower overhead and complexity to provide the
source with the information about which one of the S-to-D and the S-to-R links has better

instantaneous channel power.

Simulation Results:
—O— B~ 1
—X— p,=10
Analytic Results:
Dotted lines : Asymptotic results

Average Rate [bps/Hz]

Transmit SNR [dB], p

Fig. 3. Average achievable rates of O-NOMA and C-NOMA for a; = 0.9 and a, = 0.1 when S5, =
Bsg = 1 and By = 1,10.
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Average Rate [bps/Hz]

Simulation Results:
ﬂS'R:

; : ﬂSR= 10

Analytic Results:
Dotted lines : Asymptotic results

Transmit SNR [dB], p

Fig. 4. Average achievable rates of O-NOMA and C-NOMA for a; = 0.9 and a, = 0.1 when S, =

Brp = 1and Bsg = 1, 10.

Average Rate [bps/Hz]

Simulation Results:
—+ p=20
—N— p=30
Analytic Results:
Dotted lines : Asymptotic results

0.0

T T
0.1 0.2 0.3 0.4 0.5

Power Allocatoin Coefficient, a,

Fig. 5. Average achievable rates of O-NOMA and C-NOMA for p = 20 dB, 30 dB when S5, = sz =

Brp = 1.
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Simulation Results:
—{+ p=20
—— p=30
Analytic Results:
Dotted lines : Asymptotic results

Average Rate [bps/Hz]

T T
0.0 0.1 0.2 0.3 0.4 0.5

Power Allocatoin Coefficient, a,

Fig. 6. Average achievable rates of O-NOMA and C-NOMA for p = 20 dB, 30 dB when S5, = Bz =
1 and Bgp = 10.

Simulation Results:

—{F p=20
—\— p=30
Analytic Results:
Dotted lines : Asymptotic results
8
N
=
w0
=
=
8
5]
[
[5)
]
<
S
2
< 27
14
0 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Power Allocatoin Coefficient, a,

Fig. 7. Average achievable rates of O-NOMA and C-NOMA for p = 20 dB, 30 dB when fs;, = Brp =
1 and Bz = 10.

640 | J Inf Process Syst, Vol.13, No.3, pp.630~642, June 2017



In-Ho Lee and Howon Lee

5. Conclusions

In this paper, we have proposed the opportunistic NOMA-based CRS using CSI available at the
source, and provided an asymptotic expression for the average achievable rate of the opportunistic
NOMA-based CRS under Rayleigh fading channels. From the numerical results, we show that the
proposed NOMA-based CRS achieves better rate performance than the conventional NOMA-based
CRS as the transmit SNR increases. Also, a rate gain achievable by the proposed NOMA-based CRS
over the conventional one becomes larger as the average channel power of the S-to-R link decreases.
However, the rate gain of the proposed NOMA-based CRS is not affected by the average channel power
of the R-to-D link. Furthermore, the average rate performance of the proposed NOMA-based CRS is
considerably affected by the power allocation coefficient used for NOMA when the average channel
power of the S-to-R link is large. Hence, the proposed NOMA-based CRS can be more beneficial than
the conventional one in terms of the achievable rate when the transmit SNR is high, and the average
channel power of the S-to-R link is small, but the proposed one requires CSI feedback or alternative

feedback schemes with lower overhead and complexity.
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