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Abstract—This letter considers a non-orthogonal multiple ac-
cess (NOMA) based cooperative relay sharing (CRS) network,
where two sources communicate with their corresponding users
over the same time and frequency via a shared decode-and-
forward relay. A novel transmission scheme using max-min
criterion based dynamic decoding order strategy is proposed
to minimize the outage probability of the network at the cost
of lower complexity and overhead. The closed-form expression
of the overall outage probability for the proposed scheme is
derived. Both analytical and simulation results show that the
proposed scheme can achieve non-zero diversity order and almost
the same outage performance as the dynamic power allocation
based transmission scheme for NOMA based CRS networks.

Index Terms—Cooperative relaying, non-orthogonal multiple
access, outage probability, performance analysis.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) has been widely
regarded as a promising candidate technology to achieve high
spectral efficiency for next generation wireless networks [1].
To eliminate the effect of fading and to gain spatial degrees
of freedom, NOMA has been combined with cooperative
communications, which leads to a remarkable research field
named cooperative NOMA.

Cooperative NOMA can be generally classified into two
categories, i.e. user relaying and dedicated relaying [2]. In [3],
the users with stronger channels served as relays to help the
other users since they can obtain the prior information of the
others when conducting successive interference cancellation
(SIC). Moreover, due to the absence of direct links between
the source and users, a dedicated decode-and-forward (DF)
or amplify-and-forward (AF) relay was utilized to establish
the communications in [4] and [5], respectively. To further
improve the performance of cooperative NOMA, multiple
relays are considered to be deployed in networks, and thus
relay selection (RS) has drawn a lot of attention for its good
character to harvest the full diversity gain while reducing
the system complexity [6]-[8]. The initial work on RS for
NOMA was investigated in [6], where an optimal relay was
selected based on a two-stage max-min criterion, and fixed
power allocation (PA) was adopted. Afterwards, the works in
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[7] and [8] were proposed to improve the performance of the
scheme in [6], where dynamic PA and fixed decoding order
strategy and dynamic PA and dynamic decoding order strategy
were performed, respectively.

It is worth noting that there exists a typical cooperative
NOMA transmission scenario as described in [9]-[11], where
multiple sources would like to communicate with their re-
spective users in parallel through a shared relay. This type of
cooperative NOMA is also called NOMA based cooperative
relay sharing (CRS). The superiority of it over orthogonal
multiple access (OMA) in terms of ergodic capacity has been
verified in [9], [10]. However, it is indicated that only zero
diversity order is obtained for NOMA based CRS (denoted as
NOMA-CRS) in the high signal-to-noise ratio (SNR) region
if the conventional fixed PA based transmission scheme is
employed [10]. Despite the fact that dynamic PA may break
through this bottleneck under the same scenario as depicted in
[11], higher complexity and system overhead will be produced
as well, since the transmitters need to inform the receivers
the PA coefficients if channel state changes, or the instanta-
neous channel state information (CSI) needs to be transferred
between different sources. Therefore, a feasible transmission
scheme for NOMA-CRS networks aimed at improving outage
performance is desired, which motivates the study of this work.

In this letter, different from the existing fixed decoding
order strategy based transmission schemes in [9]-[11], a
novel NOMA-CRS scheme to minimize the overall outage
probability is proposed, where the decoding order is designed
to be dynamic and determined by an established max-min
criterion. Despite the fact that there have been some existing
works involving dynamic decoding order, they are either not
optimal or not directly applicable in the considered scenario.
For examples, the dynamic decoding orders used in [8] is
suitable for the situations where user priorities exist; the
dynamic decoding order proposed in [12] is just suboptimal
and can not guarantee that non-zero diversity order can always
be achieved. To characterize the performance of the proposed
scheme, we derive the closed-form expression for the outage
probability. The analytical result demonstrates that non-zero
diversity order can always be obtained for the proposed
scheme. Moreover, the provided simulation results show that
the proposed scheme outperforms the existing fixed PA based
NOMA-CRS scheme in the whole SNR region, achieves
similar outage performance to the existing dynamic PA based
NOMA-CRS scheme, and has a better outage behavior than
the OMA based CRS (denoted as OMA-CRS) scheme if
appropriate PA coefficients are chosen.
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Fig. 1: A system model description of NOMA-CRS networks
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with two source-user pairs.

II. SYSTEM MODEL

Consider a similar cooperative NOMA network to the ones
in [9], [11], as illustrated in Fig. 1, where two source-user pairs
S; — D1 and So — D4 are established via a shared DF relay R.
All nodes are equipped with a single antenna and work in a
half-duplex mode. It is assumed that the direct links from S to
D; and from Ss to D4 are absent due to fading and/or physical
obstacles. Therefore, two successive phases are required for
one information transmission. Moreover, all wireless chan-
nels are assumed to experience identically and independent
Rayleigh fading, thus the channel coefficients for the links
S1 =R, S =R, R—D; and R — Dy can be expressed
as hl ~ CN (O,Ql = dgloﬁ), hg ~ CN (O,QQ = dgjﬁ),
g1 ~ CN (O,Qg :d;{%1) and ga ~ CN (0794 :d;{g2),
respectively, where « is the path loss exponent and d denotes
the distance measured in meters [9], [11].

In the first phase, both S; and Sy transmit their individual
signals s; and se to R with the powers a; P, and axP;
simultaneously, where P; denotes the total transmit power, aq
and ag represent the PA coefficients satisfying a; + as = 1.
Thus, the superposed signal received at R can be expressed as

yr = V Pr (Vaisihy + v/azs2h2) + ng, (D

where ng ~ CN (0,0%) denotes the additive white Gaussian
noise (AWGN) at R.

In the second phase, assume that R can decode the super-
posed signal correctly, then R will transmit the re-encoded
signals §; and S5 to Dy and Do, respectively, and the received
superimposed signal at D; (¢ = 1,2) can be given by

o, = VPrgi (x/aél + @32) +np,, )

where P, denotes the transmit power, b; and b, are the PA
coefficients with by 4 by = 1, np, ~ CN (0,07 ) denotes the
AWGN at D;. For mathematical tractability, it is assumed that
P, =P.=P and O’% = U%i = o2 as in [9], [10].

After that, both Dy and D4 will decode their received super-
imposed signal according a specific decoding order strategy,
which will be discussed in detail in later sections.

III. DECODING ORDER STRATEGY

Unlike the fixed decoding order strategy used in [9], [11],
where the decoding order at R and at the users are determined
according to the statistical CSI, a max-min criterion based
dynamic decoding order strategy using instantaneous CSI
is developed and utilized in our proposed scheme. To be
specific, we denote the general form of decoding order at R
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as (1,92) € {(1,2),(2,1)}, then the available rates for R
to decode Dy, and D,,’s signals can be expressed as

a¢1p|h§01‘2 ) (3)
aW2p|h<P2|2 +1 '

¥1

U 1
RWI = 5 10g2 (1 +

u 1
Ry, = 5 logy (1+ ag,plhe,[?) @)

respectively, where p = % represents the SNR.

The target rates of D, and D, are denoted as I, and
R, , respectively. In order to avoid outage at R, R > Ry,
and Rg , = R,, should always be satisfied, which can

hyo |2 h
lead to % > 1 and M > 1, where
Qoo PEpy [Ny [P +egp, Epo

£py = 2%er — 1, e, = 92Re; _ 1. Based on aforementioned
facts, a generic expression is derived for further comparison
of different decoding order modes, which can be expressed as

amp‘hmP anp|hn|2
R NG
anpem|hnl? + €m En

G () = min {

where (m,n) € {(1,2), (2,1)}.
Then, the adopted decoding order at R can be determined
by
(p1,92) =argmax{G(1,2),G(2,1)}, (6)

which is to minimize the outage probability at R by choosing
a proper decoding order mode.

On the other hand, the general form of decoding order at
the users are denoted as (A1, A2) € {(1,2),(2,1)}. According
to the basic principle of NOMA, D), only needs to decode
its own signal, while D, needs to decode both users’ signals.
Thus, the achievable rates for Dy, to decode 5; and Dy, to
decode both §; and 32 can be respectively written as

1 bx, plgn, 2
R =Z1o <1 4+ Pl (7
A W NS
1 b, plgr. |’
RE =Ll (1+1 : ®)
Aomrdr T g 082 ba,ploa.]? +1
1
R(;\g =35 10g2 (1 + b/\2p|g>\2|2) . (9)

2

In this phase, the target rates of D, and D, can be denoted
as Ry, and Rj,, respectively. min {Ri1 , R§2_»\1} > Ry, and
R‘}\z > R, should be satisfied in order to avoid outage. As a
result, there are several special cases described as follows.

(1) When Zg—; < g1 and bf < g9, the outage will always
occur since min {R{ , ngﬁ/\l} > R, can not be satisfied.

(2) When bl > & and < &g, only (A1, A2) = (1,2) is

feasible and poss1b1e to reahze min {R/\l, )\2*})\1} > Ry,.
(3) When b; < ey and 2 > ey, only (A, A) = (2,1) is
feasible and possible to achleve min {R)\l, )\2H>\1} > Ry, .

(4) When Z—l > g and Z—’;’ > &9, both (A, N) =
(1,2) and ()\1,/\2) = (2,1) can be set to achieve possible
min{Rfl\l,R 2_)/\1} > Ry,. Then, by following the same
analysis as that for the first phase, the equation listed below
is established.

2
}, (10)

W (u ’U) — min { Z(bup - bvgup) bvp|gv‘

Eu Ev

/)
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where (u,v) € {(1,2), (2,1)}, z = min {|g1|?, |g2|*}. Final-
ly, the adopted decoding order in this case can be determined
by

(A1, A2) = argmax {W(1,2),W(2,1)}. (11

IV. PERFORMANCE ANALYSIS

In this section, the outage probability and diversity order
of the proposed scheme are investigated to characterize the
performance.

A. Outage Probability for the First Phase

Based on the facts mentioned in Section III, the outage
probability for the first phase can be expressed as

Pl . =Pr{max{G(1,2),G(2,1)} < 1}.

It is found that the above equation consists of six specific
cases, which can be written as

12)

2
PéIPr{|h1\22%ﬂ+gl7‘h2|2<%}7
1
aipes |hi|? + ¢
{|h1 NN L}
P ap azp
|h | a1p€2|h1|2+62
azp ’
2
{f<|h| wonltaf e e < 22
2 2
Pl Pr{ <|h| <m 2 Lhy| <W}7
aip aip asp azp
P =Pro[mf* < == [ho® < 0. (13)
aip azp

h 2
For P!, from |h|? > %ﬁl%l

hi|?— hi]?—
aplh ey , then @Ml == =<1 and =2 should be compared.
azpey a2 peq azp

h —
When w > =2 we have |hi|? > -, where
azpe a2p ai

N = €1+ €162. As a result, P! in this case (denoted as Pl:!)

can be derived as
%”*%Wﬁ>mmm<@}
aip azp

1
(1= (2] (2)
aip azp

1 __m __e2
Sf1a1p — @ Qaip e Qaazp

we can derive |hy|? <

(14)

—e

hyl?—
When % < =2 we have |h|? < 2. Also, P!

in this case (denoted as sz) can be derived as
1,2 €1 2 . 2 .
Po’ ZPI‘{ S ‘hﬂ ‘hg‘ }
aip asp

m €1 €9
= (pmr (35) 5 (WJ) ()

_ e __m Ooaseq 1
—=e Qaip —e Qap 4 —— = pQagp
Qlal + 92(1281

_ _ Qja;+Qan

21Qza1a2p
Based on the above analysis, the final expression of P! can
be obtained by combing P}! and P! 2, ie. P} = P11 4 PL:2,

Qiayni+Qoagn
21Q3a1a3¢e1p

5)

— €
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As for P2, P2, P4, P5 and PS, they can be calculated
according to the similar process of deriving P_, thus the details
of the calculation are omitted herein due to the limited space.

Finally, by combing the results of six cases, the final
expression of P! . can be expressed as

Pl =PL+P2+P:+P;+P)+PY, (16)

and the complete form of P!, is shown in (17), at the top of
the next page.

B. Outage Probability for the Second Phase

It has been concluded that there are four cases regarding
different settings of fixed PA coefficients in Section III, thus
we will discuss the outage probability of each case orderly in
the following.

(1) When Zl < ¢e; and b2 < €9, the outage probability for
the second phase is P2, = 1

(2) When bl > e1 and < g9, Pgut can be rewritten as
P2, = Pr{W(l 2) < 1}. ThlS time we will directly calculate
the coverage probability instead of calculating the outage
probability for simplicity, thus P2 = Pr{W(1,2) > 1} is

cov
p2l —_p 2 g2 25 €1 25 €2
2= Pr{ I < oo o> S 2

required, which can be derived as follows.
When |g1|? < |g2|?, we have
—+o0 x
1 1 Yy
= — e iy / —e 9
/yl Qy a3 4

bip—baeip
_ e _v1 9] (234924
—e Qs(bwibzew)e Qa — 3 33944 17 (18)
Q3 +Q4
— £2
where v; = max (blp v b2p)
When [g1|? > |g2|?, we have
€2
P22 — pr 2> 22 L2 > 12> 22
cov |g1] Igl\gl_ibpbgplgl_bw

_ (Q34Q4)1

19)

Then, by combing P%! and P22 from (18) and (19), we

cov cov
can have
2 _
Pout - 1

cov

P<2:0v =1- (P2 . + P?:o%/)

=1—e Q3(17107172619) 67974.

(20)

(3) When 2+ < &y and 32 > &5, P2, can be rewritten
as P2, = Pr{W (2,1) < 1}. Then, by following the similar
procedure of calculating P2, in case (2), the final expression
of P2, in this case can be given by

P2 =1 ¢ W mmne 05,

2

- &
where 15 = max (bzp blew’ blp)

(4) When 2—1 > €1 and 2 > g9, P2, can be rewritten
as P2 =Pr {max{W (1, 2) W (2,1)} < 1}, which can be
further expressed as

Pgut - (Pgov + Pgov onv) ’ (22)

/)
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Qoa __c _ Qqaje3m1+Q9a9m _ Qa3e9m1+Q0a2m n1 Qoase 1
P(lm,E S e N e Q2a2p | ¢ QQzajaz(l—c1e2)p — ¢ Q1Qgajagp —e Qzﬂzpe Qrarp 41 4 _ wredact ef2a2p
Qraiez + Q2a2 Qia1 + Q20261
_ Q10311 4+Q0age1m; __a3m1+Q0a2e1m Qoan €2 _Qajeony+Qagm _1a3e1e04Q0ae
X | e 21Qaja3e1p — e Nf2ajazer(I—c1e2)p | 4 — — 2 = o  Qoazp (¢ Q1Qgajazp —e Q21Qgara3p i (17)
Qraiez + Qoao
2
where PZ . has been presented in case (2), PCOV denotes the

coverage probability of case (3) and P2,
P2 =Pr{W(1,2)>1,W(2,1)>1}.

cov

can be expressed as
(23)

Also, |g1|* and |g2|* should be compared. Therefore, 1530\, is
classified into the cases as follows.
When |g1|? < |g2|?, we have

? °

€2

Pt =P {lonf < ol o = vaclonf > 2|
2P
_(Q3+Q4)vg

—+o0 xT
1 _ = 1 _ Oy
= —e Qudrx —e Bdy=—-"—¢ Q30
/,3 O v Q3 YT,
(24)

€1 £2
bip—bae1p? bap—biezp [°

where 3 = max{
When |g1|? > |g2|?, we have

ﬁ@—m{mﬁ>mﬁmﬁ>wmu

€1
bip

teoq Q3 (©@3tonws
:/ —e Tay dx/ —e ™ idy=—-— 3%
v3 Q3+Q4
(25)
As a consequence, we obtain PCOV = Pgolv + PEO%, and the

final expression of P2 . can be expressed as

_x _r2 _(923494)vg
P2 . =1- (e"“e U e M2e 25— 3 ) , (26)
where kK] = 5—7—=27—— and ke = ﬁ
Finally, by comgmg (f%) and (26), the overall outage proba-
bility for the proposed NOMA-CRS scheme can be expressed
as

Po ut — 1 - ( P(l)ut) (1 P(2)ut)
- P(l)ut + Pout Pg)utPcz)um (27)

where step a is obtained by using the independence of the
outage behavior between two transmission phases.

C. Diversity Order

To gain more insights, the diversity order of the proposed
NOMA-CRS scheme is also derived by assuming p — 0.
Specifically, by using the fact that e™* ~ 1 —x when z — 0,
the approximations listed below can be calculated:
€9 €1

Pout A + : (28)
£ QQ(lgp Ql(llp
Q3+ Q
Piutwﬁl+v2+ﬁ2+v1—( 3+ Q) vs (29
Q3 Q4 Q3Qy
Then, by substituting (28) and (29) into (27), Pg,; ; can

be easily obtained, thus the diversity order of the proposed
scheme can be derived as

lim 10g (Pout) =1

d=—
p=oo log (p)

(30)
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Fig. 2: Outage probability versus SNR p with Ry = 0.1 bit
per channel use (BPCU).

It is observed that the full diversity order can always be
obtained, which demonstrates the superiority of the proposed
decoding order strategy over those designed in [12].

V. SIMULATION RESULTS

This section provides the simulation results to evaluate and
compare the outage performance of the proposed scheme, the
fixed PA based NOMA-CRS (NOMA-CRS-F) scheme and
OMA-CRS scheme in [9], along with the dynamic PA based
NOMA-CRS (NOMA-CRS-D) scheme in [11]. Recall that the
statistical CSI based PA is adopted by the proposed scheme
to further improve the outage performance, where the PA
strategies developed in [13] and [14] will be employed in the
first phase and the second phase of the proposed transmission
scheme, respectively. Unless otherwise stated, it is assumed
that dSlR = 0.5 m, ngR =1m, dRDl =1m, dRDg =0.5
m, o =2, and a; = 0.5 and b; = 0.6 will be adopted for the
NOMA-CRS-F scheme.

Fig. 2 depicts the outage probability versus p with different
setting of R; and R». Firstly, it is found that the analytical
curves of the proposed scheme match precisely well with the
simulation curves, which corroborates the accuracy of our
analysis. Then, it is shown that the non-zero diversity order can
be indeed obtained by the proposed scheme, while there exists
an error floor causing zero diversity order for the NOMA-
CRS-F scheme. This indicates the superiority of the proposed
decoding order strategy since it utilizes the instantaneous CSI
to actively avoid outage. Moreover, it is observed that NOMA-
CRS-D scheme with higher complexity and overhead can
achieve optimal outage performance, but the gap between it
and the proposed scheme is narrow. Finally, it can be seen that
a larger Ry will lead to a higher outage probability, but the
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Fig. 3: Outage probability versus the PA coefficient a; and b,
with R; = 0.1 BPCU, Ry = 0.8 BPCU and SNR p = 30 dB.
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Fig. 4: Outage probability versus the distance dg,r and drp,
with R; = 0.1 BPCU, Ry = 0.8 BPCU and SNR p = 30 dB.

trends of the curves for the same scheme under different Ry
are similar.

Fig. 3 illustrates the outage probability versus the PA
coefficient a; and by, respectively. Since the concept of PA
coefficient is not involved in the OMA-CRS scheme and the
PA coefficients in the NOMA-CRS-D scheme are dynamically
adjusted according to the instantaneous CSI, it is found that
there is no change in their curves. Then, it is observed that the
proposed scheme and OMA-CRS scheme always outperform
the NOMA-CRS-F scheme. Furthermore, the proposed scheme
can achieve a better outage performance than the OMA-
CRS scheme if appropriate PA coefficients are set, which is
effective for both adjusting a1 and b;. This is due to the reason
that NOMA allows different users to transmit their individual
signals using the same time and frequency, which is a more
effective way to utilize the transmission resource than OMA,
and the advantage will appear when decoding order and PA
strategies are well designed.

Fig. 4 depicts the outage probability versus the distance
ds,r and dgrp,, respectively. It is found that the proposed
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scheme achieves almost the same/even better outage perfor-
mance as/than the NOMA-CRS-D scheme. Furthermore, a

similar trend to OMA-CRS scheme can be obtained by these
two schemes, which attributes to the reason that the decoding
order or PA coefficients they adopt can be dynamically ad-
justed to minimize the outage probability. While the mutual
effect from the mixture of dg,r and dg,r on decoding first
user’s signal at R is inevitable for the NOMA-CRS-F scheme,
which leads to a convex curve as shown in Fig. 4 (a). This is
due to the fact that its decoding order and PA coefficients are
both fixed.

VI. CONCLUSIONS

In this letter, we have proposed a new max-min criterion
based dynamic decoding order strategy to minimize the outage
probability of NOMA-CRS networks. A closed-form outage
probability expression has been derived. Simulation results
have demonstrated that the proposed scheme can achieve
the suboptimal outage performance among all the considered
transmission schemes for NOMA-CRS networks.
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