On the Impact of User Scheduling on Diversity and Fairness in Cooperative NOMA

Long Yang, Member, IEEE, Hai Jiang, Senior Member, IEEE, Qiang Ye, Member, IEEE,
Zhiguo Ding, Senior Member, IEEE, Lu Lv, Student Member, IEEE, and Jian Chen, Member, IEEE

Abstract—In this correspondence paper, we investigate the
problem of user scheduling in a cooperative non-orthogonal
multiple access (NOMA) system consisting of a base station, a
weak user, and K intermediate users. During each transmission,
an intermediate user is scheduled to receive its own message
and forward the message destined for the weak user. For
this type of cooperative NOMA system, a novel scheduling
scheme is proposed to achieve full diversity and scheduling
fairness simultaneously. With the consideration that all channels
experience independent but non-identically distributed Rayleigh
fading, outage probabilities of the weak user and the scheduled
intermediate user are derived in closed-form expressions. It
is theoretically shown that the proposed scheme provides full
diversity for both the weak user and the scheduled intermediate
user. Furthermore, theoretical results also demonstrate that the
proposed scheme schedules each intermediate user with the same
probability 1/K, demonstrating that scheduling fairness is also
guaranteed.

Index Terms—Cooperative non-orthogonal multiple access,
fairness, user scheduling.

I. INTRODUCTION

As a promising candidate of multiple access technique for
5@, non-orthogonal multiple access (NOMA) can serve multi-
ple users by the same resource to achieve significant spectrum
efficiency gain over conventional orthogonal multiple access
[1]-[3]. Recently, cooperative relaying has been incorporated
into NOMA to enhance its reliability and coverage, in which
the information is forwarded by a dedicated relay [4]-[7].
Actually, as NOMA employs superimposed coding, some users
may successfully decode their own messages along with the
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messages of other users. Thus, recruiting these successful
users as potential relays can save the cost of deploying
dedicated relays and fully utilize the degree of freedom offered
by NOMA. Inspired by this observation, some cooperative
NOMA strategies are investigated in recent works [8]-[11].
Considering that NOMA is performed among K users, a
cooperative NOMA strategy is designed in [8], where the users
that successfully decode their messages by using successive
interference cancellation (SIC) sequentially forward other de-
coded messages. This strategy requires (K — 1) extra time-
slots for forwarding information, and thus, experiences some
spectrum efficiency loss. To enhance the spectrum efficiency,
user scheduling for cooperative NOMA is investigated in [9]—
[11], where only the scheduled users participate in cooperative
NOMA. Three location-based user scheduling schemes are
proposed in [9]. However, as the impact of channel fading is
not considered, these schemes cannot achieve full diversity. In
[10] and [11], two user scheduling based cooperative NOMA
strategies are proposed for wireless multicast, illustrating that
full diversity can be achieved by properly scheduling users
according to instantaneous channel information.

The existing studies [9]-[11] tend to focus on improving the
reliability of cooperative NOMA via user scheduling, without
considering fairness among users. In fact, these schemes may
prefer to schedule some users with certain channel conditions,
leading to unfair channel access opportunity among the users
who are willing to serve as relays. Motivated by this fact,
we investigate user scheduling for cooperative NOMA in this
paper, aiming at achieving full diversity and simultaneously
ensuring fairness among users.

The main contributions of this paper are summarized as
follows. 1) We design a novel cooperation paradigm for a
NOMA system consisting of a base station (BS), a weak user
(WU) and K intermediate users (IUs), in which each IU is
willing to help the WU. An IU scheduling scheme is proposed
to achieve a full diversity order while ensuring fairness among
all IUs. 2) We derive closed-form outage probabilities for the
WU and the scheduled IU, respectively. Further, we prove that
the proposed scheduling scheme provides a diversity order of
K for both the WU and the scheduled IU. In other words,
full diversity is achieved. 3) We theoretically evaluate the
scheduling fairness among IUs. It is shown that the proposed
scheduling scheme ensures that each IU is scheduled with the
same probability 1/K, indicating that a fair channel access
opportunity is provided for each IU.

II. SYSTEM MODEL

In cellular communications from a BS denoted as S, it is
possible that a user denoted as D may not have direct link
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from the BS, for example, due to blockage of a tall building
as illustrated in Fig. 1. The user is thus called a WU. This
work investigates how the BS can send information to the
WU. Since the BS cannot directly communicate to the WU,
it seeks relaying services by other users. And to motivate
other users to provide relaying services, a user who provides
relaying services for the WU can receive its own information
from the BS by using NOMA principles. Thus, the system
explores the channel conditions of other users, and finds K
users denoted as Rq,---, Rg that have links to both the BS
and the WU, and are willing to provide relaying services to
the WU. These users are called IUs. The BS then recruits one
IU, and sends both the WU’s and the selected IU’s signals to
the IU. The selected IU decodes both signals by using SIC,
and subsequently forwards the WU’s signal to the WU. The
details of the cooperation strategy and scheduling scheme are
given in Section IIL

The BS, WU, and IUs all work in a half-duplex mode with
a single antenna. The channel coefficients of link S — Ry
and link Ry — D for k € K = {1,...,K} are denoted
as fr and gy, respectively. All the links have independent
but non-identically distributed (i.n.i.d.) Rayleigh block fading.
Thus, the channel gains |fx|?> and |gx|? follow exponential
distribution with means Fj, and Gy, respectively. The noise
at each receiver is modeled as additive white Gaussian noise
(AWGN) with identical variance o2.

III. COOPERATION STRATEGY AND IU SCHEDULING
A. Cooperation Strategy

Prior to each transmission, one of IUs is scheduled by the
IU scheduling scheme that will be proposed in Section III-B.
Afterwards, the cooperative NOMA transmission is performed
within two phases. Without loss of generality, we assume that
IU Ry is scheduled.

During the first phase, the BS sends a superposed message
v/ Psaxg++/Psfxq to the scheduled IU Ry, where Pg is the
transmit power of the BS, z( is the desired message of D, x
is the desired message of Ry, and a and 3 are power allocation
coefficients with a + 8 = 1 and a > (. The received signal

at Ry, can be expressed as yr, = v Psafrxo+ v PsBfrri +
n1, where n represents the AWGN at Rjy. According to the
principles of NOMA, R; decodes message x first by treating
message x1 as interference. Thus, the signal-to-interference-
plus-noise ratio (SINR) for Ry, to decode z is given by

ol fi]?
VSk = T e 1 ()
Blfel?+p!
where p £ % is the transmit signal-to-noise ratio (SNR). If

x¢ is correctly decoded, Ry removes x( from its observation
and further decodes its desired message 1 with SNR being

Ysi = plfil*B. 2)

Here we use ~ for notations related to signal x;. Denoting the
target rates of messages xg and z; as o and rp, respectively,
the condition for Ry to correctly decode both messages is
given by {ysr > 220 =1 £ yu }N{Fsr > 27" =1 2 Fy,}. If
Ry correctly decodes both messages, it will forward message
xo to D in the second phase!. Accordingly, the observation at
D can be expressed as yp = /Prgrxo +ng, where Pg is the
transmit power of Ry, and ng is the AWGN at D. Defining
i = Pr/Ps, the SNR for D to decode its desired message
zo in the second phase is given by

Yep = 1plgkl, 3)

and the condition that D correctly decodes xq is {vkp > Vi }-
On the other hand, if Ry cannot decode both messages, the
second phase will be cancelled and the BS will proceed to
send new messages in a new transmission block.

Note that « and (8 should satisfy o — Sy, > 0 due to the
following reason [9]. From (1), it can be seen that ys;, < o/
forany k € {1,..., K}. If & — Byn < 0, then we have g <
a/B < 4tn, which means that no IU can successfully decode
zo during the first phase.

B. IU Scheduling

The purpose of our IU scheduling is to achieve full diversity
and fairness simultaneously. Recall that the diversity gain
is measured in high SNR regime. As seen from (1), when
p — 00, vsk approaches a/f for k = 1,...,K. Since
a — Byn > 0, we further have vgx ~ a/f > 74, in the
high SNR regime. This fact indicates that, in the high SNR
regime, message x can be decoded by any IU. On the other
hand, from (2) and (3), when p — o0, s and yxp are
still related to the channel gains |fx|? and |gx|?, respectively.
This observation demonstrates that, even with a sufficiently
high transmit SNR, it is still possible that §g; < 4, and
YxDp < ~n under certain channel conditions, which means
that the scheduled IU and the WU cannot successfully decode
their desired messages. Thus, for achieving diversity gain at
the scheduled IU and the WU, we only need to improve
the reception quality for decoding their desired messages.
Since the target rates of messages xy and x; are different
in general, we consider the normalized SNRs r o 2 sk /Vth

'Here we assume that the scheduled TU forwards zo only when it has
correctly decoded both messages. If the scheduled IU cannot decode its own
message, it may not have any incentive to help the WU.



and Typ £ Ykp/Yth as the reception metrics for Ry and
D to decode their desired messages. Then, to simultaneously
achieve diversity gain for the scheduled IU and the WU’s
decoding of their desired messages, the IU Ry~ can be sched-
uled from all IUs as k* = arg maxycx [min {f‘Sk,FkD}] =
Yeh 7 Ve
nel gains |fx|? and |gy|? are non-identically distributed, the
above scheduling favors IUs with larger Fj and Gy. Thus,
to ensure fairness among IUs, we normalize |f|? and |gy|?
with respect to their average values Fj, and G, respectively,
leading to the following scheduling scheme

Blfel* plgrl® H
YenFr” 1nGr

arg maxgex {min { H . However, since the chan-

k* = arg max [min{ 4)

kex

IV. PERFORMANCE ANALYSIS
A. Outage Probability

1) Exact outage probability of the WU: Recall that the
scheduled IU Ry~ forwards message ¢ only when it correctly
decodes both messages. Thus, the complementary event of
D experiencing an outage is that Ry« correctly decodes
both messages and D correctly decodes message xg, i.e.,

{Vsk* > h,¥sk* = Fth, Vk*D > Yen}. Based on this fact,
the outage probability of D can be expressed as

1 —Prysk+ > Yth, ¥sk* = Yeh, Vk=D = Vth)

2
1-Pr [% > Vth7p|fk* 26 2 Yth,

Pout,D
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where Pr[-] means probability. According to the proposed
scheduling scheme shown in (4), the event {k* = i} can be
equivalently expressed as
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where X 2 plfil2, Y £ plg?] and Z, =
2 2 . .
min{%’ ilfglk for k € K. Applying (6) into (5), we

have Pyui,p = Y ;—1 Pout,n,i With Py p; being expressed
as

X v
Pouw,py; = Pr {mm {?, m,/u} <1,
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where px y(-,-) is the joint probability density function of
X and Y, and Fz, (-) is the cumulative distribution function
of Zj. As channel gains |f;|? and |gx|? follow exponential
distributions with means Fj and Gj for £k = 1,..., K, we
have

{ pxy(,y) = pgre” W/ Hv/Gp "

sz(z) =1—¢ =2

where = £ 41,/ B+tn /it An expression of P,y p ; is derived
in the Appendix, shown as

Pout,D,i = { Ii’l + Ii’2 + Ii’3’

Qin+ Qiz+ Qigs,
where a £ T"l and b; £ % Here, the closed-form
expressions for I; 1, I; 2 and I; 3 are given by (A.6), (A.7)
and (A.9), and the closed-form expressions for (); 1, ); 2 and
Q; 3 are given by (A.10), (A.11) and (A.13).

2) Exact outage probability of the scheduled IU: The com-
plementary event of Rj- experiencing an outage is that Rj-
correctly decodes both messages, i.e., {Vsk* > Vtn, Y5k >
An}, indicating that the outage probability of Ry« can be
expressed as Pyt g,. = 1 — Pr[ysps > ih, sk = Yenl-
Following the derivations in (5), (6) and (7), we further have
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(10)

by
o ey Fzu (m’t‘%) px,y(z,y)dydz
and Ji,g £ fon fmo;)b7 erK\{i}FZk (%) pX,Y(xvy)dydx'
Then, following the derivations in the Appendix, closed-form
expressions for J; 1 and J; o are derived as
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B. Diversity Orders

When transmit SNR p — oo, we have
1. B
rexviy £ (E i {mﬁ% Emen })

_ <1 e min{iﬁm By 2K_1
-1

Fth Fi 2 7en G
P E min § B2 Ly
FtnFi? ven G )

= |m

13)
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where the asymptotic equality uses the fact that e™ ~ 1 —x
holds for x — 0. Applying (13) into (7) and following the
derivations in the Appendix, we have

—00 p—r00 A“h =K-1
~ Qi = DL X Rk
7, PR BRI - K)vﬂ gk-1
B2 EesEEERG, T REDRST
0 p_mo K- 1(b—K a—K)nK+1 =K—1 (14)
0,2 V(GO EF, X RFDKpETT:
p—>oo poo gK-1,.K SK-1
de ~K l(F)K X KpK'

Applying the results in (14) into (9) with ignoring high
order infinitesimals (i.e., the asymptotic expressions for I; o
and @;2), and then combining the result with the fact
Pout,p = Zfil Pout, i, the high-SNR asymptotic expression
for Py, p is obtained as

p—00 K-

Yth
Pout,D =

1
Kpk — (N(Gi)K

BE-1,K ) 1
~K—1 K X K
“th (F i) p

15)
Similarly, applying (13) into (10) and ignoring high order
infinitesimals yields

EK—lﬁK—l Kk K 1

KK 7K1

p—00
~

n L (16)

Pou *
b (F)K = pK

i=1
From (15) and (16) we know that a diversity order of K is
achieved by both the WU and the scheduled IU, demonstrating
that the proposed scheduling scheme fully exploits the spatial
diversity at both users.

C. Scheduling Fairness among IUs

Differing from [12] and [13] which enable fairness by the
rate maximization of the worst-case user, we here guarantee
the fairness among users from the perspective of providing
each IU with a fair opportunity for channel access. With the
proposed scheduling scheme shown in (4), the probability that
an IU R;(i € K) is scheduled can be derived as follows.

BX nY
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bi/Fi+1/Gi+i=n/ (110 G:)
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where step (i) comes from (6), and step (ii) comes from (8).
Applying b; = g”‘f‘g and E = "g‘ + 2th into the last equality
of (17) with some algebraic manipulations, we further have

K—1 (K—1\ (=1)?

Prikr =] = iy (%) 5
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Fig. 2. Outage probability of the WU D.

where step (iii) comes from [14, eq. (0.155.1)]. As observed
from (18), each IU is scheduled with the same probability
1/K, demonstrating that the proposed scheduling scheme can
ensure scheduling fairness among IUs.

V. NUMERICAL RESULTS AND DISCUSSION

This section verifies the theoretical results by simulation.
The BS and the WU are located at coordinates (0,0) and
(0,100), respectively. There are K = 4 IUs. Locations of
the IUs are randomly generated within a circle centered at
(50,0) with radius being 25, and the resulted IU locations are
(44.1655, —5.6186), (38.7878,6.7263), (72.7884,—3.4627)
and (57.3251,7.4178). The path-loss attenuation is modeled
as 1/[1 + (d/do)"] [9], where d is the distance, dy = 20
is the path-loss reference distance and x = 2.2 is the path-
loss exponent. The target rates of messages xo and z; are
ro = 0.5 and r; = 1, respectively. Thus, the SINR/SNR
thresholds for successfully decoding messages zy and x; are
Yin = 2270 —1 = 1 and 7y, = 22 —1 = 3, respectively. Other
parameters are « = 0.9, 8 = 0.1 and p = Pr/Ps = 0.01.
The simulated values are obtained from 1 x 10® independent
numerical trials.

In our simulation, we compare the proposed scheme with
the following existing schemes for cooperative NOMA. 1)
Two-stage scheduling (TSS), which follows the rationale of
two-stage relay selection in [7] and operates in two stages: the
first stage is to find the set of IUs that guarantee the reliable
reception of message 7, i.e., S, = {Ry|min{ysk,Vep} >
~n}, while the second stage is to schedule an IU from S,
to maximize the received SNR of message i, i.e., k¥ =
arg maxp, cs, Ysk- 2) One-stage scheduling (OSS), which
follows the rationale of single-stage relay selection in [15] and
schedules an IU to maximize the reception quality of message
xo in both phases, i.e., k* = argmaxy—1, . x min{ysx, Vkp}-
3) Best average reception scheduling (BARS) [16], which
schedules an IU with the best average channel gain from the
BS, i.e., k* = argmaxy—1,..,

Figs. 2 and 3 depict the outage probabilities of the WU
D and the scheduled IU Rj-, respectively. As shown in
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both figures, the derived exact outage probabilities of our
scheme exactly match the simulated values, which verifies our
theoretical analysis. Further, by comparing the derived outage
probabilities of our proposed scheme with the reference line
1 x 10 x p~* in both figures, it is observed that, in high
SNR regime (p > 40 dB), the outage probabilities of the WU
and the scheduled IU decrease at a rate p~*, demonstrating
that full diversity is achieved by them.

Figs. 2 and 3 also compare our proposed scheme with the
TSS, OSS and BARS schemes. As shown in Fig. 2, compared
with the TSS scheme, the proposed scheme provides a higher
outage probability for the WU. As shown in Fig. 3, for the
scheduled IU, both schemes have similar outage performance:
the proposed scheme performs better when p < 37.5 dB, while
the TSS scheme slightly performs better when p > 37.5 dB.
Thus, compared to the TSS scheme, the proposed scheme
has some outage performance loss at the WU. The reason
is as follows. The TSS scheme guarantees the reliability
of the WU first, and then, maximizes the reception quality
of the scheduled IU. Thus, the TSS scheme is expected
to provide better reliability for the WU than the proposed
scheme. Furthermore, the proposed scheme needs to ensure
scheduling fairness among the IUs, which may lead to some
outage performance loss at the WU. Thus, better scheduling
fairness of our proposed scheme is achieved at the cost of
some outage performance loss at the WU.? From Figs. 2 and
3, the proposed scheme outperforms the OSS scheme in the
outage probabilities of both the WU and the scheduled IU. The
reason is two-fold. First, the OSS scheme does not consider
the reception of message x; intended by the scheduled IU,
thus providing worse outage performance for the scheduled
IU. Second, if the scheduled IU does not successfully decode
its own message, it has no incentive to forward message xg
intended by the WU, thus leading to an outage at the WU.
For the BARS scheme, it schedules an IU based on average

’In the TSS scheme, IU R3 may not be motivated to participate in the
cooperation, as the probability that R3 is scheduled is below 10% as shown
in Fig. 4. On the other hand, in our proposed scheme, all IUs are motivated
to participate in the cooperation, as each of them has an equal opportunity to
be scheduled.
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Fig. 4. Scheduling probabilities of IUs.

channel gains. Thus, when the topology of the system does
not change, the BARS scheme always schedules the same IU,
resulting in worse outage performance than that of our scheme,
as seen in Figs. 2 and 3.

Fig. 4 presents simulation results of the probabilities that the
IUs are scheduled, where transmit SNR is p = 40 dB. Recall
that the BARS scheme always schedules the same IU when
the system topology does not change, meaning that the BARS
scheme provides no fairness for the IU scheduling. Thus, the
BARS scheme is not included in the comparison of scheduling
fairness. As seen in Fig. 4, the proposed scheme schedules
each IU with the same probability equal to 1/ K, verifying our
theoretical result in (18). This fact indicates that the proposed
scheme can guarantee scheduling fairness among IUs while
providing full diversity for both the WU and the scheduled IU.
On the other hand, the TSS and OSS schemes cannot schedule
each IU with the same probability, implying that these two
schemes cannot provide fair opportunity for each IU to receive
its desired information.

VI. CONCLUSION

In this paper, we present a novel user scheduling scheme
for a cooperative NOMA system, in which an IU is scheduled
to receive its own message and forward the message destined
for the WU. With the consideration of i.n.i.d. Rayleigh fading,
the outage performance and scheduling fairness are theoreti-
cally evaluated. The derived results indicate that the proposed
scheme achieves full diversity and scheduling fairness simul-
taneously.

APPENDIX A
DERIVATIONS OF EQUATION (9)

Defining a £ £% and b; £ JwhPy for i = 1. K, the
Vel Yin G v

.. . h | thq
minimum operations in (7) can be further expressed as
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When a < b;, by applying (A.1) and (A.2) into (7), Pout,p,i
in (7) can be expressed as Py, p,; = Ii1 + 1; 2 + I; 3 with
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G s b )
Job, kek\iy NPT
HY/¥en<1
(A.3)
Ii,2 = // H FZ (F) pX,Y(‘Tay)dxdy7
keK\ {3} PVth
ay<z<b;y
Y/ ven <l
(A4)
T
2 dxdy. (A5
Iis = // II F (p%hF>pX,Y(Ivy) rdy. (A.5)

z<ay kek\{i}

z/n<1
Substituting (8) into (A.3), we have
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Similarly, combining (8) with (A.4) and (A.5) yields
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On the other hand, when a > b;, by following the deriva-
tions in (A.3)~(A.9), we have P+ p; = Qi1 + Qi2 + Qi3
with Q; 1, Qi 2 and Q); 3 derived as

) _ K-1/K-1 (-1)7/G;
Qz’l - Zj:O ( J )a/F£+1/G'i+jEM/£7t}1Gi) Al
| (Erdag)), A0
(K =1\ (C1)7[i(a) — (b))
Qi2 = Z . T m (A.11)
=\ + 721/
with );(x) defined as
) 1/F;
Vi) 1/F,+1/(Gi2)+in=/ (vinCi) Al
X 1—67;(7+G11 (A12)

JnE )
Yth Gy ,

and
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[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

K-1 (K -
Qiz = Y ( j )1/F+1/(Gb E TG 7
X 1_67 F+Gb ’YthF )
(A.13)
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