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Abstract— This paper proposes a novel design of cooperative
non-orthogonal layered multicast multiple access in a hetero-
geneous network, where the information is encoded into the
messages of high priority (HP) and low priority (LP). Two
types of multicast users coexist in the network: 1) regular users
(RUs), which are located far away from the base station (BS)
and expect to decode only the HP message (due to the weak
channels), and 2) advanced users (AUs), which are located close
to the BS and expect to decode both HP and LP messages.
To improve the reliability of layered multicast, we consider
that the successful AUs (those AUs who successfully decode
the HP and LP messages) serve as potential relays to assist
other AUs/RUs. Based on this idea, two novel cooperation
strategies are proposed for different cases of channel information
availability. For each proposed strategy, we derive closed-form
exact outage probabilities of AUs and RUs and then further
analyze their diversity orders. Moreover, considering that the
layered multicast is outage-constrained, we theoretically evaluate
the energy consumption of both strategies and demonstrate their
energy saving gains over the direct non-orthogonal multiple
access for layered multicast. Finally, our theoretical analysis is
verified by numerical results, and the advantages of the proposed
strategies are also demonstrated.
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I. INTRODUCTION

HE application of non-orthogonal multiple access

(NOMA) to the future wireless networks has drawn
increased attention from both industrial and academic com-
munities [2]-[6]. By employing superposition coding and
successive interference cancellation (SIC) at the sender and
receiver sides, respectively, NOMA is able to serve multiple
users at the same time/frequency/code domain with distinct
power levels. Compared with the conventional orthogonal mul-
tiple access (OMA), NOMA can provide better fairness and
connectivity for users with poor channel quality, thus being
viewed as a potential technique for the fifth generation (5G)
wireless networks [3]-[11].

To improve the reliability/capacity of NOMA systems,
cooperative relaying technique has been incorporated
into NOMA, termed as cooperative NOMA, in which the
information is forwarded by a successful user (i.e., a user
that successfully decodes the information) [12]-[14] or by a
dedicated relay [15]-[19]. As the SIC is employed in NOMA,
a user with strong channel condition may correctly decode its
own message along with other users’ messages, thus being
able to naturally serve as a relay for other users. Compared
to deploying dedicated relays in NOMA systems [15]-[19],
recruiting successful users as relays [12]-[14] can save the
infrastructure cost for dedicated relays. When NOMA is
performed between two users, it is shown in [12] that the
user-assisted cooperative NOMA can be realized by recruiting
the near user (the one which is closer to the source) to serve
as a half-duplex relay for the far user (the one which is
further away from the source). Further, if the near user can
work as a full-duplex relay, the far user will achieve better
performance in terms of outage probability and ergodic rate,
as demonstrated in [13] and [14].

The aforementioned efforts on cooperative NOMA consider
only wireless unicast, i.e., point-to-point data delivery.
In practical wireless networks, some users may need the same
data in many scenarios, e.g., in Internet protocol television
and live streaming of sports games. If cooperative NOMA
unicast is employed, the same data will be sent repeatedly,
resulting in low spectrum/energy efficiency. Thanks to the
broadcast feature of wireless channels, wireless multicast can
simultaneously send the same data to multiple users, thus
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being an efficient manner to serve the users with common
interest [20]-[22]. When some users want the same data in
NOMA systems, integrating wireless multicast into coopera-
tive NOMA, i.e., cooperative NOMA multicast, is expected to
combine their advantages. Motivated by this fact, two oppor-
tunistic cooperative NOMA multicast strategies are designed
in most recent works [23] and [24], which opportunistically
recruit a successful multicast user that helps forward its
received messages to unsuccessful multicast/unicast users.
It has been theoretically proved in [23] and [24] that, by appro-
priately selecting the successful multicast user, full diversity
can be achieved at each multicast/unicast user.

However, the cooperative NOMA multicast strategies pro-
posed in [23] and [24] have only focused on the non-layered
multicast, which does not consider the heterogeneity among
multicast users. In fact, as multicast users own heterogeneous
and time-varying channel conditions, the non-layered multicast
which employs fixed data-rate and coding scheme cannot
best serve all multicast users simultaneously, especially in
video multicast that requires seamless connectivity and low
latency [25]. To cope with this problem, layered multicast is
designed to deliver the same video content to multicast users
with different video resolutions. In layered multicast, the orig-
inal video information is split into a base-layer stream and
some enhancement-layer streams, where the base-layer stream
provides a basic video quality level and each enhancement-
layer stream can further refine video resolution. Consequently,
each multicast user can adaptively decode its received layered
streams, according to its reception quality of each layered
stream. However, the current layered-multicast mechanism is
mainly performed over the application layer without coop-
erative support at the physical layer, thereby limiting the
performance of layered multicast in wireless systems. The
application of NOMA in layered multicast is investigated
in most recent works [26]-[28], showing that the spectrum
efficiency and coverage probability of layered multicast can
be significantly improved by using NOMA.

In this paper, we propose a novel design called coop-
erative non-orthogonal layered multicast multiple access,
which can significantly improve both spectrum efficiency
and reliability. More precisely, by combining NOMA with
layered multicast, the source can send both base-layer
and enhancement-layer streams with the same wireless
link, thus achieving high spectrum efficiency and link
utilization. Further, by recruiting the users that success-
fully decode the multicast messages to serve as relays,
great spatial diversity offered by cooperative NOMA can
be harvested to improve the reliability/connectivity of layered
multicast. Therefore, compared to the cooperative NOMA
strategies for non-layered multicast in [23] and [24], the design
of cooperative NOMA strategy for layered multicast is a more
challenging and practically useful issue for video multicast
in 5G systems. Specifically, in this novel design, the video
information is encoded into data streams of high-priority (HP)
and low-priority (LP), corresponding to the base-layer and
enhancement-layer streams, respectively, in the digital video
broadcasting (DVB) [29]. Two types of multicast users coexist
in this network: 1) regular users (RUs), which are located far
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Fig. 1. The considered NOMA network for layered multicast.

away from the base station (BS) and expect to decode only the
HP data stream (due to the weak channels) for basic quality-
of-service (QoS), and 2) advanced users (AUs), which are
located close to the BS and expect to decode both the HP
and LP data streams for better QoS. To improve the reception
quality of layered multicast, successful AUs (those AUs who
successfully decode the HP and LP data streams) can serve as
available relays to assist other users.

The main contributions of this work can be summarized as
follows.

o To enhance reliability of layered multicast in a downlink
NOMA network, we propose two user-assisted cooper-
ative NOMA multicast strategies, namely, the distrib-
uted cooperative NOMA (DC-NOMA) multicast and the
opportunistic cooperative NOMA (OC-NOMA) multi-
cast, for different cases of channel state information (CSI)
availability.

o For each proposed strategy, the outage probabilities of
AUs and RUs are derived in closed form and further
asymptotically analyzed in high signal-to-noise ratio
(SNR) regime. The derived theoretical results demon-
strate that the DC-NOMA multicast strategy achieves a
diversity order of two, while the OC-NOMA multicast
strategy achieves a diversity order not less than M (the
number of AUs).

o Considering that the layered multicast is outage-
constrained, the energy consumption of proposed coop-
eration strategies are also theoretically evaluated. It is
shown that the energy saving gains of DC-NOMA mul-
ticast and OC-NOMA multicast strategies scale with
factors p;1/2 and p;(M_l)/M as p, — 0, respectively,
where p, is the threshold of outage probability. This fact
indicates that significant energy saving can be achieved
by both proposed strategies.

The rest of this paper is organized as follows. Section II
presents the considered system model. Section III discusses the
direct NOMA multicast strategy as a benchmark. Sections IV
and V detail the proposed DC-NOMA multicast and OC-
NOMA multicast strategies, respectively, and derive the the-
oretical expressions for their performance metrics, including
outage probability, diversity order, energy consumption and
energy saving gains. Section VI provides simulation results,
followed by Section VII that is conclusion of this paper.

II. SYSTEM MODEL

Consider the multicast transmission from a BS denoted
by S to a group of AUs Ay,..., Ay (M > 2) and a group



1150

of RUs Ry,..., Rg (K > 2), as depicted in Fig. 1. The group
of AUs are close to the BS and the group of RUs are
far away from the BS. Let zy and x; denote the mes-
sages of HP and LP, respectively, corresponding to the
multi-resolution DVB services [29]. By using NOMA, the
BS superimposes both HP and LP messages and then sends
the superposition to AUs/RUs. Following the principles of
layered multicast [25], it is assumed that the RUs expect to
decode only HP message for basic QoS and the AUs expect
to decode both HP and LP messages for better QoS, as the
channel conditions of AUs are better than those of RUs.!
It is also assumed that more power is allocated to xy while
the rest of power is allocated to x, since message xp is
given high priority [26], [27]. According to the principles
of SIC-based detection [32], the information detection should
be performed from the message with more power to the
message with less power. As more power is allocated to
HP message, each AU first detects HP message zy by
treating LP message x as interference, and then, performs
SIC to further detect LP message xj. For each RU, only
HP message xy needs to be detected by considering LP
message x, as interference. Throughout this paper, we declare
an AU is successful if it has correctly decoded both zy and
z 1, and declare an RU is successful if it has correctly decoded
x . Otherwise, the AU/RU is declared to be unsuccessful. As
the purpose of multicast is to deliver the same information to
all users, an outage event is declared for AUs if any AU is
eventually unsuccessful while an outage event is declared for
RUs if any RU is eventually unsuccessful.

The BS, AUs, and RUs all have a single antenna, operating
under a half-duplex fashion. Denote the channel coefficients
pertaining to links S — A,,, S — Ry, A,, — Ry and A,,, — A,/
as fsm, fsk» Rm.k and gy, ns, respectively. Assume that
all links experience independent but nonidentically distributed
Rayleigh fading, and thus, the channel coefficients follow
circularly symmetric complex Gaussian distribution as fg ,,, ~
CN(0,9L,), fsr ~ CN(0,9f ), humi ~ CN(0, 0L ),
Gmam ~ CN(0,Q9, ), where Qf 2 E[| fs,m]?. Qf ),

m,m/’
A
=2 E[|hmk]?], and an’m, E[|gm.m-|

Ellfsr?]:

2),

In this paper, two priority levels are considered for the NOMA layered

multicast. The reason is twofold. First, as pointed by [30], it may not be
practical to superimpose more than two messages in NOMA systems because
of the possible strong co-channel interference. As an effective alternative,
superimposing two messages in power domain is a simple but effective way
to realize NOMA in practical systems. Second, the layered multicast with
two priority levels has been accepted by the current multimedia multicast
standards, such as DVB [29] and ATSC 3.0 [31]. Therefore, considering two
priority levels for NOMA layered multicast is practically meaningful.
Note that, although only two priority levels are considered in this paper,
the idea of our proposed cooperative NOMA for layered multicast can also be
extended to layered multicast with multiple priority levels. For example, one
HP message is intended by all users and N (> 2) LP messages are intended
by only AUs. The extension can be outlined as follows. In each transmission
block, the BS superimposes all messages with proper power allocation, and
then, sends the superimposed messages to all AUs/RUs. Once receiving the
superimposed messages from the BS, all AUs decode each message by using
SIC, while all RUs only decode the HP message by treating all /N LP messages
as interference. Then, some successful AUs (which have correctly decoded all
messages) can be recruited to serve as relays, to forward the HP message and
all LP messages to unsuccessful AUs/RUs by using NOMA. The performance
analysis with multiple priority levels is similar to those in Section IV and
Section V in this paper.
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Here, E[-] represents the mathematical expectation. Channel
reciprocity is also assumed. A block-fading model is consid-
ered, and thus, the channel coefficients keep unchanged within
every transmission block, but vary independently among dif-
ferent transmission blocks. The duration of each transmission
block is Ty. The noise at each user is modeled as additive
white Gaussian noise (AWGN) with the identical variance o2.
For each transmission block, the target information rate for
xy and x, are denoted as ry and rr, respectively.

III. DIRECT NOMA MULTICAST

To provide a benchmark for the proposed cooperation
strategies, this section presents the direct NOMA multicast
strategy that does not employ any cooperation.

By employing NOMA, the BS sends superimposed
signal /Psapgxg + +/Psapxr to all users, where Pg is
the transmit power of BS, ay and «f are the power alloca-
tion coefficients for messages xx and xr, respectively, with
ag + o 1 and oy > «. Further, to ensure that
NOMA can be realized, the power allocation coefficients also
satisfy ooy — e, (272 — 1) > 0 [12].

Once receiving the superimposed signals, all AUs suc-
cessively detect messages xpy and z; by using SIC.
For AU A,,, its received signal can be expressed as ys—, 4, =
VPsap fsmra+vPsar fsm®r+nm, where n,, represents
the AWGN at AU A,,. Defining p £ Ps/o? as the trans-
mit SNR, the signal-to-interference-plus-noise ratio (SINR)
for AU A,,, to decode xp can be expressed as

aH|fS7m|2

— (D
OéL'fS,ml2 + p_l

VS—A,.,H =
If AU A,, correctly decodes xp, it performs SIC to
remove xy from its observation, and then, decodes x; with
the SNR being
(2)

V$—Am.L = par|fsm|*-

Recalling that an AU is successful if it correctly decodes
both messages zy and zp, the condition for AU A,, being
successful is given by {log(1 + vs—a,,,m) > ru, log(l +
YS—Am,L) > TL}

On the other hand, all RUs only decode message xy from
their received signals. The received signal at RU Rj, can be
expressed as ys—.r, = vV Psap fsrrg+vPsar fsrrr+ng,
where nyj represents the AWGN at RU Rj. By treating
LP message x; as interference, RU Rj decodes the
HP message xx with the following SINR

ag|fskl®
S—RL,H= —"7 5. -1 3)
Y. Ry, H OéL|fS7k’|2+p_1
As RUs only need to decode the message g,

the condition for RU Ry being successful is given by
{log(1 +vs—Rr,.u) > T}

As an outage is declared for AUs if any AU is unsuccessful,
the complementary event of AU outage happening is that all
AUs are successful. Therefore, using (1) and (2), the outage
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probability of AUs can be expressed as

M
Rﬁt_l_Pr<(1{WHAWH>THA2W-4,

m=1

VS AL 2 TL £ 275 — 1}>

M
=1- H Pr (| fs,m|* > max(e1,£2)/p)

m=1

7miX(61 €3) M
—1—c¢ T /9%, 4)

where Pr(-) means probability, e; = (ag/7yg — ar)”},
and g2 £ 71, /ay,. Following the same rationale, the outage
probability of RUs can be derived as

K
]D(ElltJ =1-Pr <ﬂ{rys—>Rk,H Z TH})

k=1

K
=1-[]Pr(Ifskl*>e1/p)

—l_e TR, (5)

Based on the derived outage probability above, the diversity
order achieved by the direct NOMA multicast strategy is
demonstrated in the following theorem.

Theorem 1: In the direct NOMA multicast, both AUs and
RUs achieve a unit diversity order.

Proof: Based on the series representation of exponential
function [33, eq. (1.211.1)], we have e~¢/P ~ 1 — ¢/p holds
for p — o0, where ¢ is a positive constant. Therefore,
using (4) and (5) with letting p — oo, we have

M
p~>oo maX(&l,Eg)
R B Syl ot )
m=1
c K
PHOO 1 —
L B )
P k=1
lOgPoul(/))

As the diversity order is defined as lim, o, — oz p [34],
we know from (6) and (7) that a unit diversity order is achieved
by both AUs and RUs. [ |
Next, the energy consumption of direct NOMA multicast
strategy is shown in the following theorem. Following [20],
the energy consumption refers to the energy consumed by
transmit power in each transmission block, termed as energy
consumption per block (ECPB). More precisely, for the direct
NOMA multicast strategy, the ECPB can be expressed as

Edlrecl PSTO = po TO; (8)
where the second equality uses the fact p = Pg /o>

Theorem 2: Given a target outage probability for AUs
denoted as p, and a target outage probability for RUs denoted
as Op, (B > 0), the minimal ECPB of direct NOMA multicast
that guarantees PAV < p, and PRV < 3p, is given by

out

Edll‘eCt
min

do?Ty, ©)
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with ® being defined as
M
max(e1,€2) 1
® £ max . )
(W S ar

1-po
L i L) o
In( ) = ng

lﬁp

Further, if the multicast service is highly reliability-sensitive,
i.e., p, — 0, the minimal ECPB that achieves PAY < p, and

out

PRU < Bp, can be asymptotically expressed as

out

Edlrecl ~ \IIUQTO (11)
min pO Y
where the term W is defined as
M - K
U £ max | max €1,€2 _— = .
< oo 2 ﬂém 8 ,; 0}
Proof: By using (4), the inequality P4V < p, can be
equivalently expressed as
1—po<e” mex(Erea) SN /9, (12)
Taking logarithm on both sides of (12) and then
using some algebraic manipulations, we further have
max(sl,sz) ZJW 1

P2 )
From thls inequality we see that the minimal transmit

SNR that ensures PAY < p, can be obtained as

m=1 Qg :
,m

AU max(al,eg) Moy
> (13)

Pmin = .
hl(l —Po ) m=1 ng

Applying the same rationale into (5), the minimal transmit
SNR that ensures PRYU < fp,, is

out
€ Ko
RU 1
PR = :
min hl(l_}}po) Z ng

Apparently, to ensure that both P2V < p, and PRV < gp,
hold, the minimal transmit SNR should be max(pAY | pRU ).
Therefore, combining (13) and (14), the minimal transmit

SNR is obtained as

direct
pml n

max 61, 62
= max

(14)

1n

o W L)

- m=1 ,m

=P
5)

Then, applying (15) into (8), the minimal ECPB that ensures

both PAY < p, and PRV < pp, hold is derived as
Bt — 2T, as shown in (9).

Moreover, it is known from [33, eq. (1.513.4)] that
In(— 1p ) = po and In(y=;-) =~ fp, hold for p, — 0.

Applying this fact into (10) we have ® ~ ¥ /p, for p, — 0,
indicating that B4t ~ LTy holds for p, — 0, as shown in
(11). This completes the proof [ |

As seen from the direct NOMA multicast strategy, both
HP and LP messages have been correctly decoded by suc-
cessful AUs. Thus, we can recruit the successful AUs to help
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those unsuccessful AUs/RUs, in order to improve the relia-
bility of NOMA multicast by achieving cooperative diversity.
Motivated by this fact, we propose two cooperative NOMA
multicast strategies that recruit successful AU(s) to serve as
relay(s) in the following Sections IV and V. For operational
simplicity, we consider that each participating relay uses the
same power allocation coefficients as those used by the BS.
Note that extension to different power allocation coefficients
at the relay(s) is straightforward. Moreover, each unsuccessful
AU/RU is assumed to detect the forwarded signals without
combining with the signals from the BS. As combining signals
and optimizing power allocation can improve the reception
quality, the results in this paper provide a lower-bound perfor-
mance of the system.

IV. DISTRIBUTED COOPERATIVE NOMA MULTICAST

To enhance the reliability of NOMA multicast, this section
proposes a distributed cooperative NOMA strategy for lay-
ered multicast (termed as DC-NOMA multicast), which does
not require the CSI from successful AUs to unsuccessful
AUs/RUs. Outage performance, diversity order, and energy
consumption of the proposed DC-NOMA multicast are also
derived in this section.

A. Strategy Description

The proposed DC-NOMA multicast strategy is performed
in two phases, where the duration of each phase is Tp/2.
During the first phase, the BS sends the superimposed signal
vVPsagxy + v/ Psapxy to all users, which is same as
the direct NOMA multicast. Similarly, the power allocation
coefficients satisfy ay + ar = 1, ag > ar and ag —
ar(2?% — 1) > 0 [12]. At the end of the first phase,
the condltlon for A,, being successful is {2 log(1+vs—a,. . H)
>TH, 5 1og(1—|—'y5é,4m 1) > r1}, while the condition for Ry
being successful is {2 log(1+vs—r,,n) > rr}. Accordingly,
the indices sets of successful AUs and RUs can be defined as
Sa E{mlvs—n,m > 7o £ 250 — 1 ysa,,L > 7L
22"t — 1} and Sg = {k|ys—r, i > 7u}, respectively. Here,
the expressions for terms s A, H, YS—A,,,L and Ys—g, H
have been given in (1), (2), and (3), respectively.

During the second phase, all successful AUs simul-
taneously forward the superimposed signal /Paapg zg
++vPaarx; to the unsuccessful AUs/RUs,2 where Py 2
uPs (> 0) is the transmit power at each AU. For
unsuccessful AU A,, (m € {1,...,M} \ Sa), it observes
YSa—Am = DicsSa (\/PAOéHa?H +\/PA04L$L) 9i,m + M.
Defining Xs, m = |Zles,4 gi.m|? the SINR for A, to
decode x g is given by

OKHAXSA,m
oL Xsym + (up) !
If A,, succeeds in decoding zy, it removes gy by SIC and
then further detects x;, with SNR being

VSa— Ay, H = (16)

VSa—Am,L = WPOLXS4m (17

2For the convenience of practical implementation, all successful AUs serve
as relays and forward both messages simultaneously. This can be easily
implemented in a distributed manner, where each AU automatically forwards

both HP and LP messages if both messages are correctly detected.
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Similarly, at unsuccessful RU Ry (k € {1,...,K} \ Sg),
the received signal is ys, -r, = Y.jes, (VPaam zu+
VPaarzr) hiy + np. Defining Vs, = |Ycs, hukl?
the SINR for RU R}, to decode message x is given by
_ apYs, k

~arYsak+ (up)7!

VSa— Ry, H (18)

B. Outage Analysis
1) Decoding Results After the First Phase: Recall that the
condition for A,, being successful after the first phase is

{3log(1 + vs—a,.1) > i, 5log(l + y5—a,,0) > T}
Thus, after the first phase, the probability that AU A, is
successful can be expressed as

Pr(m € Sa) = Pr(ys—a,,.u > TH,YS—A,.L = TL)

Pr (| fs,m|* > max(¢1, 92)/p)
_ o max(p1e2)/ (00, ,)

19)

=0m
where ¢ = (ag/7g — ar)”! and @y 2 7r/ar. Since

the channel gains |fs ,|?,m = 1,..., M, are independently
distributed, the probability for condition {S4 = A} can thus

be expressed as
=116 11

meA  me{l,..,M}A
where A is a subset of {1,..., M}. On the other hand, as the
condition for Rj being successful after the first phase is
{31og(14+vs—pr,,u) > 7}, the probability for RU Ry, being
successful can be expressed as

Pr SA - (1 - 0m,)7 (20)

Pr(k € Sr) = Pr(ys—r,.u = Tr)

= Pr(Ifskl” = ¢1/p)
— o1/ (0 ,)
————
2k
Let B represent a subset of {1,...,

21

K}. Using the indepen-

dence among channel gains |fsx|>,k = 1,..., K, the proba-
bility for {Sr = B} is expressed as
PrSr=B8)=]]¢ [ G-&. @

keB  ke{l,..,K}\B

2) Exact Outage Probability: Since an outage is declared
for AUs when any AU is not eventually successful, the AUs
experience an outage when either one of the following outage
events happens:

o Outage event O}V £ {S4 = ()}, which means that all
AUs are unsuccessful after the first phase so that no AU
is able to serve as a relay in the second phase;

o Outage event O3V £ {1 < [S4] < M — 1,
Ume{1,...M}\Sa000m} With 055, = {ys,—a,.n <
Ta} U{Y¥si—a,,,. < 7r}, meaning that some AUs
remain unsuccessful after receiving the forwarded signals
from successful AUs. Here |S4| means cardinality of
set Sa.

The probabilities for outage events O4Y and O4Y are derived
in the following Lemma.
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Lemma 1: The probability that outage event O4Y happens
can be derived as

=

Pr(OY) = || 1 -6.). (23)

m=1

The probability that outage event O4Y happens can be derived
as

M—1
(©)- % ¥ (T
i=1 |A|=i \meA
X H (1 - em) [1 - TD(A)] . (24
me{l,...,M}\A
with
w(_A) L B_W Equ{l ..... M}\A Ai\ m (25)
where A9 £ (Xea Q)
Proof: Please refer to Appendix A. [ ]

Moreover, as outage events OV and OAY are mutually
exclusive, the overall outage probability of AUs can be
expressed as PAY = Pr(O7V)+Pr(04Y). By using Lemma 1,
a closed-form expression of the overall outage probability of
AUs is obtained.

Likewise, an outage is declared for RUs if one of the
following outage events happens:

o Outage event OYV £ {|Sg| < K,Sa = 0}, which
represents the event that not all RUs are successful after
the first phase and no AU can serve as relay in the second
phase;

. Outage event ORUA{|SR| <K,Sa#0, Ukeqr,...k}\Sr
05 k} with ofY y 2 {ys,—r,.H < Tm}, which accounts
for the event that some unsuccessful RUs remain unsuc-
cessful after receiving the forwarded signals from suc-
cessful AUs.

The exact expressions for Pr(OXV) and Pr(O8Y) are derived
in the following Lemma.

Lemma 2: The probability for outage event ORY can be

derived as
M K
Pr(O}Y) :H (1—HQ§>7
m=1 k=1

while the probability for outage event OS5V can be derived as

>y s (1)

i=1 |A|=¢ j=0 |B|]=5j \meA

% I a-on (H @)
|mE{L,... M\ A keB

| TI 1= (A, B)].

| ke{l...K}\B

(26)

ORU

(1 —Gk) 27)

(1>

with 77(_,47[5’) — M) Zke{l ..... K}\BAﬁ\,k,

1/ ZleA Q?k
Proof: Please refer to Appendix B. [ ]

h
where A Ak
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As the outage events ORV and OV are mutually exclusive,
the overall outage probability of RUs is PRV = Pr(ORY) +
Pr(ORY). Combining this fact with Lemma 2, a closed-form
expression of the overall outage probability of RUs can be

obtained.

C. Diversity Order Analysis

Based on the derived outage probabilities of AUs and RUs,
we further demonstrate the achieved diversity order of
DC-NOMA multicast strategy in the following theorem.

Theorem 3: In the DC-NOMA multicast, both AUs and
RUs achieve a diversity order of two.

Proof: From the series representation of exponential
function [33, eq. (1.211.1)], it is known that exp(—c¢/p) ~
1 —¢/p holds for p — oo, where ¢ is a positive constant.
Thus, as p — oo, we know from (19) that 6,, e 1-—
max (1, p2)/ (pﬂgm). Applying this asymptotic expression
into (23) and ignoring the high order infinitesimals, we have

M
p—oo |Mmax(p ,QOQ
PI’(O?U) ~ []w ( 1 )]
Hm 1 Sm

can also be known from (25) that

— 00
w(A) = 1= max(e1,92) X e, arpa A/ (10).
Therefore, the expression in (24) can be asymptotically

expressed as

x p M, (28)

Further, it
P

M—1
p—00 (M—i
Pr(04V) "X 3 pm (-
=1
max(p1, p2)
oy (o e
[Al=i \me{l,....M}\A S,m
max(p1,
matengs) 5 g ] @)
H me{l,...,MP\A

Note that, when p — oo, the term p~(M—+1) is high
order infinitesimal of p=2 for i = 1,...,M — 2. Thus, by
ignoring these high order infinitesimals with¢ =1,..., M —2,
expression (29) can be further simplified as

o [max(¢1, Af
(OAU P _2 Z 301 @2)] Im, 1 o p—2, (30)

IJ‘QS m
where Z,, = {l,....m — 1,m + 1,...M}. Overall,
combining (28) and (30) with the fact that P(;T,P Pr(O3Y) +

Pr(04Y), the overall outage probability of AUs can be
asymptotically expressed as

PaY =Pr(03Y) + Pr(08Y) "7 p72r, (31
where I' is defined as

M g

max(er, g2)]* Y ==, M > 2,
m=1 MQS,m
rs 2 AY 1 32

(max(g1,2)]° [ > L}’ =+ — ; 02

m=1 MQSm H Qf

’ 1 S,m
M=2
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Therefore, the AUs achieve a diversity order of two in
DC-NOMA multicast.

With the same rationale, we can also obtain the high-SNR
asymptotic expressions for Pr(ORY) and Pr(O{V) as follows

[max(e1, @2)]M
M
pM+1 Hm:l Qg,m k=1

p—00
~

P1
f
QS,k

Pr(01")

o pm (M, (33)
oo 02 AR
Pr(OgU) Pz ;’Z—L Q?k ocp_Q, (34)
k=1 %S,k

where J £ {1,...,M}. As p’(M“) for M > 2 is high order
infinitesimal of p~2, we have Pr(ORXY) < Pr(O%Y) holds
in high-SNR regime. Therefore, by ignoring the asymptotic
expression of Pr(ORY), the high-SNR asymptotic expression
for the outage probability of RUs is obtained as

Pyl = Pr(OYY)+Pr(05Y)
P70 RUy P20 P S A@,k -2
~ Pr(0y7) = —5- T ocp S, (35)
PR Qs,k

which demonstrates that the RUs also achieve a diversity order
of two in DC-NOMA multicast. [ ]

Remark 1: Compared with the direct NOMA multicast,
the reliability of AUs and RUs are improved simultaneously by
exploiting the diversity provided by the DC-NOMA multicast.
However, since each AU may be able to serve as a relay,
the maximal achievable diversity order should be no less than
the number of AUs, i.e., diversity order of M. This fact implies
that the DC-NOMA multicast strategy does not fully exploit
the inherent diversity offered by AUs. Intuitively, the reason
for this fact is that, when multiple AUs serve as relays to
forward information simultaneously, the received signals at
every unsuccessful AU/RU may be a destructive combination
of the signals from those relays, thus leading to a loss in
diversity order.

D. Minimal Energy Consumption for Guaranteed Reliability

For the DC-NOMA multicast strategy, the ECPB refers to

the sum of transmission energy consumptions in both phases,
which can be expressed as [20]
o PsTy |SA|PAT0 . (1 + /.L|SA|)pO'2TQ
2 2 2 ’
where the second equality uses the facts p = Ps/0? and
PA = MPS~

Theorem 4: Consider that the outage probabilities are con-
strained by P2V < p, and PRV < Bp, (8 > 0). When

out out
multicast services are highly reliability-sensitive, i.e., p, — 0,

EDC

(36)

the minimal ECPB that ensures P4V < p, and PRV < fp, is
asymptotically upper bounded by
Po—0 2Ty
B < B = (37)

2/Ds’

with

Z = (14 puM)max | VT, ¢
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Proof: When p, — 0, the transmit SNR that achieves
PAY < po and PRY < Bp, should be sufficiently high.

out out

Using the high-SNR asymptotic expression in (31), we have
PAU < Po holds for p > /T"/p,. Thus, the minimal transmit

out

Po
SNR that guarantees PAY < p, can be expressed as phY =~ ~

/T'/po. Using (35) with the same rationale, the minimal

transmit SNR that ensures PRV < 3p, can be expressed

out
po—0 K
as oY, "= i\ (1/(uBp0) UL, Aly /9. Therefore,

the minimal transmit SNR that ensures both P4V < p, and

PRU < 8p, hold is obtained as
Pmin = max(pﬁli]n7 p?nlljn)
o—0 I
P2 max —, 1 (38)
Po
Substituting (38) into (36), we have
ED(; ;%;0 (1 +M|SA|)O'2TQ
min 2\/}7—0
X max \/f, V1 39)

Then, applying the fact that |S4| < M into the right-hand side
of (39), the upper bound for minimal ECPB of DC-NOMA
multicast strategy is obtained as shown in (37). This completes
the proof. |

Corollary 1: When p, — 0, the asymptotic energy saving
gain achieved by the DC-NOMA multicast over the direct

dieet  Po—0
H : min 2
NOMA multicast is lower bounded as Ehe > NS
¥ L
tE T . .
Proof: Combining Theorems 2 and 4, this corollary is
obtained. |

Remark 2: As known from Corollary 1, as the layered
multicast becomes more reliability-sensitive, i.e., p, — 0,
the lower bound of the energy saving gain achieved by the
DC-NOMA multicast increases with a scaling factor po_%.
This observation shows that the DC-NOMA multicast is not
only more reliable but also more energy-efficient than the
direct NOMA multicast. The reason for this observation can be
intuitively explained as follows. As the DC-NOMA multicast
achieves a diversity order of two at both AUs and RUs, it can
meet the requirement of reliability with much lower transmit
SNR than the direct NOMA multicast which achieves only a
unit diversity order.

E. Further Discussions

For the RUs in the DC-NOMA multicast strategy, since
the forwarded signals may be stronger than the signal from
the BS, the RUs may further decode the LP message from
the forwarded signals by performing SIC.?> More specifically,
if message =y has been decoded by RU Ry (either from the
BS’s signal or from the forwarded signals), the received SNR
for Ry, to further decode message xy from the forwarded

3For the RUs, as the signals from the BS are weak, which may not
facilitate SIC, the RUs do not try to decode LP message in the first phase.
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signals is vs, R, = uparYs, . An advanced outage for
RUs is declared if at least one RU is unable to decode both
HP and LP messages.

All RUs can successfully decode both messages only if the
following three events happen simultaneously: 1) some AUs
are successful after the first phase, i.e., {Sa # 0}, 2) all suc-
cessful RUs successfully decode the LP message in the second
phase, i.e., Ngesp{Vsi—Ri, = 7o}, and 3) all unsuccessful
RUs successfully decode both messages in the second phase,
ie, Nief1,... . KN\SpiVSa—RwH = TH,YSa—RyL = TL}-
Therefore, the advanced outage probability of RUs can be
expressed as

P:fil\{oul =1-Pr (SA 7é (Z)a ﬂ VYSa—Ry,L > 7L,
keSr
ﬂ {’YSA—>R1€7H > 7:H5’YSA—>R1C7L > %L}
ke{l,...,K}\Sr
M K
=1-Y > >3 Pr(Sa=A)Pr(Sg=B)
i=1 | A|=i j=0 |B|=j
X H Pr (’YSAHR;C,L > ?L‘SA = A)
keB
£l a
< JI  Inaa (40)
ke{l,...,.K}\B
with

A ~ ~
Iy2.4 = Pr (P)/SAHRk,H > THyVSa—Ru L = TL‘SA = A) .

Here, the conditional probabilities denoted by I i 4 and
I 2.4 can be further derived as Ip14 = Pr(Yar >
@2/ (np)) = e 2N/ (o) and Iioa = Pr(Yar >
max(¢p1, p2)/(1p)) = e~ max(01.02) Al i/ (up) Combining the
above results with the help of (20) and (22), a closed-form
expression is obtained for the advanced outage probability
of RUs.

V. OPPORTUNISTIC COOPERATIVE NOMA MULTICAST

Recall that the DC-NOMA multicast suffers a loss in
diversity order due to the possible destructive combination
in the second phase. To fully exploit the inherent diversity
offered by the AUs, this section proposes an opportunis-
tic cooperative NOMA layered multicast strategy, termed as
OC-NOMA multicast, in which one of successful AUs is
selected to forward messages. To evaluate the performance
of proposed OC-NOMA multicast strategy, this section also
theoretically analyzes the outage probability, diversity orders,
and energy consumption. Compared with the DC-NOMA
multicast strategy, the OC-NOMA multicast strategy achieves
much better reliability and energy-efficiency, but requires that
each successful AU has instantaneous CSI to unsuccessful AUs
and RUs.

A. Strategy Description

Similar to the DC-NOMA multicast strategy, the
OC-NOMA multicast strategy is also performed within
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two phases. The duration of each phase is T;/2. During
the first phase, the BS sends the superimposed signal
vVPsagxy + vPsapzp to all users, where the power
allocation coefficients satisfy oy + ar = 1, ag > ar
and ag — ap(2?# — 1) > 0 [12]. At the end of
the first phase, the indices set of successful AUs is
Sa e {m|’ySﬁAm7H > TH,YS—A,,L = 7~'L} while the
indices set of successful RUs is Sp = {klNs—Rrp0 > TH},
where the terms vs—a,,.H, VS—A,,,r. and ys— g, g have
been shown in (1), (2) and (3).

If all users have been successful after the first phase, the sec-
ond phase will be cancelled, and the BS will immediately
start a new transmission block and proceed to transmit new
messages. Otherwise, the cooperative transmission will be
performed in the second phase. Prior to the second phase,
a relay selection procedure is performed to select the best
successful AU to serve as a relay. The detailed selection
scheme will be presented in the next subsection.

Without loss of generality, here we assume that successful
AU A,, is selected to serve as a relay. Thus, the selected
AU A,, sends superimposed signal /Paagryg +/Paarzr
during the second phase. As a result, the observed signal at
unsuccessful AU A,/ (m" € {1,...,M}\Sa)isya,,—a,, =
VParoggmm e + VPaorgmmrr + Ny Accordingly,
the SINR for AU A, to decode =y is given by

angm,7r1,’|2
ap|gm,m [* + (up) !

VAm—A, H = 41
Once x g is correctly decoded, unsuccessful AU A,,,, performs
SIC and then decodes x;, with SNR given by

YAy —A, L = HPOL| G| (42)

Similarly, the received signal at unsuccessful RU Ry (k €

{1, .. ,K}\SR) is YA,,—R;, — \/PAOcHhm’ka + vV Paay,

hm, k1, + 1y, and the SINR for R}, to decode z g is

ap | |?
YA — Ry, H = : . (43)
F aL|h7r1,,k|2 + (/J/p)_l

B. Two-Step Selection Scheme

From (41), (42) and (43) we know that, the reception quality
of unsuccessful AUs/RUs is affected by the selected relay.
Therefore, the best successful AU should be properly selected
in order to maximally enhance the reception quality of all
unsuccessful AUs/RUs. To this end, we design a two-step
selection scheme described as follows.

First, we pick up a number of successful AUs as potential
relays. Here, a successful AU is called a potential relay if
it can reliably forward information (HP and LP messages)
to all unsuccessful AUs. If successful AU A,, is selected,
the condition that all unsuccessful AUs become successful
after the second phase is Mpyrcq1,.. m)\sSa {vam—a, .0 >
TH VA, —A, L = 71}, which can be equivalently expressed

|gmm > > max(e1, 2)/(1p).

as minm/E{l,...,JM}\SA
Therefore, the indices set of potential relays can be
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expressed as*

|Gt |2 > max(p1,02) | o SA}.
[p

(44)

min
m/e{l,....M}I\Sa

Second, among all potential relays, we select the one,
denoted A,,+, such that the worst relaying link gain to the
unsuccessful RUs is maximized, i.e., we have:

( min |hm,k|2).
ke{l,...K}\Sr

Note that, if Sg = {1,..., K}, the above selection criterion
will reduce to random selection, since each potential relay in
R, can guarantee the reliability of AUs.

Similar to [35], we design the following procedure that con-
sists of M + K 4 3 minislots denoted as minislot 0, 1, ..., and
M + K +2, to realize the two-step selection scheme. Note that
the minislots are located at the beginning of the second phase
of each transmission block. In other words, the procedure is
implemented after the BS’s broadcasting in the first phase and
before the message forwarding in the second phase.

1) First Step: In minislot 0, the BS sends a message
Channel Estimation Request (CER) to all AUs
and RUs. By reception of the CER, an AU, say AU A,,,(m’ €
{1,...,M}), sends a message AU Success (AU-S) at
minislot m/ if it is a successful AU, or sends a message AU
Failure (AU-F) at minislot m’ otherwise. If the message
is AU-F at minislot m’/, each successful AU estimates its
channel gain to AU A,,, based on reception of the message
(due to channel reciprocity). Thus, at the end of minislot M,
each successful AU has channel gain information to each
unsuccessful AU. Then, in minislot (M + 1), each suc-
cessful AU can decide whether or not it can be a poten-
tial relay based on the criterion given in (44). In specific,
if Ming,eqr, s [gmm > > max(p1,92)/(up) holds,
successful AU A,,,(m € Sa) can be a potential relay; other-
wise, it will become inactive until the end of the transmission
block.

2) Second Step: Similarly, in minislot (M + k + 1), k €
{1,..., K},RU Ry, sends a message RU-Success (RU-S)
if it is a successful RU, or sends message RU-Failure
(RU-F) otherwise. If message RU-F is received in minislot
(M + k + 1), each potential relay uses its reception of the
message to get its channel gain information to RU Rj. Thus,
at the end of minislot (M + K + 1), each potential relay
has channel gain information to every unsuccessful RU. Then
at minislot (M + K + 2), each potential relay, say AU A,,,
counts down a timer with initial value equal to ¢,,
toexp(— minke{l,...,K}\SR |hm7kx|2), where t0(<< Tp) is a
constant. Consequently, the timer of AU A,,,+ that satisfies (45)
expires first and then AU A,,+ announces that it has been
selected by sending a message Relay Selected. After
getting the message, all other potential relays become inactive
until the end of the transmission block.

m! = arg max

meR, (43)

4When all AUs have already been successful after the first phase, there is
no need to guarantee the reliability of unsuccessful AUs. In this condition,
each successful AU can be a potential relay, i.e., Rp = {1,...,M}.
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It can be seen that we have six message types in the above
procedure. Thus, three-bit codewords are sufficient to encode
those messages, and therefore, we can adopt a strong channel
coding for the messages. So it is reasonable to assume that the
messages are transmitted in a very short duration® and without
errors.

C. Outage Analysis

1) Probability for Successful AUs Being Potential Relays:
Conditioned on AU A,,, being successful after the first phase,
the probability that AU A,, can further be a potential relay is
expressed as

Pr(m € Rp|m € S4)

Pr min 2>
(m'e{l,...,M}\sA 9o " 2

_ max(¢1,92)
— =

max (1, p2) )
[p

g
— ¢ m et MNSp L

(46)

Lwm(Sa)

Then, letting C be a subset of A (recall that A is a subset
of {1,..., M}), the probability of {R, = C} conditioned on
{84 = A} can be expressed as

PI‘ (Rp = C|SA = .A) == H wm,(-A) H [1 - wm('A)] .
meC meA\C
(47)

2) Exact Outage Probability: Since each potential relay
can guarantee reliable reception at all unsuccessful AUs,
the AUs experience an outage only when not all AUs are
successful after the first phase and no potential relay exists,
ie., {|Sa] < M,R, = 0}. Consequently, the outage proba-
bility of AUs can be expressed as

PAY = Pr(|Sal < M,R, =0)
M-1
=3 > Pr(Sa=A)Pr(R, =0[Sa=A). 48
i=0 |A|=i

Using (20) and (47) with letting C = (), a closed-form
expression of PAY is derived as

D3 (H 9m[1—wm<A>1>
meA

i=0 |Al=i

AU __
Pout -

< I

me{l,...,M}\A

(L=0m)|. (49)

On the other hand, an outage is declared for RUs when one

of the following outage events happens:

« Outage event O}V £ {|Sg| < K, R, = 0}, which means
that not all RUs are successful after the first phase and
no successful AU can be a potential relay.

o Outage event O8V £ {|Sz| < K,R, # 0,
Uke{L...,K}\sRUg};}c} with 05},2 £ {va i—rem < TH},

SThus, overall duration of all (M + K + 3) minislots is much less than the

duration of a transmission block, and their impacts on the system performance
are ignored.
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meaning that some RUs remain unsuccessful after receiv-
ing the forwarded signal from A, .
The following lemma provides exact expressions for probabil-
ities Pr(ORV) and Pr(O8Y).
Lemma 3: In OC-NOMA multicast, the outage event Dllw
happens with the probability being

pr(of) (1 . H@)
Y (H onll —wmm)])

i=0 |A|=i \m€EA

<1

me{l,...,M}I\A

(L—=0m)|, (50)

while the outage event OKV happens with the probability being

Z Z <H 9’”) mE{lHM}\A

i=1|A|l=i \m€eA

Pr(ORY) = (1—6,)

K—1
X <H Ck) II -
=0 |BI=j \k€B k{1, L KN\B
X H [1 — wmn(A)]
t=1|C|=t \'meA\C
x <H win(A)[1 —m(B)}) : (51)
meC

where &,,,(B) S 67% Ske(l,.. KN\B 1/925,,k.
Proof: Please refer to Appendix C. [ ]
As the outage events OV and DRV are mutually exclusive,
the overall outage probability of RUs can be expressed as
PRV = Pr(OR) + Pr(O8Y). Combining this fact with
Lemma 3, a closed-form expression of the overall outage

probability of RUs is derived.

D. Diversity Order Analysis

Theorem 5: In the OC-NOMA multicast, AUs achieve a
diversity order of M, while RUs achieve a diversity order
of (M +1).

Proof: Using the results in (49) and then following similar
steps to those in the proof of Theorem 3, the high-SNR
asymptotic outage probability of AUs can be obtained as

PRV T g My (52)
with
M—1
T2 [maX(%,@)]M
L T
i=0 |A|=i
1
x Z Y
meA \m/e{l,...M}\A  mm
! 53
me{l,...,.M}\A "Sm

1157

It is observed that PAV o« p=M for p — oo, showing that a
diversity order of M is achieved by AUs.

Following the same rationale, the high-SNR asymptotic
outage probability of RUs can be expressed based on (50)
and (51) as

PRUPZE - g, (54)
with
N max(@la@Q)
o (Lo )yy | qp metes
k=1°"S,k/ i=0|A|=i \me{l,....M}\A S,m
max(¢1, ¢2)
dmoy e
mE.Am’e{l LSMINA m,m’

Y YY

[ ( 7 )]
f h
i=1|A|=i t=1 |C|=t Lk= 1 Q56 \née LY

" H Z max((gpl, ©v2)

meA\Cm/efl, a4 HEmam

11 max (1, p2)

(55)
2

me{l,...,M}\A

It can be seen that, PRV oc p=(M+1) for p — oo, indicating
the RUs achieve a diversity order of M + 1. |

Remark 3: When the number of AUs is larger than 2,
the OC-NOMA multicast outperforms the DC-NOMA multi-
cast in terms of diversity order. Furthermore, it is noteworthy
that, in the OC-NOMA multicast, the RUs achieve one order
higher diversity than AUs. The reason is as follows. When
message forwarding to AUs is required, there exists at least
one unsuccessful AU, which means that at most (M — 1) AUs
can be eligible for serving as potential relays. On the other
hand, when RUs require message forwarding, all AUs may
be able to serve as potential relays, thus leading to a higher
diversity order.

E. Minimal Energy Consumption for Guaranteed Reliability

Similar to the ECPB of DC-NOMA multicast strategy,
the ECPB of OC-NOMA multicast strategy can be expressed
as [20]

EOC _ PsTy n PATy _ (1 —|—/.L)p0’2T0

2 2 2 ’
where the second equality uses the facts p = Pg/0? and
P A = MPS-

Theorem 6: Consider that the outage probabilities are con-
strained by PAY < p, and PRV < Bp, (8 > 0). When
multicast services are highly reliability-sensitive, i.e., p, — 0,
the minimal ECPB that ensures P2V < p, and PRU < Bpo

out out

can be asymptotically expressed as
op) JM\ T
’ B

(56)

pocC Po0 (1+ p)o*To
min o UM

o

max [ YT

(57)
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Proof: When p, — 0, the transmit SNR should be
sufficiently high to achieve P2V < p, and PRV < pjp,

out out

(8 > 0). From the high-SNR asymptotic outage probability

of AUs given in (52), it is known that PQH < p, holds for
T

p > (p—) M Hence, the minimal transmit SNR to achieve

o—0
~

AU

P < p, can be asymptotically expressed as phy
1

(plu) " Likewise, using (54) with the same rationale, the min-
imal transmit SNR that ensures PRV

RU P70 (@
min - Bro
results above, the minimal SNR that ensures both

RU
and P

< fp, can be asymp-
T

. Based on the
PAY < Do

out

< [Bp, hold for p, — 0 can be expressed as

totically expressed as p

B AU RU
Pmin = max(pmin’pmin)

1
L (e
]W max | Y™ 5 ( ﬂ : (58)

Applying (58) into (56), the minimal ECPB of OC-NOMA
multicast strategy is given in (57). This completes the
proof. [ ]

Corollary 2: The asymptotic energy saving gain achieved
by the OC-NOMA multicast over the direct NOMA multicast
is given by

direct
Emin pU:O 2 « )
IOn?n 1 MJ\;I 1 opl/M J\/Il+1
( + /'[/)pO max Tﬁ s (p#)

(59)

Proof: Combining Theorems 2 and 6, this corollary is
proved. [ ]
Remark 4: From Corollary 2 we know that, compared with
the direct NOMA multicast, the energy saving gain aChif}\ie;d

by the OC-NOMA multicast scales with a factor p, ™ ,
which is much higher than that of DC-NOMA multicast for
M > 2. This fact demonstrates that, when more than two
AUs are served and the layered multicast is highly reliability-
sensitive (p, — 0), the energy saving gain of OC-NOMA
multicast increases faster than that of DC-NOMA multicast.

FE. Further Discussions

Similar to the DC-NOMA multicast strategy, the RUs may
further decode the LP message from the forwarded signal
in the OC-NOMA multicast strategy. For RU Ry, if mes-
sage xy has been decoded and removed by SIC, the SNR
for decoding message xr is ya R, L = ppor| Pt 1|2
In the OC-NOMA multicast strategy, all RUs will successfully
decode both HP and LP messages only if the following four
events happen simultaneously: 1) some AUs are successful
after the first phase, i.e., Sa4 # 0, 2) the potential relay
set is non-empty, ie., R, # (, 3) all successful RUs
correctly decode the LP message during the second phase,
ie., mkesR{’YAmTHRk,L > 71}, and 4) all unsuccessful
RUs correctly decode both HP and LP messages during
the second phase, i.e., Nie(1,.. . KP\Sp1VA, s —Re.H = TH,
YA, +— Ry, L > 71, }. Otherwise, an advanced outage is declared
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for RUs. Based on the above facts, the advanced outage
probability of RUs can be expressed as (60), as shown at the
bottom of the next page. In (60), the term xpc is further
expressed as (61), as shown at the bottom of the next page.
If B#{1,...,K}, we define X,,, = mingeq1,.. x5
|hpmk|* for m € C. The cumulative distribution func-
tion (CDF) and probability density function (PDF) of X,,

can be expressed as Fx, (z) =1— e~*An.5 and Ifx,, (x) =

b —zAl W s h
Arfn,Be ah s Where 'A,’,LJB = Zke{'l,...,K}'\B 1/Qm’k. Then,
using the selection criterion (45) with letting R, = C and

Sr = B, Pr(m' = m) can be derived as

Pr(m' =m) = Pr ﬂ X < Xy

m’eC\{m}

_ /O Tl P )ik (e

m’eC\{m}

o0
H — oAl AR
— / (1 —e xA‘I?L,,B) A?R,Be zAm,de
0

m’eC\{m}

Lz x

u=0 |D|=u,DCC\{m}

h
xe * Ymien Am',B> AP

B>

u=0 |D|=u,DCC\{m}
h
Am,,B

X .
h h
Am,,B + Zm’ED Am/,B

If B={1,..., K}, recall that the selection criterion in (45)
will reduce to the random selection. This fact indicates that
Pr(m' =m) = 1/|C| = 1/t holds for m € C.

Applying the above derived probability expressions of
Pr(mT = m) into (61), x5,¢ is derived in closed form. Finally,
substituting the closed-form expression of x,c and the results
in (20), (22) and (47) into (60), a closed-form expression of
the advanced outage probability of RUs is obtained.

(=1
Be*mA?"dex

(="

(62)

VI. SIMULATION RESULTS

This section provides numerical results to verify our theo-
retical analysis and evaluate the performance of our proposed
strategies. The BS is located at coordinate (0,0). For each
simulated combination of (M, K), we randomly generate
locations of M AUs within a circle centered at (50,0) and
with radius 30, and K RUs within another circle centered at
(100,0) and with radius 30. Once the locations of AUs and
RUs are generated, they keep unchanged over all numerical
trials. The small-scale Rayleigh fading varies independently
over each numerical trial. Denoting the distance between
nodes 7 and j as d;; and the path-loss reference distance as d,
the path-loss attenuation between nodes 7 and j is modeled as
(dij/do)~" for d;; > dy [36, Sec. 2.6], where x is the path-
loss exponent. Moreover, if d;; < dy, we assume that there
is no path-loss attenuation between nodes ¢ and j. Following
typical parameters for urban cellular networks [36], we set
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Fig. 2. Theoretical and simulated outage performance of AUs in the
direct NOMA multicast strategy, the DC-NOMA multicast strategy, and the
OC-NOMA multicast strategy, where M = 3 and K = 4.

the path-loss reference distance as dy = 20 and path-loss
exponent as x = 3. Since the BS is expected to own higher
transmit power than successful AUs, we set 4 = P4 /Ps = 0.1
in the simulation. Other parameters in the simulations are
ag = 0.8, ar, = 0.2, rg = 0.7 bps/Hz, r;, = 1 bps/Hz,
and T) = 1 x 1073,

A. Verification of Theoretical Results

In this subsection, we verify the derived theoretical results
of proposed DC-NOMA multicast and OC-NOMA multicast
strategies in terms of outage probability and energy con-
sumption. Note that to obtain theoretical results, distance
information of the transmission links is needed.

Figs. 2 and 3 demonstrate the theoretical and simulated
outage performance of AUs and RUs in the direct NOMA
multicast strategy, the DC-NOMA multicast strategy, and the
OC-NOMA multicast strategy, where M = 3 and K = 4.
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Fig. 3. Theoretical and simulated outage performance of RUs in the

direct NOMA multicast strategy, the DC-NOMA multicast strategy, and the
OC-NOMA multicast strategy, where M = 3 and K = 4.

The red dotted lines are reference lines, and “adv" in the
legend means advanced outage probability. As shown in both
figures, the simulated values perfectly coincide with the exact
values obtained from the derived closed-form expressions.
When transmit SNR p ranges from 0 dB to 20 dB, the outage
probabilities of AUs and RUs approach one for each strategy
in both figures, indicating that outage events of AUs and
RUs always happen. Recall that p is the ratio of transmit
power to noise power. Thus, when p ranges from 0 dB to
20 dB (low SNR regime), the transmit power is not enough to
combat the path-loss and/or fading, thereby almost no AU/RU
becoming successful. When transmit SNR p ranges from
20 dB to 30 dB, the direct NOMA multicast strategy slightly
outperforms the proposed cooperation strategies in terms of
outage probabilities of both AUs and RUs, since the pro-
posed cooperation strategies suffer from 1/2 spectral efficiency
loss and the diversity orders cannot take effect in medium

Pivow = 1 =Pr [ Sa#0,R, #0, ﬂ YA, i =Ry, L = TL; ﬂ {Va,,~RyH > TH, YA, —ReL > TL}
kESR ke{l,...K}\Skr
M i K
=1-2. 2.0 D PrSa=APr(Ry=ClSa=A) ) ) Pr(Se=5)
i=1 | A|=i t=1|C|=t J=0|B|=j
xPr{ () hmisl? =2 () sl > w\s =c (60)
kESR ke{l,...K}\Sr
é)(B,c
. P2 . 2 maX(SOMPQ
-p Bt 57 > 22| R, = C ) P h R, =c
xpc = Pr (I,glelgI mtkl* 2 p\ p ) r (ke{g_lg(}wl mial’ 2 =—" p=
= Z Pr(m' = m)Pr <min [P |2 > ﬂ) Pr <max [ m [P, k|2} w)
keB 11p 2 Lken™kons 11p
meC
— Z Pr (m' = m) e 2 Thes /| |1 — H (1 L e 5 ks 1/ k) ©61)
meC meC
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SNR regime. When transmit SNR p increases to higher
than 30 dB, the two proposed cooperation strategies achieve
much better outage performance than the direct NOMA mul-
ticast strategy due to the diversity orders. Moreover, by com-
paring with reference lines 5 x 10* x p=2 and 2 x 10° x p—2
in Figs. 2 and 3, respectively, it is seen that, when DC-NOMA
multicast is adopted, the outage probabilities of AUs and RUs
decay with p at rate p~2 in high-SNR regime. This observa-
tion demonstrates that a diversity order of two is provided
by DC-NOMA multicast strategy for both AUs and RUs,
as shown in Theorem 3. Further, when OC-NOMA multicast
strategy is employed, we observe that, in high-SNR regime,
the outage probabilities of AUs and RUs decrease at the
same rate as those of the reference lines 5 x 107 x p~3
and 1 x 10'2 x p=*, respectively. Since the number of AUs
is M 3, it is concluded that the OC-NOMA multi-
cast strategy achieves a diversity order of M at AUs and
a diversity order of (M + 1) at RUs, as demonstrated
in Theorem 5.

Fig. 3 also shows the advanced outage probability of RUs.
It can be seen that, in terms of advanced outage probability,
the RUs have a unit diversity order in both proposed strategies.
The reasons are as follows. 1) In both proposed strategies,
RUs do not try to decode LP message from the BS’s signal
due to the weak direct link. 2) In DC-NOMA multicast,
the received signals at each RU during the second phase may
be a destructive combination of the signals from the relays,
and thus, a unit diversity order is achieved. 3) In OC-NOMA
multicast, the relay selection criterion (45) does not con-
sider channel gains to those RUs that have successfully
decoded HP message from the BS’s signal but need to decode
LP message from the selected relay’s signal. Thus, relay
selection only provides a unit diversity when all RUs try
to decode LP message from the selected relay’s signal.
Fig. 3 shows that DC-NOMA multicast has a lower advanced
outage probability than the OC-NOMA multicast. This is
because both strategies have unit diversity order in terms of
advanced outage probability, and thus, more relays partici-
pating in cooperation (as DC-NOMA multicast does) benefits

reception at RUs.
Fig. 4 shows the derived minimal ECPB of direct NOMA

multicast strategy, asymptotic upper bound (marked as
“asym. UB”) of minimal ECPB of the DC-NOMA multicast
strategy, and the asymptotic minimal ECPB of the OC-NOMA
multicast strategy, where M = 3 and 6, K = 3, and § = 1.
As seen from this figure, the actual minimal ECPB of direct
NOMA multicast complies with the exact minimal ECPB
derived in (9), while the actual minimal ECPB of DC-NOMA
multicast and OC-NOMA multicast strategies are tightly upper
bounded by the asymptotic upper-bound (37) and asymptotic
expression (57), respectively. It can also be seen that the
minimal ECPB of direct NOMA multicast strategy increases
with the number of AUs. On the other hand, the minimal
ECPB of DC-NOMA multicast and OC-NOMA multicast
strategies decrease with the number of AUs. This is because,
in the proposed cooperation strategies, having more AUs can
provide more available relays, thus achieving the target outage
probability at a lower transmit SNR.
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Fig. 4. The comparison of minimal ECPB among the direct NOMA multicast
strategy, the DC-NOMA multicast strategy, and the OC-NOMA multicast
strategy, where M = 3 and 6, K = 3, and 8 = 1.
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Fig. 5. Energy saving gain of the DC-NOMA multicast strategy and the

OC-NOMA multicast strategy over the direct NOMA multicast strategy, where
M =3and 6, K =3,and 5 = 1.

Fig. 5 demonstrates the energy saving gain of the
DC-NOMA multicast strategy and the OC-NOMA multicast
strategy over the direct NOMA multicast strategy, where
M = 3 and 6, K = 3, and 3 = 1. As observed from this
figure, the energy saving gains achieved by both proposed
cooperation strategies increase as the target outage probability
po tends to zero, implying that more energy saving can
be attained as the system becomes more reliability-senslitive.
In partic1111ar, by comparing with reference lines 0.7 X p, 2 and
2.3 X p, 2, it is seen that the energy saving gain of DC-NOMA
multicast strategy increases at rate p, >, as demonstrated in
Remark 2. It can also be seen that, for M = 3 and M = 6,

the energy saving gain of OC-NOMA multicast strategy
increases at the same rate as those of reference lines 0.8 x p, 3

and 1.7 X p, E, respectively. This observation coincides with
Remark 4 that the energy saving gain of OC-NOMA multicast
M-—1

scales with p, at rate p, ™ .

B. Performance Comparison

In this subsection, we compare our proposed coopera-
tion strategies with the following four cooperation strategies.
Note that, the first phase of each following strategy is the same
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as those in the proposed cooperation strategies. Thus, here we
only describe the second phase of each strategy.

o Strategy-1: This strategy employs the best average recep-
tion selection (BARS) scheme in [37], in which the
multicast user with best average channel gain from the
BS is selected. If the selected multicast user is successful
after the first phase, it will serve as a relay in the second
phase. In this paper, as the AUs are assumed to serve
as relays, the BARS should be performed as m' =
arg maX,cf1,..., M} ng, namely, the AU that owns the
best average channel gain from the BS is selected.

o Strategy-2: This strategy randomly picks up at most
Q(< M) successful AUs to serve as relays. If the
number of successful AUs is more than (), a number @
of AUs are randomly selected from all successful AUs
to simultaneously forward both HP and LP messages
during the second phase. Otherwise, all successful AUs
simultaneously forward both messages during the second
phase. This strategy represents a wide range of coop-
eration strategies that do not require CSI. For example,
the work in [38] randomly selects a successful receiver
to serve as relay, which is Strategy-2 with @ = 1.
The work in [39] randomly selects up to a fixed num-
ber of successful receivers to serve as relays, which is
Strategy-2 with @ > 1.

o Strategy-3: This strategy employs the conventional
proactive relay selection (PRS) scheme proposed in [40].
Specifically, the best AU A,,+ is proactively selected
to maximize the worst reception quality of the two
phases, i.e.,

t_ . 2 . 2
m! = arg max min min |h
gm:Lm’M |fS,m| 7k’=1,...,K| m,k| )
min
m'=1,...,M,m'#m

|gm,,m’|2> . (63)

If the selected AU is successful after the first phase, it will
forward both HP and LP messages during the second
phase

o Strategy-4: This strategy employs the best user selection
(BUS) scheme for fixed power allocation [24], termed
as F-BUS scheme, which selects the successful AU that
maximizes the worst normalized reception quality of
unsuccessful AUs and unsuccessful RUs, i.e.,

1 _ . . , 2
T A ( (m/e{lf?-l,r}w}\& 9] )
X min { —, — |,
Y1 Y2
. 2 1
min [Pk ) - — |-
ke{l,...,K}\Sr P1

During the second phase, the selected AU will forward
both HP and LP messages.
For fairness of comparison, the proposed DC-NOMA multi-
cast is compared with Strategy-1 and Strategy-2, as they do
not need instantaneous CSI, while the proposed OC-NOMA
multicast is compared with Strategy-3 and Strategy-4, as they
all select one of successful AUs based on instantaneous CSI.

(64)
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Fig. 6. Outage performance of the proposed DC-NOMA multicast strategy,
Strategy-1, and Strategy-2, where M = 3 and K = 6.
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Fig. 7. Outage performance of the proposed OC-NOMA multicast strategy,
Strategy-3, and Strategy-4, where M = 3 and K = 6.

Figs. 6 compares the outage performance among the
proposed DC-NOMA multicast strategy, Strategy-1, and
Strategy-2, while Fig. 7 compares the outage performance
among the proposed OC-NOMA multicast strategy, Strategy-3,
and Strategy-4. It is seen in both figures that, when
p < 25 dB (low SNR regime), the outage probabilities of
AUs and RUs approach one in all strategies, showing
that outage events of AUs and RUs always happen
in low SNR regime. In Fig. 6, when transmit SNR
p > 25 dB, the proposed DC-NOMA multicast strategy
always outperforms Strategy-1. This is because the BARS
scheme used in Strategy-1 is carried out based on average
channel quality, thus always selecting the same AU
to forward information. When p > 25 dB, the proposed
DC-NOMA multicast strategy outperforms Strategy-2 with
@ = 1, in terms of outage probabilities of AUs and RUs.
Further, as the value of () increases, the outage performance
of Strategy-2 is shown to approach that of the proposed
DC-NOMA multicast strategy. Recall that Strategy-2
represents a wide range of cooperation strategies without
using instantaneous CSI. Thus, the proposed DC-NOMA
multicast strategy provides the best achievable outage
performance for the cooperation strategies without exploiting
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Fig. 8. Energy saving gains of the proposed strategies and Strategy 1~4 over
the direct NOMA multicast strategy, where M/ =3, K = 6 and 3 = 1.

instantaneous CSI. Moreover, in Fig. 7, the proposed
OC-NOMA  multicast  strategy always  outperforms
Strategy-3 for p > 25 dB. Further, compared with Strategy-4,
the proposed OC-NOMA multicast achieves a bit lower outage
probability for AUs and almost the same outage probability
for RUs. These observations can be explained as follows.
Recall that the OC-NOMA multicast strategy employs a
two-step selection, which ensures the reliability of AUs in the
first step, and then, improves the reception quality of RUs in
the second step. On the other hand, by observing the selection
criterion given in (64), it is known that the F-BUS scheme
employed in Strategy-4 targets improving the reception quality
of AUs and RUs simultaneously. Therefore, it is expected that
a lower outage probability of AUs is achieved by the proposed
OC-NOMA multicast strategy.

Fig. 8 compares the energy saving gains of the proposed
DC-NOMA multicast strategy, the proposed OC-NOMA mul-
ticast strategy, and Strategy 1~4 over the direct NOMA
multicast strategy, where M = 3, K =6, and # = 1. Among
the strategies without using instantaneous CSI, the proposed
DC-NOMA multicast strategy achieves a higher energy saving
gain than Strategy-1 and Strategy-2 with () = 1, 2. Moreover,
Strategy-2 with (9 = 3 achieves the same energy saving
gain with the proposed DC-NOMA multicast strategy. This is
because, when the number of AUs is M = 3, Strategy-2 with
@ = 3 always recruits all successful AUs as relays, which
is same as the proposed DC-NOMA multicast. On the other
hand, for the comparison among the strategies with exploiting
instantaneous CSI, the OC-NOMA multicast strategy achieves
a slightly higher energy saving gain than Strategy-4, while
both strategies have higher energy saving gains than that
of Strategy-3.

VII. CONCLUSION

In this paper, we have proposed two cooperative NOMA
strategies for layered multicast: the DC-NOMA multicast and
OC-NOMA multicast. For each proposed strategy, we have
theoretically derived the exact outage probability and achieved
diversity order. It has been shown that, the DC-NOMA mul-
ticast strategy achieves a diversity order of two, while the
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OC-NOMA multicast strategy achieves a diversity order not
less than the number of AUs. On the other hand, considering
that the layered multicast is outage-constrained, we have
theoretically evaluated the energy consumption of proposed
cooperation strategies and further demonstrated their energy
saving gains over the direct NOMA multicast strategy. Finally,
numerical results have been provided to validate our analysis
and show the superior performance of the proposed coopera-
tion strategies.

APPENDIX A
PROOF OF LEMMA 1

First, the probability for O?Y happening can be expressed
as
M

H(l_em)a

m=1

Pr (O?U) =Pr(Sa=0)

(A.1)

where the second equality comes from (20) with letting A = ().
Thus, (23) is obtained.

On the other hand, with the help of Total Probability
Theorem [41, Sec. 3.3.8], Pr(O4Y) can be expressed as

M—1
OAU Z Z Pr SA =
i=1 |A|=i
x Pr U 05U [Sa=A|. (A2)
me{l,...,M}\Sa

As the exact expressions for Pr (S4
in (20), we only need to further derive the conditional

probability Pr (UmE (1, M}\Sa 055,184 = A) Using the
SINR/SNR expressions in (16) and (17), 0
as

= A) has been derived

-, can be rewritten

05%, = {Xs,m < 01/ (1p}) U{Xs,m < 02/ (1p)}
= {Xs,.m < max(p1,02)/(1up)}.
Since g1m ~ CN(O,sz), we have EleSA gim ~ CN(0,

ZIESA sz), indicating that Xs, m |ZleSA Gim|?
follows exponential distribution with a parameter being

1/ ies, S m [36, Sec. 3.2.2]. Thus, the conditional proba-
bility Pr (Ume{lwﬁM}\sAogﬁm‘SA = A) can be derived as
Pr U 055,84 = A
me{L,....MH\Sa
e X < mxlene)
me{1, M)A s
1 Pr ( X > w)
me{l,...,M}\A wp
SR S arna Adim (A3)

=w(A)

where Ai"m =1/ ZZEA 1.m- Combining (20) and (A.3) with
the help of (A.2), a closed-form expression of Pr(03Y) is
obtained as shown in (24). This completes the proof.
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APPENDIX B
PROOF OF LEMMA 2

The probability of outage event ORY happening can be
expressed as

P(OTU) = Pr(|SR| < K,S4 = @)

=Pr(|Sr| < K)Pr(Sa=10), (B.1)

in which Pr(S4 = @) has been derived in (A.l), and
Pr(|Sg| < K) can be further expressed as

Pr(ISg| < K) = 1 — Pr(Sg = {1,...,K})
K
=1- HC’C;
k=1

where the second equality in (B.2) uses the results in (22) with
letting B = {1,..., K'}. Combining (A.1) and (B.2) with the
help of (B.1), (26) is obtained.

On the other hand, the probability Pr(O%Y) can be
expressed as

(B.2)

M K-1

Pr(O5Y) =3 3" > 3 Pr(Sa=A)Pr(Sg =B)

i=1 | Al=i j=0 |B|=j

x Pr U

ke{l,...,.K}\Sr

059 1S4 = A, Sp =8|,

(B.3)

in which Pr(S4 = A) and Pr(Sg = B) have been derived
in (20) and (22), respectively. Thus, we only need to further
derive the conditional probability Pr( Uke(1,....K}\Sr og},]C
Sas = A,Sg = B). Using the SINR expression in (18),
we have 08§ = {Ys, 1 < ¢1/(up)}. As hyy ~ CN(0,Q7),
it is known that 3, s hir o~ CN(0,X s, Qflk)
[36, Sec. 3.2.2]. Thus, we have Ys,x = [> cs, Ry g |?
follows exponential distribution with parameter being
1/ Zle Sa Qﬁk. Then, following the derivations in (A.3),
the conditional probability Pr ( Uke(1,...K}\Sr og}HSA = A,
Sk = B) can be derived as

Pr U og},i
ke{l,.. . K}\Skr

= Pr U

ke{l,...K}\B

I e <YA,,€ > ﬂ)

ke{1,. . K}\B a

Sa=ASr=8

YA’]@ < —

=1-

(B.4)

n(A,B)

where Aﬁl,k = 1/>ca thk Finally, applying (20), (22)
and (B.4) into (B.3), a closed-form expression of Pr(OXY)
is obtained as shown in (27). This completes the proof.
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APPENDIX C
PROOF OF LEMMA 3

First, the probability of DXV can be expressed as
Pr(OY) = Pr(|Sg| < K)Pr(R, = 0)
— [1=Pr(Sg ={L..... K})] Pr (R, = 0),
(C.1)

in which the probability Pr(Sg = {1, ..., K}) can be derived
by using (22) with letting B = {1,..., K} as

K
Pr(Sg=1{1,...,K}) = Hgk,. (C.2)
k=1

Further, the probability Pr(R, = (}) can be expressed as

M
> Pr(Sa=A)Pr(R,=0/Sa = A)

Pr(R,=10) =
i=0 | A|=i
M
BS)> ( 1 it - wmmn)
i=0 |A|=i \m€cA

X H (1
me{l,...M}\A

- Gm,) 9 (C3)

where the second equality uses the results in (20) and (47).
Combining (C.2) and (C.3) with the help of (C.1), (50) is
obtained.

On the other hand, based on the Total Probability
Theorem [41, Sec. 3.3.8], the probability for OXY happening
can be expressed as

Pr(ORY) = Pr [ ISzl < K, R, #0, |

ke{l,...K\Sgr

M K-1
=Y > Pr(Sa=A)) > Pr(Sr=8)

RU
02 %

i=1 | Al=i J=0|B|=j
XY 3 Pr(R,=C|Sa=A)
t=1|c|=t

x Pr U

ke{l,... . K}\Skr

o8 |Sr = B,R, =C |,

(C.4)

in which the probabilities Pr(S4 = A), Pr(Sg = B) and
Pr (R, = C|Sa = A) have been derived in (20), (22) and (47),
respectively. In the following, we focus on deriving the condi-
tional probability Pr (Uke{l,...,K}\SR og}ﬂ Srpr=B,R, = C).
As oY = (4 —monr < 7} = (i al? < 01/ (u0)).
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the conditional probability can be derived as

Pr

05%|Sr =B, R, =C
ke{l,...,.K}\Sr

[ ‘/’—; Sp=B,R, = c)

r min
ke{l,...,K}\Sr

Pr [ max min
meC ke{l,...,K}\B

[Ip- 1II

meC ke{l,....K}\B

h
H 1 — e_i_}) Zke{l,...,K}\B 1/Q'm.,k

meC =&, (B)

; (C5)

where the second equality comes from (45). Finally, sub-
stituting (C.5) into (C.4), and then combining the results
with (20), (22) and (47), the expression in (51) is obtained.
This completes the proof.
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