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Abstract— This paper designs a novel non-orthogonal multiple
access (NOMA) unicast–multicast system, where a number of
unicast users (those who require different messages) and a group
of multicast users (those who require identical message) share the
same time/space/frequency resource. For the designed NOMA
unicast–multicast system, an efficient two-phase cooperation
strategy is proposed to improve the reliability of all users. In the
first phase, the base station (BS) broadcasts a superposed message
consisting of all users’ information. In the second phase, a
multicast user is selected to forward the information intended by
unsuccessfully decoded unicast and/or multicast users. Moreover,
the multicast user selection is investigated under two different
power allocation (PA) approaches: 1) fixed PA (FPA), in which
the PA coefficients for both the phases are predetermined, and
2) dynamic PA (DPA), in which the PA coefficients for the
first phase are predetermined, while the PA coefficients for the
second phase are dynamically determined based on instantaneous
channel information. Under the FPA approach, a best user
selection (BUS) scheme (called F-BUS) is proposed to minimize
the outage probability. Under the DPA approach, the local
optimal PA coefficients for the second phase are derived in
closed form first. Based on the derived PA coefficients, a BUS
scheme (called D-BUS) is then proposed for outage probability
minimization. To verify the reliability of the proposed cooperation
strategy with employing the BUS schemes, we theoretically
analyze the outage probability as well as diversity orders. It is
shown that the proposed cooperation strategy achieves diversity
orders equal to the number of multicast users, indicating that the
inherent diversity orders offered by the multicast users are fully
exploited. Finally, simulation results are presented to validate
the theoretical results and demonstrate the advantages of the
proposed cooperation strategy and the BUS schemes.

Index Terms— Cooperative unicast-multicast, non-orthogonal
multiple access (NOMA), outage probability, user selection.
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I. INTRODUCTION

NON-ORTHOGONAL multiple access (NOMA) has been
recognized as a promising multiple access technique

to improve spectral efficiency and user fairness in the fifth
generation (5G) mobile networks [1]–[7]. In contrast to
conventional orthogonal multiple access (OMA) techniques
(e.g., time/frequency/code division multiple access), NOMA
technique allows multiple users to share same time/frequency/
code domain resource with different power levels.

Most recently, cooperative relaying [8]–[10] has been
introduced into NOMA to improve its reliability/capacity,
where the information is forwarded by dedicated relays or
successfully decoded users, termed as relay-aided cooper-
ative NOMA or user-aided cooperative NOMA. The work
in [11]–[14] has studied the relay-aided cooperative NOMA.
The ergodic capacity of half/full-duplex relay-aided coopera-
tive NOMA has been studied in [11] and [12]. It has been
shown in [13] and [14] that the full diversity orders can
be achieved by opportunistically selecting the best transmit-
antenna/relay. On the other hand, user-aided cooperative
NOMA has been investigated in [15]–[17]. Three distance-
based user pairing schemes have been proposed in [15].
The work in [16] has derived the outage probability of
full-duplex user-aided cooperative NOMA. Moreover, a full-
diversity cooperation strategy has been designed in [17], where
each user sequentially forwards superposed message.

However, all the aforementioned research efforts on coop-
erative NOMA are limited in wireless unicast, where data is
transmitted in the point-to-point mode. In these cooperative
NOMA unicast strategies, if some users have the common
interest (e.g., Internet protocol television (IPTV), video/audio
multicast streaming, live sports streaming, video conferencing,
etc.), the same data hence has to be sent separately, leading to
low spectral efficiency and inefficient link utilization. On the
other hand, by exploiting the broadcasting feature of wireless
channel, wireless multicast can deliver the same information
to each user simultaneously, yielding bandwidth saving and
efficient link utilization. Therefore, in NOMA systems, when
some users have the same interest, integrating wireless mul-
ticast into cooperative NOMA can combine their advantages,
thus improving system capacity/reliability, boosting the spec-
tral efficiency and ameliorating link utilization simultaneously.

So far, there is no existing work on the integration of
cooperative NOMA and wireless multicast. Even though, the
most recent work [18], [19] has provided good understand-
ings of NOMA multicast. In [18], the source sends both
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data streams of high priority and low priority to two users
via NOMA, where the high priority one is intended by both
users while low priority one is intended by only one user.
A novel beamforming scheme has been proposed to minimize
the transmit power under quality-of-service (QoS) constraints
of both users. This work focuses on two-user case of NOMA
multicast, whereas, in practical networks, a large number of
users may intend the same data due to the common interest.
Unfortunately, since wireless channels are error-prone and
dynamically changing, it is challenging to guarantee good
reception quality at a large number of users, as each user
may distribute in different locations, experiencing different
wireless channel conditions [20]–[26]. The work in [19] has
designed a beamforming-based NOMA unicast-multicast strat-
egy for multi-antenna systems. This strategy has employed
beamforming and power allocation to improve the reliability
of a unicast user while maintaining the reception quality of a
group of multicast users. However, the strategy [19] is limited
in two aspects: 1) the inherent diversity orders provided by
the principles of NOMA are not exploited to improve the
reliability, 2) this strategy cannot work properly if more than
one unicast users are served together with multicast users.

Motivated by the observations above, we design a novel par-
adigm named NOMA-enabled cooperative unicast-multicast
system in this paper. The designed system has the following
advantages:

• With the aid of NOMA, a number of unicast users (those
who have individually different interests) are allowed to
share the same wireless resource with a group of multicast
users (those who have the common interest) in this system
to achieve the boost in both spectral efficiency and link
utilization.

• With the increased number of multicast users, the
designed system is able to achieve increased reliability
and spectral utilization simultaneously, as more multicast
users are effectively used in our system to improve the
spectral utilization and offer more potential “relays”.

Further, for the designed system, we propose a novel coop-
eration strategy and study its outage performance. The main
contributions of this paper are summarized as follows.

• For the designed NOMA unicast-multicast system, we
propose an efficient cooperation strategy which is moti-
vated to maximize the reliability of all users. The coop-
eration strategy consists of 1) Direct transmission (DT)
phase: the base-station (BS) broadcasts a superposed
message to all users; 2) Cooperative relaying (CR) phase:
a selected multicast user forwards the messages intended
by unsuccessfully decoded multicast and/or unicast users.
The proposed strategy is able to achieve high spectral
efficiency and link utilization.

• We investigate the multicast user selection of the pro-
posed cooperation strategy under two different power
allocation (PA) approaches: 1) fixed power alloca-
tion (FPA), in which the PA coefficients for both phases
are predetermined, 2) dynamic power allocation (DPA),
in which the PA coefficients for DT phase are pre-
determined, while the PA coefficients for CR phase
are dynamically determined based on instantaneous

Fig. 1. NOMA-enabled unicast-multicast scenario.

channel information. Under FPA approach, a best user
selection (BUS) scheme called F-BUS is proposed to min-
imize the outage probability. Under DPA approach, we
first derive the local optimal PA coefficients for CR phase
in closed form. Then, based on derived PA coefficients,
a BUS scheme called D-BUS is proposed for outage
probability minimization.

• We theoretically analyze the outage performance of
the proposed cooperation strategy with employing
BUS schemes. When F-BUS scheme is adopted, we
derive the exact outage probability of the proposed
cooperation strategy in a closed-form expression. When
D-BUS scheme is employed, we derive a tight approx-
imation for the outage probability under a practically
meaningful special-case. Further, we also show that the
proposed cooperation strategy achieves diversity orders
that equal to the number of multicast users, regardless of
which BUS scheme being employed.

The rest of this paper is organized as follows. Section II
describes the considered system model of NOMA unicast-
multicast and the proposed cooperation strategy. Section III
details the proposed F-BUS and D-BUS schemes. Section IV
derives the expressions for outage probability and then ana-
lyzes the achieved diversity orders. Section V presents simula-
tion results, followed by Section VI that concludes this paper.

II. SYSTEM MODEL AND COOPERATION STRATEGY

A. System Model

As depicted in Fig. 1, a BS denoted by S communicates
with a number N of unicast users denoted by D1, ..., DN who
require different messages x1, ..., xN and a group of multicast
users denoted by R1, ..., RM who require the identical mes-
sage xN+1. The system employs NOMA to serve all users
in the same time/space/frequency domain simultaneously. All
nodes are equipped with single antenna and operate in half-
duplex mode. Denote channel gains (square of channel coeffi-
cient magnitude) of links S−Dn , S−Rm , Rm−Dn , Rm−Rm′ as
gS D

n , gS R
m , gR D

m,n , and gR R
m,m′ , respectively, where m,m′ ∈ M �

{1, ...,M},m �= m′ and n ∈ N � {1, ..., N}. All channels
experience Rayleigh block fading, and thus, the channel gains
gS D

n , gS R
m , gR D

m,n , and gR R
m,m′ follow exponential distribution with

parameters λS Dn , λS Rm , λRm Dn , λRm R′
m

and remain unchanged
within each transmission block (but change among different
blocks independently). The noise at each receiver is modeled
as additive white Gaussian noise with variance σ 2.

To realize downlink NOMA transmission, it is assumed
that average downlink channel information is available at the
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TABLE I

TABLE OF MAIN NOTATIONS IN THE PROPOSED COOPERATION STRATEGY

BS [3], [27]. Without loss of generality, we assume that the
unicast users are ordered as E[gS D

1 ] < E[gS D
2 ] < ... <

E[gS D
N ], implying that, for unicast users, the successive detec-

tion with successive interference cancellation (SIC) should
follow the order x1 → · · · → xN whilst treating xN+1 (the
message intended by multicast users) as interference. From a
statistical viewpoint, this detection order is optimal for unicast
users, since it is expected that gS D

1 < gS D
2 < ... < gS D

N holds
in general. It is pertinent to mention here that, if the BS owns
the instantaneous downlink channel information, the BS will
always be able to optimally determine the detection order
for unicast users, and thus, better performance is expected
to be achieved. Nevertheless, as pointed in [3] and [27], the
lack of instantaneous channel information is a non-trivial case
for NOMA system design with practical interest. This case
may happen when feedback links are limited in capacity or
for other reasons [27]. On the other hand, since all mul-
ticast users are randomly distributed, the average downlink
channel gain of each multicast user should be individually
different. If the rationale for determining detection order at
unicast users is applied here, the detection order should be
individually different for each multicast user, resulting in a
quite complicated design of detection order for multicast users.
To simplify the design, it is assumed that successive detection
with SIC follows the same order x1 → · · · → xN → xN+1
at each multicast user. Note that, such an identical detection
order also facilitates fully exploiting the inherent diversity
orders offered by multicast users, since each multicast user
may be able to serve as a relay for any unicast/multicast
user. Therefore, although the detection order for multicast
users may not be statistically optimal at each multicast user,
the performance loss can be compensated by exploiting the
inherent diversity orders.

The worst-case imperfect SIC [28] is considered in succes-
sive detection: if a message has been correctly decoded, it can
be removed by SIC in the subsequent detection, otherwise,

the subsequent detection will inevitably fail. Based on this
assumption, a user is declared to be successful if its successive
detection is successfully performed until its desired message
being correctly decoded, or it is declared to be unsuccessful
otherwise. Further, an outage is declared if any user is still
unsuccessful at the end of transmission. Note that, this outage
declaration is the worst-case setup, since some users may still
be successful even when outage happens.

B. Proposed Cooperation Strategy

The proposed NOMA-enabled cooperation strategy is car-
ried out in two phases: direct transmission (DT) phase
and cooperative relaying (CR) phase. In DT phase, the
BS broadcasts a superposed message consisting of messages
x1, ..., xN+1 to each user. In CR phase, a best successful
multicast user is selected to forward messages intended by
unsuccessful unicast users and/or by unsuccessful multicast
users.1 For clarity, Table I summarizes the main notations used
in the proposed cooperation strategy. The details of each phase
are described as follows.

1) DT Phase: During this phase, BS sends a super-
posed message

∑N+1
n=1

√
Psαn xn with

∑N+1
n=1 αn = 1, where

Ps denotes the transmit power of BS, αn denotes the
PA coefficient for xn . Then, the successive detection with
SIC is performed at all users. If multicast user Rm has
correctly decoded the prior messages x1, ..., xn−1, the signal-
to-interference-plus-noise ratio (SINR) for Rm to detect xn

(intended by Dn) is given by

γ̃DT
m,n = Ps gS R

m αn

Ps gS R
m
∑N+1

j=n+1 α j + σ 2
. (1)

1Inspired by [22], to stimulate the cooperation in CR phase, a trusted agent
is assumed to charge fees from unsuccessful users who become successful at
the end of CR phase, and forward the total payment to the selected multicast
user.
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Fig. 2. Three cases of CR phase in the proposed cooperation strategy.

When messages x1, ..., xN have been correctly decoded at
multicast user Rm , this user then decodes its own message
xN+1 with the signal-to-noise ratio (SNR) shown as follow

γDT
m = Ps gS R

m αN+1/σ
2. (2)

After successive detection, a multicast user is successful if
it has correctly decoded all messages x1, ..., xN+1. Denoting
the target rate of message xn as rn for n = 1, ..., N + 1,
the indices set of successful multicast users can be defined as
SR � {m|∩N

n=1 γ̃
DT
m,n ≥ �n, γ

DT
m ≥ �N+1}, where �n � 22rn −1

is the SINR/SNR threshold for decoding xn . Accordingly, the
indices set of unsuccessful multicast users can be expressed
as S̄R = M \ SR .

On the other hand, supposing that unicast user Dn has
correctly decoded messages x1, ...xn′−1 (n′ < n), the SINR
for Dn to decode the message xn′ (intended by Dn′ ) can be
expressed as

γ̃DT
n,n′ = Ps gS D

n αn′

Ps gS D
n
∑N+1

j=n′+1 α j + σ 2
. (3)

If messages x1, ..., xn−1 have been correctly decoded at Dn ,
the SINR for Dn to decode its own message is given by

γDT
n = Ps gS D

n αn

Ps gS D
n
∑N+1

j=n+1 α j + σ 2
. (4)

As a result, unicast user Dn is successful only if it has correctly
decoded messages x1, ..., xn . Accordingly, the indices set of
successful unicast users can be defined as SD � {n| ∩n−1

n′=1
γ̃DT

n,n′ ≥ �n′ , γDT
n ≥ �n}, while the indices set of unsuccessful

unicast users is given by S̄D � N \ SD . In the rest of this
paper, if S̄D �= ∅, we further denote S̄D = {n1, ..., nu} with
1 ≤ n1 < n2 < ... < nu ≤ N .

If no multicast user is successful (i.e., SR = ∅ ) or
all users are successful (i.e., SR = M and S̄D = ∅), the
CR phase will be cancelled, whilst all users waiting for
the next transmission from BS.2 Otherwise, a channel gains

2When no multicast user is successful, no multicast user is able to serve as
a relay. When all users are successful already, the system does not need the
retransmission in CR phase.

acquisition procedure similar to [26] will be performed to
obtain instantaneous channel gains of potential relaying links.3

Through this procedure, each successful multicast user obtains
the channel gains between itself and all unsuccessful users,
in order to realize user selection via BUS schemes proposed
in Section III.

2) CR Phase: According to the condition of successful
users at the end of DT phase, CR phase is performed in one of
three cases, namely, unicast-multicast relaying (UMR), unicast
relaying (UR), multicast relaying (MR), as shown in Fig. 2.
In the following, these three cases are described in detail.

a) UMR case: If at least one unicast user is unsuccessful
(i.e., |S̄D| ≥ 1) and not all multicast users are successful
(i.e., 1 ≤ |SR | ≤ M − 1), the CR phase will be performed
in UMR case, in which a successful multicast user is selected
to forward messages intended by both unsuccessful unicast
users and unsuccessful multicast users. Recall that, if S̄D �= ∅,
we denote S̄D = {n1, ..., nu} with 1 ≤ n1 < n2 < ... <
nu ≤ N . Supposing Rm(m ∈ SR) is selected, it sends∑u

i=1

√
Prβm,ni xni + √

Prβm,N+1xN+1 with
∑u

i=1 βm,ni +
βm,N+1 = 1, where Pr is the retransmit power, βm,ni and
βm,N+1 denote the PA coefficients for messages xni and xN+1
at Rm . Upon receiving the forwarded messages, successive
detection with SIC is performed at each unsuccessful user.
Assuming that unsuccessful multicast user Rm′ has correctly
decoded messages xn1, ..., xni−1 , the received SINR for Rm′
to decode message xni (intended by unsuccessful unicast
user Dni ) is given by

γ̃UMR
m′,ni

(m) = Pr gR R
m,m′βm,ni

Pr gR R
m,m′(

∑u
j=i+1 βm,n j + βm,N+1)+ σ 2

. (5)

3In this procedure, each user sequentially announces its presence by
broadcasting a flag Success or Failure with a reference power, according
to whether it is successful or not. If the received flag is Failure, each
successful multicast user measures its reception to estimate the corresponding
channel gain (between itself and this unsuccessful user). Finally, each success-
ful multicast user knows the channel gains between itself and all unsuccessful
users. Since the two flags Success and Failure can be encoded into
1 bit codeword with strong channel coding, it is reasonable to assume the
transmission of flags is error-free. Further, as each user sends only one flag,
the communications overhead of such a procedure is M + N codewords in
total.
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If messages xn1, ..., xnu have been correctly decoded at Rm′ ,
the SNR for Rm′ to decode its desired message is expressed
as

γUMR
m′ (m) = Pr gR R

m,m′βm,N+1/σ
2. (6)

On the other hand, when messages xn1, ..., xni′−1
(ni ′ < ni )

have been correctly decoded at unsuccessful unicast user Dni ,
the SINR for Dni to decode message xni′ (intended by unsuc-
cessful unicast user Dni′ ) can be expressed as

γ̃UMR
ni ,ni′ (m) = Pr gR D

m,ni
βm,ni′

Pr gR D
m,ni

(
∑u

j=i ′+1 βm,n j + βm,N+1)+ σ 2 . (7)

If messages xn1 , ..., xni−1 have been correctly decoded at Dni ,
the SINR for Dni to decode its own message is given by

γUMR
ni

(m) = Pr gR D
m,ni

βm,ni

Pr gR D
m,ni

(
∑u

j=i+1 βm,n j + βm,N+1)+ σ 2 . (8)

b) UR case: If at least one unicast user is unsuccessful
(i.e., |S̄D| ≥ 1) and all multicast users are successful (i.e.,
|SR | = M), CR phase will be performed in UR case, in which
a successful multicast user is selected to forward messages
intended by all unsuccessful unicast users. If Rm(m ∈ SR) is
selected, it sends

∑u
i=1

√
Prβm,ni xni with

∑u
i=1 βm,ni = 1,

where 1 ≤ n1 < n2 < ... < nu ≤ N and {n1, ..., nu} = S̄D .
Subsequently, successive detection with SIC is performed
at each unsuccessful unicast user. Supposing unsuccessful
unicast user Dni has correctly decoded messages xn1, ..., xni′−1

(ni ′ < ni ), the SINR for Dni to decode message xni′ (intended
by unsuccessful unicast Dni′ ) is given by

γ̃UR
ni ,ni′ (m) = Pr gR D

m,ni
βm,ni′

Pr gR D
m,ni

∑u
j=i ′+1 βm,n j + σ 2 . (9)

If unsuccessful unicast user Dni has correctly decoded mes-
sages xn1, ..., xni−1 , Dni then decodes its own message with
the SINR given by

γUR
ni
(m) = Pr gR D

m,ni
βm,ni

Pr gR D
m,ni

∑u
j=i+1 βm,n j + σ 2

. (10)

c) MR case: If all unicast users are successful
(i.e., S̄D = ∅) and not all multicast users are successful
(i.e., 1 ≤ |SR | ≤ M − 1), CR phase will be performed in
MR case, in which a successful multicast user is selected to
forward only message xN+1. If Rm(m ∈ SR) is selected, it
sends

√
Pr xN+1, and then, each unsuccessful multicast user,

say Rm′ , directly decodes received message with SNR being
γMR

m′ (m) = Pr gR R
m,m′/σ 2.

It should be pointed out that the PA coefficients for both
phases should be carefully determined to guarantee the decod-
ability of each message. In DT phase, it can be observed
from (1) and (4) that, when the transmit power Ps goes to
infinity, the received SINR for decoding message xn reaches its
upper bound given by αn/

∑N+1
j=n+1 α j . However, if the SINR

threshold for decoding xn is no less than this upper bound, i.e.,
�n ≥ αn/

∑N+1
j=n+1 α j , it is impossible for any user to decode

message xn . This fact indicates that the PA coefficients for DT
phase should satisfy following constraints

αn/

N+1∑

j=n+1

α j > �n, n = 1, ..., N. (11)

On the other hand, it is known from (5) and (8) that, in
UMR case of CR phase, the received SINR for decoding mes-
sage xni is upper bounded by βm,ni /(

∑u
j=i+1 βm,n j +βm,N+1)

for i = 1, ..., u. Therefore, the PA coefficients should satisfy
following constraints

βm,ni /(

u∑

j=i+1

βm,n j + βm,N+1) > �ni , i = 1, ..., u. (12)

Likewise, when CR phase is performed in UR case, the
constraints for PA coefficients are given by

βm,ni /

u∑

j=i+1

βm,n j > �ni , i = 1, ..., u − 1. (13)

III. PROPOSED BUS SCHEMES FOR OUTAGE

PROBABILITY MINIMIZATION

In this section, user selection for CR phase is investi-
gated for minimizing outage probability. To guarantee the
decodability of each message, we first design a fixed power
allocation (FPA) approach, in which the PA coefficients for
both phases are predetermined in order to strictly meet the
PA constraints in (11), (12) and (13). Under FPA approach,
we propose a BUS scheme (termed as F-BUS) that mini-
mizes outage probability. On the other hand, we also design
a dynamic power allocation (DPA) approach, in which the
fixed PA coefficients are still employed in DT phase, but
the PA coefficients for CR phase are dynamically determined
based on instantaneous channel gains of relaying links. The
local optimal PA coefficients for CR phase are derived in
closed-form, with which a BUS scheme (termed as D-BUS)
is then proposed to minimize outage probability.

It should be noted that, when CR phase is performed in
MR case, the proposed cooperation strategy is actually reduced
to the conventional cooperative multicast in [26]. In this case,
the best successful multicast user can be selected by the max-
min selection scheme [26], which is given by 4

m† = arg max
m∈SR

min
m′∈S̄R

gm,m′ . (14)

Therefore, in the rest of this section, we focus on the
user selection for UMR and UR cases under FPA/DPA
approaches.

4In conventional multicast, the outage performance is bottlenecked by the
multicast user with worst reception quality. Therefore, the best successful
multicast user that minimizes the outage probability is the one whose worst
relaying channel is better than that of other successful multicast users,
indicating the max-min selection scheme proposed in [26] is optimal for
outage probability minimization.
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A. FPA Approach

For presentation clarity, we here take the PA for DT phase
as an example to describe the idea of FPA approach. Since∑N+1

n=1 αn = 1 holds, we have
∑N+1

j=n+1 α j = 1−∑n−1
j=1 α j −αn ,

for n = 1, ..., N . Applying this result into (11) with some
algebraic manipulations, we have the following equivalent
constraints

αn >
�n(1 −∑n−1

j=1 α j )

1 + �n
, ∀n = 1, ..., N. (15)

On the other hand, it can be known that αn < 1 −∑n−1
j=1 α j

holds for n = 1, ..., N due to αn + ∑n−1
j=1 α j <

∑N+1
j=1

α j = 1. Combining this inequality with (15), we have αn ∈(
�n

1+�n
(1 −∑n−1

j=1 α j ), 1 −∑n−1
j=1 α j

)
for n = 1, ..., N , which

inspires us to design the FPA approach for DT phase as fol-
lows. First, we predetermine a number N of FPA parameters
�1, ...,�N , which satisfy �n

1+�n
< �n < 1 for n = 1, ..., N .

Then, the PA coefficients for messages x1, ..., xN+1 can be
sequentially determined based on FPA parameters as follows

{
αF

n = �n(1 −∑n−1
j=1 α

F
j ), ∀n = 1, ..., N,

αF
N+1 = 1 −∑N

j=1 α
F
j ,

(16)

where the superscript “F” represents FPA. For instance,
considering N = 3, we first predetermine FPA parameters
�1,�2,�3 that satisfy �n ∈ ( �n

1+�n
, 1) for n = 1, 2, 3. Then,

based on (16), the PA coefficients are sequentially obtained
as αF

1 = �1, αF
2 = �2(1 − αF

1 ), α
F
3 = �3(1 − αF

1 − αF
2 ) and

αF
4 = 1 − αF

1 − αF
2 − αF

3 .
With the same rationale, the FPA approach for the

UMR and UR cases of CR phase can be designed as follows.
When CR phase is performed in UMR case with Rm(m ∈ SR)
being selected, the PA coefficients βF

m,n1
, ..., βF

m,nu
, βF

m,N+1
can be sequentially obtained as

{
βF

m,ni
= �ni (1 −∑i−1

j=1 β
F
m,n j

), ∀i = 1, ..., u,

βF
m,N+1 = 1 −∑u

j=1 β
F
m,n j

,
(17)

where {n1, ..., nu} = S̄D and 1 ≤ n1 < ... < nu ≤ N .
Similarly, when CR phase is performed in UR case with
Rm(m ∈ SR) being selected, the PA coefficients can be
sequentially derived as
{
βF

m,ni
= �ni (1 −∑i−1

j=1 β
F
m,n j

), ∀i = 1, ..., u − 1,

βF
m,nu

= 1 −∑u−1
j=1 β

F
m,n j

,
(18)

Finally, it is necessary to check whether the derived PA
coefficients in (16), (17) and (18) satisfy constraints (11), (12)
and (13). For DT phase, since �n >

�n
1+�n

and 1−∑n−1
j=1 α

F
j =

αF
n +∑N+1

j=n+1 α
F
j hold for n = 1, ..., N , we have αF

n = �n(1−
∑n−1

j=1 α
F
j ) >

�n
1+�n

(αF
n + ∑N+1

j=n+1 α
F
j ),∀n = 1, ..., N . With

some algebraic manipulations, this inequality can be written
as αF

n > �n
∑N+1

j=n+1 α
F
j ,∀n = 1, ..., N , indicating the derived

PA coefficients for DT phase satisfy the constraint (11).
Following the similar procedure, it can also be shown that the
derived PA coefficients in (17) and (18) satisfy constraints (12)
and (13).

B. F-BUS Scheme

Recall the indices set of unsuccessful unicast users is
denoted as S̄D = {n1, ..., nu} with 1 ≤ n1 < ... < nu ≤ N .
In UMR case, if the FPA coefficients in (17) is employed, the
best successful multicast user Rm† is selected as

m† = arg max
m∈SR

ξm , (19)

with

ξm

= min

[

min
i=1,...u

gR D
m,ni

ζ F
m,i ,min

(
ζ F

m,u, β
F
m,N+1/�N+1

)
min

m′∈S̄R

gR R
m,m′

]

,

(20)

where ζ F
m,i is defined as

ζ F
m,i � min

i ′=1,...i

⎛

⎝βF
m,ni′ /�ni′ −

u∑

j=i ′+1

βF
m,n j

− βF
m,N+1

⎞

⎠. (21)

In UR case, if FPA coefficients in (18) is employed, the best
successful multicast user Rm† is selected as

m† = arg max
m∈SR

εm, (22)

with

εm = min
i=1,...,u

gR D
m,ni

ζ ′F
m,i , (23)

where ζ ′F
m,n is defined as

ζ ′F
m,i � min

i ′=1,...i

⎛

⎝βF
m,ni′ /�ni′ −

u∑

j=i ′+1

βF
m,n j

⎞

⎠. (24)

It is noted that, the objective values ξm and εm are only
related to the channel gains associated with successful mul-
ticast user Rm , meaning that each successful multicast user
can determine its own objective value based on its acquired
channel gains. Therefore, the proposed F-BUS scheme can
be realized in a distributed manner as follows. First, each
successful multicast user maintains a timer with an initial value
inversely proportional to its own objective value. Then, the one
with the maximal objective value will expire first and serve as
a relay.

The optimality of this scheme is shown in the following
theorem.

Theorem 1: Under FPA approach, the proposed F-BUS
scheme given in (19) and (22) is optimal for outage probability
minimization.

Proof: Please refer to Appendix A for details.

C. DPA Approach

Since the BS only owns the average downlink channel
information, the PA coefficients may not be dynamically
determined for the DT phase. Even though, the BS can still
utilize the average downlink channel information to optimize
its PA coefficients for improving long-term reliability. This
is a challenging problem that will be studied in our future
work. On the other hand, each successful multicast user
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owns the instantaneous channel gains of its potential relaying
channels, which can be exploited to dynamically determine
the PA coefficients in UMR and UR cases of CR phase. In the
sequel, we consider that the FPA approach for DT phase (given
in (16)) is still employed, and we mainly focus on dynamically
optimizing the PA coefficients in UMR and UR cases, aiming
at outage probability minimization.

1) DPA Approach for UMR Case: Since outage is the
event that at least one user is not eventually successful, its
complementary event is that all users are eventually successful.
In UMR case, all users become eventually successful if the
following events happen at the end of CR phase: 1) message
xni (∀i = 1, ..., u) has been correctly decoded by not only Dni

(as desired message) but also {Dni′ }i ′=i+1,...,u and {Rm′ }m′∈S̄R

(as other user’s message), 2) message xN+1 has been correctly
decoded by {Rm′ }m′∈S̄R

(as desired message). Therefore, in
UMR case, the outage probability conditioned on Rm(m ∈ SR)
being selected is given by

PUMR
out|Rm

= 1 − Pr

(

∩u
i=1

[

γUMR
ni

(m) ≥ �ni ,

∩u
i ′=i+1γ̃

UMR
ni′ ,ni

(m)≥�ni , ∩m′∈S̄R
γ̃UMR

m′,ni
(m)≥�ni

]

,

∩m′∈S̄R
γUMR

m′ (m) ≥ �N+1

)

. (25)

Substituting (5), (6), (7) and (8) into (25) with some algebraic
manipulations, this conditional outage probability can be fur-
ther expressed as

PUMR
out|Rm

= 1 − Pr

(

∩u
i=1

[

φm,i gR D
m,ni

≥ σ 2

Pr
,

φm,i min
i ′=i+1,...,u

gR D
m,ni′ ≥ σ 2

Pr
, φm,i min

m′∈S̄R

gR R
m,m′ ≥ σ 2

Pr

]

,

φu+1 min
m′∈S̄R

gR R
m,m′ ≥ σ 2

Pr

)

= Pr

(

min
i=1,...,u+1

φm,i Gm,i <
σ 2

Pr

)

, (26)

with the terms φm,i and Gm,i being defined as

φm,i �

⎧
⎪⎨

⎪⎩

βm,ni /�ni

−∑u
j=i+1 βm,n j − βm,N+1, i = 1, ..., u,

βm,N+1/�N+1, i = u + 1,

(27)

Gm,i �

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

min

(

min
i ′=i,...,u

gR D
m,ni′ ,

min
m′∈S̄R

gR R
m,m′

)

, i = 1, ..., u,

minm′∈S̄R
gR R

m,m′, i = u + 1.

(28)

As known from (26), the minimization of PUMR
out|Rm

is equivalent
to the maximization of mini=1,...,u+1 φm,i Gm,i . Therefore,
the PA problem for minimizing outage probability can be
formulated as follow

maximize
βm,n1 ,...,βm,nu ,βm,N+1

min
i=1,...,u+1

φm,i Gm,i ,

s.t. (12) and
u∑

i=1

βm,ni + βm,N+1 = 1. (29)

However, due to the presence of the constraints shown
in (12), it is challenging to derive the optimal solution to the
PA problem above. Instead, we first derive the optimal solu-
tion to a relaxed PA problem without constraints (12), and
then, prove that the derived optimal solution to the relaxed
PA problem is also a feasible and local optimal solution to
original PA problem (29).

If constraints (12) are removed, the original PA problem (29)
will be reduced to the following relaxed PA problem

maximize
βm,n1 ,...,βm,nu ,βm,N+1

min
i=1,...,u+1

φm,i Gm,i

s.t.
u∑

i=1

βm,ni + βm,N+1 = 1, (30)

where the optimal solution is given in the following lemma.
Lemma 1: The optimal solution to relaxed PA problem (30)

can be expressed as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

β∗
m,N+1 = Em�N+1

Gm,u+1
,

β∗
m,nu

= Em

(
�nu

Gm,u
+ �nu�N+1

Gm,u+1

)

,

β∗
m,nu−t

= Em

[
∑u

l=u−t+1 Am,l
∏l−1

r=u−t+1 Br

+
(
�nu

Gm,u
+ �nu�N+1

Gm,u+1

)

×∏u
r=u−t+1 Br

]

, for t = 1, ..., u − 1,

(31)

with

Em =
[ u−1∑

t=1

u∑

l=u−t+1

Am,l

l−1∏

r=u−t+1

Br +
(

1+
u−1∑

t=1

u∏

r=u−t+1

Br

)

×
(
�nu

Gm,u
+ �nu�N+1

Gm,u+1

)

+ �N+1

Gm,u+1

]−1

, (32)

where Am,l � �nl−1

(
1

Gm,l−1
− 1

Gm,l

)
and Br � �nr−1

(
1+ 1

�nr

)
.

Proof: Please refer to Appendix B for details.
Lemma 2: The derived solution {β∗

m,n1
, ..., β∗

m,nu
, β∗

m,N+1}
given in (31) is a feasible and local optimal solution to original
PA problem (29).

Proof: Here, we first prove that {β∗
m,n1

, ..., β∗
m,nu

, β∗
m,N+1}

is a feasible solution to original PA problem (29). It can be
seen from (28) that 0 < Gm,1 ≤ Gm,2 ≤ ... ≤ Gm,u+1
holds, indicating Am,l = �nl−1

(
1/Gm,l−1 − 1/Gm,l

) ≥ 0 for
l = 1, ..., u. Then, applying these results into (32), it is known
Em > 0 holds. Subsequently, according to the first equation

of (B.1), the inequality
β∗

m,ni
�ni

− ∑u
i ′=i+1 β

∗
m,i ′ − β∗

m,N+1 =
Em

Gm,n
> 0 holds for i = 1, ..., u, indicating the derived

optimal solution to relaxed PA problem (30) also satisfies (12).
Therefore, {β∗

m,n1
, ..., β∗

m,nu
, β∗

m,N+1} is a feasible solution to
original PA problem (29).

Next, we use the proof by contradiction to show that
{β∗

m,n1
, ..., β∗

m,nu
, β∗

m,N+1} is a local optimal solution to orig-
inal problem (29).

The claim is negated to assume that {β∗
m,n1

, ..., β∗
m,nu

,
β∗

m,N+1} is not a local optimal solution to original
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problem (29), or, equivalently, there must exist another feasible
solution to original PA problem (29) that achieves an objective
value larger than Em (achieved by {β∗

m,n1
, ..., β∗

m,nu
, β∗

m,N+1}).
For notational convenience, we denote such a feasible solution
as {β‡

m,n1, ..., β
‡
m,nu , β

‡
m,N+1} and denote the corresponding

objective value as E‡
m . Further, as constraints (12) are removed

in relaxed PA problem (30), {β‡
m,n1, ..., β

‡
m,nu , β

‡
m,N+1} should

also be a feasible solution to relax PA problem (30). Therefore,
we know that {β‡

m,n1, ..., β
‡
m,nu , β

‡
m,N+1} is a feasible solution

to relax PA problem (30) and achieves an objective value larger
than Em , i.e.,

E‡
m > Em . (33)

On the other hand, it is known from Lemma 1 that {β∗
m,n1

, ...,
β∗

m,nu
, β∗

m,N+1} is the optimal solution to relaxed PA prob-
lem (30), indicating that the objective value Em achieved by
{β∗

m,n1
, ..., β∗

m,nu
, β∗

m,N+1} should be no less than E‡
m , i.e.,

E‡
m ≤ Em . (34)

Apparently, the results in (33) and (34) are mutually exclu-
sive. As the Lemma 1 has been proved to be true, we have
inequality (34) should hold whereas inequality (33) should be
false, meaning that the negated claim does not hold. Therefore,
{β∗

m,n1
, ..., β∗

m,nu
, β∗

m,N+1} should be a local optimal solution
to original PA problem (29). This completes the proof.

2) DPA Approach for UR Case: When CR phase is per-
formed in UR case, all users are eventually successful if
message xni is correctly decoded by not only Dni but also
{Dni′ }i ′=i+1,...,u for i = 1, ..., u. Thus, when Rm(m ∈ SR) is
selected, the outage probability is expressed as

PUR
out|Rm

= 1 − Pr
[

∩u
i=1

(
γUR

ni
(m) ≥ �ni ,

∩u
i ′=i+1 γ

UR
ni′ ,ni

(m) ≥ �ni

)]
. (35)

Applying (9) and (10) into (35) with some algebraic manipu-
lations, we have

PUR
out|Rm

= 1 − Pr

[

∩u
i=1

(

φ′
m,i g

R D
m,ni

≥ σ 2

Pr
,

φ′
m,i min

i ′=i+1,...,u
gR D

m,ni′ ≥ σ 2

Pr

)]

= Pr

(

min
i=1,...,u

φ′
m,i G

′
m,i <

σ 2

Pr

)

, (36)

where φ′
m,i and G′

m,i are defined as
⎧
⎨

⎩

φ′
m,i � βm,ni

�ni

−∑u
j=i+1 βm,n j ,

G′
m,i � mini ′=i,...,u gR D

m,ni′ .
(37)

As known from (36), PUR
out|Rm

monotonically decreases with
mini=1,..u φ

′
m,i G

′
m,i , resulting in the following PA problem for

minimizing outage probability

maximize
βm,n1 ,...,βm,nu

min
i=1,...,u

φ′
m,i G

′
m,i

s.t. (13) and
u∑

i=1

βm,ni = 1. (38)

Likewise, although deriving the optimal solution to
PA problem (38) is challenging, we can still obtain a
feasible and local optimal solution to this problem from a
relaxed PA problem without constraints (13).

If constraints (13) are removed, the original PA problem (38)
will be simplified to a relaxed PA problem given by

maximize
βm,n1 ,...,βm,nu

min
i=1,...,u

φ′
m,i G′

m,i

s.t.
u∑

i=1

βm,ni = 1. (39)

In the following two lemmas, we provide the optimal solution
to the relaxed PA problem above, and then, prove that the
optimal solution to relaxed PA problem (39) is also a feasible
and local optimal solution to original PA problem (38).

Lemma 3: The optimal solution to relaxed PA problem (39)
can be expressed as
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

β∗
m,nu

= E ′
m�nu

G′
m,u

,

β∗
m,nu−t

= E ′
m

(∑u
l=u−t+1 A′

m,l

∏l−1
r=u−t+1 Br

+ �nu

G′
m,u

∏u
r=u−t+1 Br

)

, for t = 1, ..., u − 1,

(40)

with

E ′
m =

[
u−1∑

t=1

u∑

l=u−t+1

A′
m,l

l−1∏

r=u−t+1

Br +
(

1+
u−1∑

t=1

u∏

r=u−t+1

Br

)
�nu

G′
m,u

]−1

,

(41)

where A′
m,l � �nl−1

(
1

G ′
m,l−1

− 1
G ′

m,l

)

.

Proof: Following the proof of Lemma 1 in Appendix B,
this lemma is obtained.

Lemma 4: The solution {β∗
m,n1

, ..., β∗
m,nu

} given in (40)
is a feasible and local optimal solution to original
PA problem (38).

Proof: Following the proof of Lemma 2, this lemma is
obtained.

D. D-BUS Scheme

When the DPA coefficients are employed, the best success-
ful multicast user Rm† is selected as

⎧
⎨

⎩

m† = arg max
m∈SR

Em, UMR case,

m† = arg max
m∈SR

E ′
m, UR case,

(42)

where the terms Em and E ′
m have been defined in (32)

and (41). Similar to F-BUS scheme, computing the objective
values Em and E ′

m only requires the channel gains associated
with Rm , implying the proposed D-BUS scheme can also be
realized in a distributed way, as discussed in Section III-B.

Theorem 2: When the DPA coefficients are employed, the
proposed D-BUS scheme in (42) can select the successful
multicast user that achieves the minimal outage probability.

Proof: The proof is presented in Appendix C.
It is noteworthy that, since the DPA coefficients are obtained
from the local optimal solutions to original PA problems (29)
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PUMR
out|SR=Ak ,S̄D=Bu

= Pr

(

ξm† = max
m∈SR

ξm <
σ 2

Pr

∣
∣
∣SR = Ak, S̄D = Bu

)

(i)= Pr

(

max
m∈Ak

[

min

(

min
i=1,...u

gR D
m,ni

ζ F
m,i ,min

(

ζ F
m,u,

βF
m,N+1
�N+1

)

min
m′∈M \Ak

gR R
m,m′

)]

<
σ 2

Pr

)

=
∏

m∈Ak

⎡

⎣1 −
u∏

i=1

Pr

(

gR D
m,ni

≥ σ 2

Prζ
F
m,i

)
∏

m′∈M \Ak

Pr

⎛

⎝gR R
m,m′ ≥ σ 2

Pr min
(
ζ F

m,u, β
F
m,N+1/�N+1

)

⎞

⎠

⎤

⎦

=
∏

m∈Ak

⎡

⎣1 − exp

⎛

⎝−σ
2

Pr

⎛

⎝
u∑

i=1

λRm Dni

ζ F
m,i

+ cm,Ak

min
(
ζ F

m,u, β
F
m,N+1/�N+1

)

⎞

⎠

⎞

⎠

⎤

⎦, (43)

and (38), the proposed D-BUS scheme with employing DPA
coefficients is expected to perform well and achieve near-
optimal outage performance.

IV. PERFORMANCE EVALUATION

In this section, the outage probability of the proposed
cooperation strategy is analyzed in Rayleigh fading channels.5

When F-BUS scheme is adopted, we derive a closed-form
expression for outage probability. When D-BUS scheme is
employed, we derive a tight approximation for outage prob-
ability under a special case which is practically meaningful.
Then, based on asymptotic analysis in high SNR regime, we
also show that the achievable diversity orders of the proposed
cooperation strategy are equal to the number of multicast users.

A. Outage Probability Analysis

1) Outage Probability With Employing F-BUS Scheme:
In the proposed cooperation strategy, the outage happens in
following conditions: 1) CR phase is performed, but some
users remain unsuccessful after CR phase, 2) CR phase is
cancelled due to SR = ∅. In the following, we first analyze
the outage performance when CR phase is performed in each
case or cancelled, and then, we further derive the overall
outage probability of the proposed cooperation strategy with
employing F-BUS. For notational convenience, if SR �= ∅ and
SR �= M , we denote SR = {m1, ...,mk} � Ak with 1 ≤ m1 <
... < mk ≤ M and 1 ≤ k ≤ M − 1 whereas, if S̄D �= ∅, we
denote S̄D = {n1, ..., nu} � Bu with 1 ≤ n1 < ... < nu ≤ N
and 1 ≤ u ≤ N .

If SR = Ak and S̄D = Bu , CR phase will be performed in
UMR case. Following the derivations in (A.2), the correspond-
ing conditional outage probability can be obtained as (43),
shown at the top of this page, where step (i) uses the expression
for ξm given in (20), cm,Ak �

∑
m′∈M \Ak

λRm Rm′ . On the
other hand, denoting the probability for multicast user Rm

being successful after DT phase as R
m and the probability

for unicast user Dn being successful after DT phase as D
n ,

the probability for condition {SR = Ak, S̄D = Bu} can be

5By following the derivations in this section, the analytical results in other
fading models can also be obtained. Further, when all users are randomly
deployed, the analytical results can be further obtained with the help of
stochastic geometry tools [32].

expressed as

PSR=Ak ,S̄D=Bu
=
∏

m∈Ak

R
m

∏

m′∈M \Ak

(1 −R
m′)

×
u∏

i=1

(1 −D
ni
)
∏

n′∈N \Bu

D
n′ , (44)

with R
m and D

n being obtained as

R
m = Pr

(
∩N

n=1γ̃
DT
m,n ≥ �n′ , γDT

m ≥ �N+1

)

= Pr

(

gS R
m ψN+1 ≥ σ 2

Ps

)

= exp

(

− σ 2λS Rm

PsψN+1

)

, (45)

D
n = Pr

(
∩n−1

n′=1γ̃
DT
n,n′ ≥ �n′ , γDT

n ≥ �n

)

= Pr

(

gS D
n ψn ≥ σ 2

Ps

)

= exp

(

−σ
2λS Dn

Psψn

)

, (46)

where ψn is defined as

ψn =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

minn′=1,...,n
(
αF

n′/�n′

−∑N+1
j=n′+1 α

F
j

)
, n = 1, ..., N,

min
(
minn′=1,...,N

(
αF

n′/�n′

−∑N+1
j=n′+1 α

F
j

)
,
αF

N+1

�N+1

)

, n = N + 1.

(47)

If SR = M and S̄D = Bu , CR phase will be performed in
UR case. Accordingly, the conditional outage probability can
be obtained based on (A.4), which is given by

PUR
out|SR=M ,S̄D=Bu

= Pr

(

εm† = max
m∈SR

εm <
σ 2

Pr

∣
∣
∣SR = M , S̄D = Bu

)

(ii)= Pr

(

max
m∈M

min
i=1,...,u

gR D
m,ni

ζ ′F
m,i <

σ 2

Pr

)

=
∏

m∈M

[

1 −
u∏

i=1

Pr

(

gR D
m,ni

≥ σ 2

Prζ
′F
m,i

)]

=
∏

m∈M

[

1 − exp

(

−σ
2

Pr

u∑

i=1

λRm Dni

ζ ′F
m,i

)]

, (48)
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where step (ii) comes from the expression for εm given in (23).
Moreover, based on (45) and (46), the probability for condition
{SR = M , S̄D = Bu} can be expressed as

PSR=M ,S̄D=Bu
=

M∏

m=1

R
m

u∏

i=1

(1 −D
ni
)
∏

n′∈N \Bu

D
n′ . (49)

If SR = Ak and S̄D = ∅, CR phase will be performed
in MR case. Recalling that the max-min selection (14) is
employed in MR case, the conditional outage probability can
be expressed as

PMR
out|SR=Ak ,S̄D=∅ = Pr

(

min
m′∈S̄R

gR R
m†,m′ = max

m∈SR
min

m′∈S̄R

gR R
m,m′

<
σ 2�N+1

Pr

∣
∣
∣SR = Ak, S̄D = ∅

)

=
∏

m∈Ak

⎡

⎣1−
∏

m′∈M \Ak

Pr

(

gR R
m,m′ ≥ σ 2�N+1

Pr

)
⎤

⎦

=
∏

m∈Ak

[

1−exp

(

−σ
2�N+1cm,Ak

Pr

)]

. (50)

Likewise, the probability for condition {SR = Ak , S̄D = ∅} can
also be obtained based on (45) and (46) as

PSR=Ak ,S̄D=∅ =
∏

m∈Ak

R
m

∏

m′∈M \Ak

(1 −R
m′)

N∏

n=1

D
n . (51)

Additionally, when CR phase is cancelled due to SR = ∅,
outage inevitably happens. Based on (45), the probability for
such a condition is PSR=∅ = ∏M

m=1(1 −R
m ).

Then, with the help of Total Probability
Theorem [33, Sec.(3.3.8)], the overall outage probability of
proposed F-BUS scheme can be expressed as

PF−BUS
out = PSR=∅ +

∑̂

k,M−1,Ak

∑̂

u,N,Bu

PSR=Ak ,S̄D=Bu

×PUMR
out|SR=Ak ,S̄D=Bu

+
∑̂

u,N,Bu

PSR=M ,S̄D=Bu
PUR

out|SR=M ,S̄D=Bu

+
∑̂

k,M−1,Ak

PSR=Ak ,S̄D=∅ PMR
out|SR=Ak ,S̄D=∅, (52)

where
∑̂

k,M−1,Ak

is the short-hand-notation for
M−1∑

k=1

M−k+1∑

m1=1
M−k+2∑

m2=m1+1
...

M∑

mk=mk−1+1
,

∑̂

u,N,Bu

is the short-hand-notation for

N∑

u=1

N−u+1∑

n1=1

N−u+2∑

n2=n1+1
· · ·

N∑

nu=nu−1+1
. Finally, summarizing fore-

going results, a closed-form expression for overall outage
probability is derived.

2) Outage Probability With Employing D-BUS Scheme:
When D-BUS scheme is adopted for user selection, we first
analyze the outage performance of the proposed coopera-
tion strategy under the special case N = 1, i.e., only one
unicast user shares the same resource with multicast users.

Note that, the outage performance evaluation for this special
case is practically meaningful, because two-message NOMA
transmission is not only the current research focus (see,
e.g., [11]–[15], [18], [34]), but also a simple and effective
scenario for realizing NOMA in practical networks.6

When the number of unicast users is reduced to N = 1, the
overall outage probability can be expressed as

PD−BUS
out,N=1 = PSR=∅ +

∑̂

k,M−1,Ak

PSR=Ak ,S̄D={1}

×PUMR
out|SR=Ak ,S̄D={1}

+ PSR=M ,S̄D={1} PUR
out|SR=M ,S̄D={1}

+
∑̂

k,M−1,Ak

PSR=Ak ,S̄D=∅ PMR
out|SR=Ak ,S̄D=∅, (53)

where PSR=∅ = ∏M
m=1(1 − R

m ), PMR
out|SR=Ak ,S̄D=∅ has been

obtained in (50). Moreover, using (44), (49) and (51) with
letting N = {1} and Bu = {1}, the expressions for probabilities
PSR=Ak ,S̄D={1}, PSR=M ,S̄D={1} and PSR=Ak ,S̄D=∅ can also be
obtained in closed form. Therefore, we only need to further
evaluate the conditional outage probabilities PUMR

out|SR=Ak ,S̄D={1}
and PUR

out|SR=M ,S̄D={1}.
When N = 1, we have S̄D = {1} for UMR and UR cases.

Consequently, the D-BUS scheme in (42) is simplified as
follow

m† =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

arg max
m∈SR

(
�1

Gm,1
+ �1�2 + �2

Gm,2

)−1

,

UMR case, N = 1

arg max
m∈SR

gR D
m,1,

UR case, N = 1

(54)

where Gm,1 = min(gR D
m,1,minm′∈S̄R

gR R
m,m′) and Gm,2 =

minm′∈S̄R
gR R

m,m′ . Further, since the UR case with N = 1 is
actually reduced to conventional unicast relaying, the corre-
sponding conditional outage probability can be obtained as

PUR
out|SR=M ,S̄D={1} = Pr

(
Ps

σ 2 gR D
m†,1 = Pr

σ 2 max
m=1,...,M

gR D
m,1 < �1

)

=
M∏

m=1

[

1 − exp

(

−σ
2�1λRm D1

Pr

)]

. (55)

In the following, we focus on deriving the conditional out-
age probability PUMR

out|SR=Ak ,S̄D={1}, according to the simplified
D-BUS scheme for UMR case given in (54).

Lemma 5: The conditional outage probability
PUMR

out|SR=Ak ,S̄D={1} can be expressed as

PUMR
out|SR=Ak ,S̄D={1}

=
∏

m∈Ak

(

1 −
∫ Pr

σ2a

0

∫ Pr
σ2�1

−bx

0
fXm,Ak

(x) fYm (y)dydx
︸ ︷︷ ︸

��m,Ak

)

,

(56)

6As pointed by [35], it may not be realistic to perform NOMA among all
users due to strong co-channel interference. A more promising alternative is to
partition users into multiple groups and then perform NOMA in each group.
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where Xm,Ak � 1/minm′∈M \Ak gR R
m,m′ and Ym � 1/gR D

m,1, a �
�1�2 + �1 + �2, b � �2 + �2/�1.

Proof: Please refer to Appendix D for details.
Since gR R

m,m′ and gR D
m,1 follow exponential distributions with

parameters being λRm Rm′ and λRm D1 , the probability density
functions (PDFs) of Xm,Ak and Ym can be obtained as follows

fXm,Ak
(x) = cm,Ak

x2 exp
(
−cm,Ak

x

)
, (57)

fYm (y) = λRm D1

y2 exp

(

−λRm D1

y

)

, (58)

where cm,Ak = ∑
m′∈M \Ak

λRm Rm′ . Using the derived PDFs,
the term �m,Ak can be further expressed as

�m,Ak =
∫ Pr

σ2a

0

cm,Ak

x2 exp

[

−
(

cm,Ak

x
+ λRm D1

Pr
σ 2�1

− bx

)]

dx .

(59)

However, it is extremely difficult to derive a closed-form
expression for the integral in (59) due to the special form of
the integrand. Instead, we here propose a tight approximation
for �m,Ak in the following lemma.

Lemma 6: The integral �m,Ak can be approximately
expressed as follows

�m,Ak

≈ 1

2
exp

(

−σ
2cm,Ak Qa

Pr

)[

exp

(

−σ
2λRm D1�1

Pr

)

+ exp

(

− σ 2λRm D1

Pr (1/�1 − b/(Qa))

)]

+1

2

Q∑

q=2

[

exp

(

−σ
2cm,Ak Qa

Pr q

)

− exp

(

−σ
2cm,Ak Qa

Pr (q − 1)

)]

×
[

exp

(

− σ 2λRm D1

Pr (1/�1 − [b(q − 1)]/(Qa))

)

+ exp

(

− σ 2λRm D1

Pr (1/�1 − (bq)/(Qa))

)]

, (60)

where Q is a positive integer.
Proof: Please refer to Appendix E.

The accuracy of the approximation given in (60) is verified
by simulation in Fig. 3. It can be seen that, when Q increases
from 1 to 5, the curve “Approximate” gets closer to the curve
“Actual”, as expected. Further, if Q is no less than 3, the
gap between curves “Approximate” and “Actual” is very small
and does not vary with the value of Pr/σ

2, which means
the expression in (60) can provide a tight approximation for
�m,Ak given in (56).

Combining Lemmas 5 and 6, a tight approximation is
obtained for PUMR

out|SR=Ak ,S̄D={1}. Then, applying foregoing
results in (53), a tight approximation for overall outage prob-
ability in the special case N = 1 is derived.

On the other hand, as observed from (31) and (40), the
derived DPA coefficients for CR phase are highly correlated
for N ≥ 2. This fact indicates that, when D-BUS scheme is
adopted, it is difficult to theoretically derive the overall outage
probability for N ≥ 2. Nevertheless, we numerically evaluate

Fig. 3. The accuracy of approximation in (60) with Q = 1, 3, 5, where the
parameters are cm,Ak = λRm D1 = 1, r1 = r2 = 1bps/Hz. Here, the curve
“Approximate” is obtained based on the approximate �m,Ak given in (60),
while the curve “Actual” is obtained by numerically computing the integral
in (59).

the outage probability of proposed strategy with employing
D-BUS scheme in simulation, as given in Section V.

B. Diversity Analysis

1) Diversity Orders of F-BUS Scheme: Define ρ � Ps
σ 2 =

μPr
σ 2 as the system SNR, where μ = Ps

Pr
is a positive constant.

Based on (43), when system SNR ρ → ∞, the conditional
outage probability PUMR

out|SR=Ak ,S̄D=Bu
can be asymptotically

expressed as

PUMR
out|SR=Ak ,S̄D=Bu

ρ→∞�
(
μ

ρ

)k ∏

m∈Ak

⎛

⎝
u∑

i=1

λRm Dni

ζ F
m,i

+ cm,Ak

min
(
ζ F

m,u, β
F
m,N+1/�N+1

)

⎞

⎠

∝ ρ−k . (61)

According to (45) and (46), we have R
m
ρ→∞� 1 − λS Rm

ρψN+1
and

D
n
ρ→∞� 1− λS Dn

ρψn
hold for ρ → ∞. Then, based on (44), we

have

PSR=Ak ,S̄D=Bu

ρ→∞�
∏

m∈M \Ak
λS Rm

∏u
i=1 λS Dni

/ψni

ρM−k+uψM−k
N+1

∝ ρ−(M−k+u). (62)

Combining (61) and (62) we know that, when CR phase is
performed in UMR case, the proposed cooperation strategy
achieves diversity orders of M + u.

Subsequently, based on (48), the high-SNR asymptotic
expression for PUR

out|SR=M ,S̄D=Bu
can be obtained as

PUR
out|SR=M ,S̄D=Bu

ρ→∞�
(
μ

ρ

)M ∏

m∈M

u∑

i=1

λRm Dni

ζ ′F
m,i

∝ ρ−M . (63)

Further, when system SNR ρ → ∞, from (49) we also have

PSR=M ,S̄D=Bu

ρ→∞� ρ−u
u∏

i=1

λS Dni

ψni

∝ ρ−u . (64)
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Therefore, the proposed cooperation strategy also achieves
diversity orders of M + u when CR phase is performed in
UR case.

Similarly, based on (50) and (51), when CR phase is per-
formed in MR case, we have following high-SNR asymptotic
expressions

PMR
out|SR=Ak ,S̄D=∅

ρ→∞�
(
μ

ρ

)k

�k
N+1

∏

m∈Ak

cm,Ak ∝ ρ−k , (65)

PSR=Ak ,S̄D=∅
ρ→∞� ρ−(M−k)ψ

−(M−k)
N+1

∏

m∈M \Ak

λS Rm

∝ ρ−(M−k), (66)

which demonstrate that the cooperation strategy achieves
diversity orders of M when CR phase is performed in
MR case.

Additionally, in high-SNR regime, the probability that the
event SR = ∅ happens can be asymptotically expressed

as PSR=∅
ρ→∞� ρ−Mψ−M

N+1

∏M
m=1 λS Rm ∝ ρ−M . This fact

indicates, even when CR phase is cancelled, the cooperation
strategy still achieves diversity orders of M . As a summary,
when F-BUS scheme is adopted in the proposed cooperation
strategy, diversity orders of M are achieved at least.

2) Diversity Orders of D-BUS Scheme: Here, we first ana-
lyze the diversity orders of D-BUS scheme under the special
case N = 1. When system SNR ρ → ∞, the approximate
expression for �m,Ak given in (60) can be asymptotically
expressed as

�m,Ak

ρ→∞≈ 1

2

(

1 − μcm,Ak Qa

ρ

)

×
(

2 − μλRm D1�1

ρ
− μλRm D1

ρ(1/�1 − b/(Qa))

)

+μcm,Ak Qa

ρ

Q∑

q=2

(
1

q − 1
− 1

q

)

= 1 − μ

ρ

[

cm,Ak a + λRm D1�1

2

×
(

1 + 1

1 − (b�1)/(Qa)

)]

. (67)

Applying this asymptotic expression into (56), we have

PUMR
out|SR=Ak ,S̄D={1}

ρ→∞∝ ρ−k . It is known from (62) that, by

letting Bu = {1}, we have PSR=Ak ,S̄D={1}
ρ→∞∝ ρ−(M−k+1).

By summarizing the results above, we know that, when D-BUS
is employed in UMR case with N = 1, the achievable diversity
orders are equal to M + 1. When system SNR ρ → ∞, the
conditional outage probability PUR

out|SR=M ,S̄D={1} in (55) can be
asymptotically expressed as

PUR
out|SR=M ,S̄D={1}

ρ→∞�
(
μ

ρ

)M

�M
1

M∏

m=1

λRm D1

∝ ρ−M . (68)

Further, using (64) with letting Bu = {1}, we have
PSR=M ,S̄D={1} ∝ ρ−1. Thus, when D-BUS scheme is employed
in UR case with N = 1, the achievable diversity orders are

also equal to M +1. Additionally, as shown in Section IV-B.1,
diversity orders of M are achieved when CR phase is cancelled
or performed in MR case. Therefore, the overall diversity
orders of D-BUS scheme under N = 1 are also not less
than M .

On the other hand, as mentioned in Section IV-A.2, when
D-BUS scheme is adopted under N ≥ 2, deriving the closed-
form outage probability is challenging due to the depen-
dence among the derived DPA coefficients for UMR and UR
cases. Thus, it may be impossible to theoretically evaluate
the diversity orders based on asymptotic analysis in high-
SNR regime. Nevertheless, we can still intuitively evaluate
its diversity orders based on the diversity orders achieved by
F-BUS scheme. Recalling that the DPA coefficients given (31)
and (40) are employed in D-BUS scheme, it is expected that
D-BUS scheme outperforms F-BUS scheme in term of outage
probability. As proved in Section IV-B.1, when F-BUS scheme
is employed, the cooperation strategy achieves diversity orders
of M at least. Consequently, it can be deduced that, when
D-BUS is employed, the achievable diversity orders should
not be smaller than M .

Overall, it can be observed from the above analysis that,
regardless of which BUS scheme being employed, the pro-
posed cooperation strategy achieves at least diversity orders
of M , which are equal to the number of multicast users.
This observation provides following insights: 1) the proposed
cooperation strategy with employing either one of F-BUS
and D-BUS schemes can fully exploit the inherent diversity
provided by all multicast users, 2) having more multicast
users can significantly improve the outage performance due
to increased diversity orders.

Further, recall that an outage is declared if any user is not
eventually successful. Intuitively, the derived outage probabil-
ity and diversity orders correspond to the worst-case reliability
of the proposed cooperation strategy, and thus, the actual diver-
sity orders achieved at each user should be no less than M .
On the other hand, when more unicast users are introduced,
the outage performance will become worse, since the transmit
power for each message will be reduced. However, this outage
performance loss can be compensated by introducing more
multicast users to increase diversity orders. This observation
suggests that, by properly scheduling the unicast users and
multicast users, a large number of users can share the same
resource without outage performance degradation.

V. SIMULATION RESULTS

In this section, we use simulations to verify our
theoretical results and demonstrate the advantages of the
proposed cooperation strategy and BUS schemes. We consider
an independently and non-identically distributed Rayleigh
fading scenario, where the BS locates at coordinate (0, 0)
and all users randomly locate within a circle centered at BS
and with a radius being 100 meters. The pathloss model
in [36, Sec.2.6] is adopted in our simulation. Specifically,
denoting the distance between nodes i and j as di j , the
corresponding pathloss between nodes i and j is 1/λi j =
(

di j
d0
)−κ , where d0 is the reference distance and κ is the

pathloss exponent. As this model is invalid for di j < d0 [36],
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Fig. 4. Theoretical and simulated outage probabilities of the proposed
cooperation strategy with employing BUS schemes, where M = 4, r =
1bps/Hz and μ = Ps/Pr = 100.

we do not consider the impact of pathloss if di j < d0,
i.e., 1/λi j = 1 for di, j < d0. In our simulation, we set
d0 = 20 meters and κ = 3, which are standard values for urban
cellular networks [36]. Without loss of generality, we set the
noise power σ 2 = 1, and thus, we have Ps = ρ and Pr = ρ/μ.
Moreover, an identical target rate r is assumed for all messages
transmission, i.e., r = r1 = r2 = ... = rN+1 bps/Hz and the
FPA parameters are predetermined as �n = 0.95× �n

1+�n
+0.05

for n = 1, ..., N . The simulated values are averaged over
1 × 108 independent numerical results.

A. Verification for Derived Theoretical Results

Fig. 4 plots the theoretical and simulated outage probabili-
ties of the proposed cooperation strategy with employing BUS
schemes, where M = 4, r = 1bps/Hz, μ = Ps/Pr = 100.
It is observed that, when F-BUS scheme is adopted with
N = 1, 2, 3, the theoretical outage probabilities perfectly
coincide with the simulated ones, verifying the derived closed-
form outage probability for F-BUS scheme. Recall that, when
D-BUS scheme is employed, a tight approximate outage
probability is derived under the special case N = 1. As seen
from this figure, when D-BUS is employed under N = 1, the
derived approximate outage probability also tightly matches
the simulated outage probability, showing the tightness of the
derived approximate outage probability.

B. Comparison Between the Proposed Cooperation
Strategy and Other Strategies

This subsection compares our proposed cooperation strategy
with the BS retransmission strategy, the distributed coopera-
tion strategy [20] and the non-cooperation strategy, which are
schematically drawn in Fig. 5 and described as follows. Similar
to the proposed strategy, the BS retransmission strategy and
the distributed cooperation strategy also perform within two
successive phases. In the first phase, the BS broadcasts to all
users in both strategies. In the second phase, the BS retransmits
the messages intended by the unsuccessful unicast/multicast
users in the BS retransmission strategy, whereas, in the dis-
tributed cooperation strategy, all successful multicast users

Fig. 5. The schematic diagram of the proposed cooperation strategy, the
BS retransmission strategy, the distributed cooperation strategy and the non-
cooperation strategy.

simultaneously forward messages intended by the unsuccessful
unicast/multicast users. In the non-cooperation strategy, the
BS directly broadcasts to all users via NOMA without any
cooperation/retransmission. To make the comparison more
convincing, we assume that the BS owns instantaneous down-
link channel information to optimally determine the detection
order for unicast users in these three strategies above.

Fig. 6 compares the proposed cooperation strategy and
three strategies described above in terms of outage probability
under M = 5 and N = 3. Since the average downlink
channel information is assumed in the proposed cooperation
strategy, its outage probability should be lower bounded by
its counterpart with the instantaneous downlink channel infor-
mation. To demonstrate the outage performance gap between
the proposed cooperation strategy and its counterpart with
instantaneous downlink channel information, we also pro-
vide the simulated outage probabilities of its counterpart in
Fig. 6 (a) (denoted by “lower bound”), as the lower-bound
outage probability of our proposed strategy.

It is observed from Fig. 6(a) that, in high SNR regime
(> 50 dB), the outage probabilities of proposed strategy and
its lower bounds decay at the rate same as the benchmark
1 × 1019 × ρ−5, indicating the proposed strategy achieves
diversity orders equal to the number of multicast users
M = 5, regardless of the availability of instantaneous down-
link channel information. However, the outage probability of
other strategies decays more slowly than the proposed one in
high SNR regime, implying their achievable diversity orders
are lower than that of proposed one. Further, by comparing
the outage probability of proposed cooperation strategy and its
counterpart with instantaneous downlink channel information,
we know that owning the instantaneous downlink channel
information can achieve around 1 ∼ 3 dB outage probability
reduction, since the BS can always optimally determine the
detection order for unicast users according to instantaneous
downlink channel information, as discussed in Section II-A.
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Fig. 6. Comparison among the proposed cooperation strategy, the
BS retransmission strategy, the distributed cooperation strategy and the non-
cooperation strategy, in terms of outage probability with (a) varying system
SNR ρ under r = 1 bps/Hz, μ = Ps/Pr = 100, and with (b) varying target
rate r under ρ = 45 dB, μ = Ps/Pr = 100 and with (c) varying μ under
ρ = 40 dB, r = 1bps/Hz. Here, we set M = 5 and N = 3.

From Fig. 6(b) we see that, when r < 0.9 bps/Hz, the pro-
posed cooperation strategy and distributed cooperation strategy
achieve lower outage probability than the BS retransmission
strategy and the non-cooperation strategy, whereas, when
r > 1.7 bps/Hz, the outage probability of the proposed

cooperation strategy and the distributed cooperation strategy
converge to 1. This observation can be intuitively explained
as follows. When the value of r is small, some multicast
users may be successful after the first phase, and thus, the
cooperation in the second phase can take effect. However,
when the value of r further increases higher than a certain
level, almost no multicast user is successful, leading to no
available relays for cooperation. On the other hand, when
r ≥ 1.3 bps/Hz, the BS retransmission strategy outperforms
all other strategies, since the BS owns much higher transmit
power than the successful multicast users.

Fig. 6 (c) demonstrates the impact of transmit power of
successful multicast user on outage probability by varying
parameter μ = Ps/Pr under Ps = ρ = 40 dB. When the value
of μ increases, the outage performance of proposed coopera-
tion strategy and the distributed cooperation strategy becomes
worse, since less transmit power is available at each successful
multicast user. It is also seen that the outage probabilities of the
BS retransmission strategy and the non-cooperation strategy is
independent from the value of μ, since these two strategies do
not recruit any user to forward messages. Further, when μ is
less than 10, our proposed strategy and distributed coopera-
tion strategy outperform the BS retransmission strategy and
non-cooperation strategy. However, when μ further increases
higher than 100, the BS retransmission strategy and non-
cooperation strategy achieve much better outage performance
than our proposed strategy, since each successful multicast
user does not own sufficient transmit power for information
forwarding.

C. Comparison Between Proposed FPA/DPA Schemes
and Existing PA Schemes

Considering that the proposed cooperation strategy
is employed, we compare our proposed FPA/DPA
approaches with three existing PA approaches in literature:
quality-of-service based PA (QoS-PA) [37], channel-state-
information based PA (CSI-PA) [37] and fair NOMA PA
(F-NOMA-PA) [38]. For making a fair comparison, we here
adopt the following simulation configuration: 1) the number
of unicast users is reduced to N = 1, since the aforementioned
existing PA approaches are designed for two-message NOMA;
2) different PA approaches are employed in only CR phase, as
the existing PA approaches are designed for one-hop NOMA
transmission; 3) the PA coefficients for DT phase is obtained
from (16), in order to guarantee the same decoding results
after DT phase; 4) the transmit power of each successful
multicast user is equal to that of the BS, i.e., μ = Ps/Pr = 1,
in order to highlight the impact of different power allocation
approaches on outage probability/throughput; 5) for user
selection, the proposed F-BUS scheme is adopted under all
PA approaches to guarantee the fairness.

Fig. 7 shows the outage probability and outage throughput
under M = 5, N = 1 and r = 1 bps/Hz. Here, the outage
throughput is defined as the product of sum target rate and
the probability of no outage happening (i.e., 1 − Pout). It is
shown that, our proposed FPA/DPA approaches significantly
outperform other three existing PA approaches in both out-
age probability and outage throughput. Further, as observed
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Fig. 7. Comparison among the proposed FPA/DPA approaches, the QoS-PA
approach [37], the CSI-PA approach [37] and the F-NOMA-PA approach [38],
in terms of (a) outage probability and (b) outage throughput, where M = 5,
N = 1, r = 1 bps/Hz and μ = Ps/Pr = 1.

from Fig. 7(a), as system SNR ρ increases, the outage prob-
ability achieved by proposed FPA/DPA approaches decays
faster than other approaches, implying that the proposed
cooperation strategy cannot achieve diversity orders of M
under existing PA approaches in [37] and [38]. On the other
hand, as shown in Fig. 7(b), when system SNR ρ < 30 dB, the
proposed FPA/DPA approaches yield the much higher outage
throughput over existing PA approaches due to the higher
diversity orders. When system SNR further increases, outage
throughput stemmed from each PA approach converges to the
ceiling 2 bps/Hz, since the outage probability approaches to
zero in high SNR regime.

D. Performance Evaluation for Proposed
F-BUS/D-BUS Schemes

It is also expected to compare our proposed BUS schemes
with existing user selection schemes in literature. However,
since there is no previous work on cooperative NOMA
unicast-multicast, we compare them with the max-min selec-
tion scheme for conventional cooperative multicast [26],
in which the best successful multicast user is selected as

Fig. 8. Comparison between the proposed BUS schemes, the max-min
selection scheme [26], and the round-robin selection scheme with M = 4,
N = 2, r = 1 bps/Hz and μ = Ps/Pr = 100.

Fig. 9. Outage probability of proposed BUS schemes under imperfect channel
information, where M = 4, N = 2, r = 1 bps/Hz and μ = Ps/Pr = 100.

m† = arg maxm∈SR minm′∈S̄R
gR R

m,m′ . Moreover, we also provide
the simulation results of round-robin selection as a bench-
mark for comparison. As shown in Fig. 8, the proposed
BUS schemes significantly outperform the max-min selection
scheme and the round-robin selection scheme. The reason
for this observation is twofold: 1) the max-min selection
scheme only maximizes the worst reception quality among
unsuccessful multicast users, without considering the reception
quality of unsuccessful unicast users; 2) the max-min selection
scheme is reduced to the round-robin selection scheme in UR
case due to S̄R = ∅; 3) the round-robin selection scheme does
not utilize any channel information and thus attains the worst
outage performance.

Next, we further evaluate the performance of our pro-
posed BUS schemes under imperfect channel information.
Let h denote the actual channel coefficient and ĥ denote
the observed channel coefficient, the relation between them
can be formulated as ĥ = δh + √

1 − δ2� , where δ is the
correlation coefficient between ĥ and h, � conforms the same
distribution with h. In Fig. 9, we consider that all potential
relaying channels are imperfectly estimated with the same
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correlation coefficient being δ = 0.9, 0.5, 0.1. Further, Fig. 9
also provides the outage probability of the proposed BUS
schemes under perfect channel information (i.e., δ = 1) and
outage probability of round-robin selection as upper and lower
bounds of outage performance. It is shown that the outage
probability of the proposed BUS schemes increases as the
correlation coefficient δ decreases. Further, it can also be
observed that, the proposed D-BUS scheme always achieves
better outage probability than the proposed F-BUS scheme,
regardless of the varying correlation coefficient δ.

VI. CONCLUSION

In this paper, we have designed a novel cooperation strat-
egy for NOMA unicast-multicast, where a multicast user is
selected to forward a superposed message to unsuccessfully
decoded unicast and/or multicast users. Under FPA and DPA
approaches, two BUS schemes (called F-BUS and D-BUS)
have been proposed to properly select a multicast user for
outage probability minimization. To evaluate the reliability of
proposed BUS schemes, we have theoretically derived their
outage performance as well as diversity orders. It has been
shown that the proposed BUS schemes all achieve diversity
orders equal to the number of multicast users, indicating the
two proposed BUS schemes all fully utilize the diversity orders
offered by multicast users. Simulation results have verified
our theoretical results and demonstrated the advantages of our
proposed cooperation strategy and BUS schemes.

APPENDIX A
PROOF OF THEOREM 1

Here, we first prove the optimality of F-BUS scheme in
UMR case. In UMR case, the complementary event of outage
happening is that unicast users {Dni }i=1,...,u and multicast
users {Rm′ }m′∈S̄R

are successful at the end of CR phase. Thus,
if Rm(m ∈ SR) is selected, the outage probability can be
expressed as

PUMR
out|Rm

= 1 − Pr

[

∩u
i=1

(
γUMR

ni
(m) ≥ �ni , ∩i−1

i ′=1γ̃
UMR
ni ,ni′ (m) ≥ �ni′

)
,

∩m′∈S̄R

(
γUMR

m′ (m) ≥ �N+1, ∩u
i ′=1 γ̃

UMR
m,ni′ (m) ≥ �ni′

)]

.

(A.1)

Applying (5), (6) (7) and (8) into (A.1) with some algebraic
manipulations, PUMR

out|Rm
can be further expressed as (A.2),

shown at the top of the next page, where the equality
(a.1) comes from (20). From (A.2) it is known that PUMR

out|Rm
monotonically decreases with ξm . Thus, to minimize the
outage probability in UMR case, the best successful multicast
user should be selected as m† = arg maxm∈SR ξm .

Likewise, if Rm(m ∈ SR) is selected in UR case, the outage
probability can be expressed as

PUR
out|Rm

= 1 − Pr
[

∩u
i=1

(
γUR

ni
(m) ≥ �ni ,

∩i−1
i ′=1 γ̃

UR
ni ,ni′ (m)≥�ni′

)]
. (A.3)

Substituting (9) and (10) into (A.3) with some algebraic
manipulations, PUR

out|Rm
can be further expressed as (A.4),

also given at the top of the next page, where equality (a.2)
comes from (23). As shown in (A.4), PUR

out|Rm
monotonically

decreases with εm , indicating it is optimal to select the best
successful multicast user Rm† as m† = arg maxm∈SR εm for
outage probability minimization. This completes the proof.

APPENDIX B
PROOF OF LEMMA 1

If constraints (12) are relaxed, the original problem (29)
is reduced to a traditional max-min problem shown in (30),
whose maximal objective value is attained when each term
inside the “min” operation (i.e., φm,i Gm,i ) is equal to the max-
imal objective value [29]–[31]. Denoting the optimal solution
of relaxed problem (30) as {β∗

m,ni
, ..., β∗

m,nu
, β∗

m,N+1} and the
corresponding maximal objective value as Em , we have the
following equations hold based on (27)

Gm,iφm,i

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Gm,i

(
β∗

m,ni

�ni

−∑u
i ′=i+1 β

∗
m,ni′ − β∗

m,N+1

)

= Em,

∀i = 1, ..., u,

Gm,u+1
β∗

m,N+1

�N+1
= Em .

(B.1)

It is known from the second equation of (B.1) that β∗
m,N+1

can be expressed as

β∗
m,N+1 = Em�N+1

Gm,u+1
. (B.2)

On the other hand, the first equation of (B.1) can be rewritten
as

β∗
m,ni

�ni

= Em

Gm,i
+

u∑

i ′=i+1

β∗
m,ni′ + β∗

m,N+1, i = 1, ..., u, (B.3)

Let i = v and i = v − 1, ∀v ∈ {2, ..., u}, we have
⎧
⎪⎪⎨

⎪⎪⎩

β∗
m,nv

�nv
= Em

Gm,v
+∑u

i ′=v+1 β
∗
m,ni′ + β∗

m,N+1

β∗
m,nv−1

�nv−1

= Em

Gm,v−1
+∑u

i ′=v β∗
m,ni′ + β∗

m,N+1

(B.4)

Combining these two equations in (B.4) with minus opera-
tion on both sides, the relation between β∗

m,nv and β∗
m,nv−1

(v ∈ {2, ..., u}) is obtained as

β∗
m,nv−1

= Em �nv−1

( 1

Gm,v−1
− 1

Gm,v

)

︸ ︷︷ ︸
=Am,v

+�nv−1

(
1 + 1

�nv

)

︸ ︷︷ ︸
=Bv

β∗
m,nv . (B.5)

or equivalently written as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

β∗
m,nu−1

= Em Am,u + Buβ
∗
m,nu

,

β∗
m,nu−2

= Em Am,u−1 + Bu−1β
∗
m,nu−1

,

...

β∗
m,n1

= Em Am,2 + B2β
∗
m,n2

.

(B.6)
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PUMR
out|Rm

= 1 − Pr

(

min
i=1,...,u

gR D
m,ni

min
i ′=1,...,i

⎛

⎝
βF

m,ni′
�ni′

−
u∑

j=i ′+1

βF
m,n j

− βF
m,N+1

⎞

⎠

︸ ︷︷ ︸
=ζF

m,i

≥ σ 2

Pr
,

min
m′∈S̄R

gR R
m,m′ min

[

min
i ′=1,...,u

(
βF

m,ni′
�ni′

−
u∑

j=i ′+1

βF
m,n j

− βF
m,N+1

)

︸ ︷︷ ︸
=ζF

m,u

,
βF

m,N+1

�N+1

]

≥ σ 2

Pr

)

(a.1)= Pr

(

ξm <
σ 2

Pr

)

(A.2)

PUR
out|Rm

= 1 − Pr

(

min
i=1,...,u

gR D
m,ni

min
i ′=1,...,i

⎛

⎝
βF

m,ni′
�ni′

−
u∑

j=i ′+1

βF
m,n j

⎞

⎠

︸ ︷︷ ︸
=ζ ′F

m,i

≥ σ 2

Pr

)
(a.2)= Pr

(

εm <
σ 2

Pr

)

, (A.4)

By sequentially applying each equation in (B.6) to the next,
the relation between β∗

m,nu−t
(t = 1, ..., u − 1) and β∗

m,nu
is

derived as follow

β∗
m,nu−t

= Em

u∑

l=u−t+1

Am,l

l−1∏

r=u−t+1

Br + β∗
m,nu

u∏

r=u−t+1

Br

(B.7)

Further, from the first equation of (B.1) with i = u, it is known
that

β∗
m,nu

= Em�nu

Gm,u
+ �nuβ

∗
m,N+1

(b.1)= Em

(
�nu

Gm,u
+ �nu�N+1

Gm,u+1

)

(B.8)

where the equality (b.1) comes from (B.2). Substituting (B.8)
into (B.7), we have

β∗
m,nu−t

= Em

[
u∑

l=u−t+1

Am,l

l−1∏

r=u−t+1

Br

+
(
�nu

Gm,u
+�nu�N+1

Gm,u+1

) u∏

r=u−t+1

Br

]

,

(B.9)

where t = 1, ..., u − 1.
Combining (B.2), (B.8) and (B.9) with

∑u
i=1 β

∗
m,ni

+
β∗

m,N+1 = 1, the maximal objective value Em can be expressed
as shown in (32). Further, applying (32) into (B.2), (B.8)
and (B.9), the optimal solution to relaxed PA problem (30)
is derived into closed form, as shown in (31). This completes
the proof.

APPENDIX C
PROOF OF THEOREM 2

As seen from (26) that, when Rm(m ∈ SR) is selected
in UMR case, the conditional outage probability can be

written as

PUMR
out|Rm

= Pr

(

min
i=1,...,u+1

φm,i Gm,i <
σ 2

Pr

)

(C.1)

On the other hand, it is known from (B.1) that,
when DPA coefficients in (31) are employed, we have
φm,i Gm,i = Em for i = 1, ..., u + 1, indicating
mini=1,...,u+1 Gm,iφm,i = Em holds. Consequently, we further
have

PUMR
out|Rm

= Pr

(

Em <
σ 2

Pr

)

(C.2)

From this expression, we see that PUMR
out|Rm

monotonically
decreases with Em . Therefore, the successful multicast user
Rm† that achieves minimal outage probability should be
selected as m† = arg maxm∈SR Em .

Similarly, when the DPA coefficients in (40) are employed
in UR case, the outage probability conditioned on Rm(m ∈ SR)
being selected can be expressed as

PUR
out|Rm

= Pr

(

min
i=1,...,u

φ′
m,i G′

m,i <
σ 2

Pr

)

= Pr

(

E ′
m <

σ 2

Pr

)

(C.3)

showing that PUR
out|Rm

monotonically decreases with E ′
m . There-

fore, the successful multicast user that minimizes outage
probability should be selected as m† = arg maxm∈SR E ′

m . This
completes the proof.

APPENDIX D
PROOF OF LEMMA 5

As known from (C.2), when DPA coefficients in (31) are
employed, the outage probability conditioned on Rm(m ∈ SR)

being selected can be expressed as PUMR
out|Rm

= Pr(Em < σ 2

Pr
).

Therefore, when D-BUS scheme is employed in UMR
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Fig. 10. Integration region of �m,Ak defined in (56) and its upper and lower bounds.

case, the conditional outage probability PUMR
out|Ak ,{1} can be

expressed as

PUMR
out|Ak ,{1}

= Pr

(

Em† <
σ 2

Pr

∣
∣
∣SR = Ak, S̄D = {1}

)

(d.1)= Pr

[

max
m∈Ak

(
�1

min(gR D
m,1,minm′∈M \Ak gR R

m,m′)

+ �1�2 + �2

minm′∈M \Ak gR R
m,m′

)−1

<
σ 2

Pr

]

(d.2)=
∏

m∈Ak

Pr

(

�1 max(Xm,Ak ,Ym)

+(�1�2 + �2)Xm,Ak >
Pr

σ 2

)

, (D.1)

where the equality (d.1) comes from the simplified D-BUS
scheme for UMR case in (54), the equality (d.2) uses
variable substitutions Xm,Ak = 1/minm′∈M \Ak gR R

m,m′ and
Ym = 1/gR D

m,1. Then, based on the Total Probability Theorem
[33, Sec.(3.3.8)], we further have

Pr

(

�1 max(Xm,Ak ,Ym)+ (�1�2 + �2)Xm,Ak >
Pr

σ 2

)

= Pr

(

Xm,Ak ≥ Ym , a Xm,Ak >
Pr

σ 2

)

+ Pr

(

Xm,Ak < Ym ,Ym + bXm,Ak >
Pr

σ 2�1

)

=
∫ ∫

x≥y,x> Pr
σ2a

fXm,Ak
(x) fYm (y)dydx

+
∫ ∫

x<y,y+bx> Pr
σ2�1

fXm,Ak
(x) fYm (y)dydx

= 1 −
∫ Pr

σ2a

0

∫ Pr
σ2�1

−bx

0
fXm,Ak

(x) fYm (y)dydx
︸ ︷︷ ︸

�m,Ak

, (D.2)

where a = �1�2 + �1 + �2, b = �2 + �2/�1. Substituting
(D.2) into (D.1), this lemma is obtained. This completes the
proof.

APPENDIX E
PROOF OF LEMMA 6

As plotted in Fig. 10, the integration region of �m,Ak is the
trapezoid ABC D, which is upper bounded by a number Q of
rectangles u1, ..., uQ and is lower bounded by a number Q of
rectangles l1, ..., lQ . Here, the bottom edges of all rectangles
are same in length, i.e., xq − xq−1 = �x � Pr

Qσ 2a
for

q = 1, ..., Q. This observation shows that, the integral �m,Ak

is upper and lower bounded as follow

�L B
m,Ak

�
Q∑

q=1

∫ ∫

(x,y)∈lq

fXm,Ak
(x) fYm (y)dydx < �m,Ak

< �U B
m,Ak

�
Q∑

q=1

∫ ∫

(x,y)∈uq

fXm,Ak
(x) fYm (y)dydx . (E.1)

Based on the integration region ABC D of �m,Ak , the regions
covered by uq and lq can be expressed as {(q − 1)�x ≤ x <
q�x, 0 ≤ y < Pr

σ 2�1
− b(q − 1)�x} and {(q − 1)�x ≤ x <

q�x, 0 ≤ y < Pr
σ 2�1

− bq�x}. After some straightforward
calculations, we have

�U B
m,Ak

= exp

(

−σ
2cm,Ak Qa

Pr
− σ 2λRm D1�1

Pr

)

+
Q∑

q=2

[

exp

(

−σ
2cm,Ak Qa

Pr q

)

− exp

(

−σ
2cm,Ak Qa

Pr (q − 1)

)]

× exp

(

− σ 2λRm D1

Pr (1/�1 − [b(q − 1)]/(Qa))

)

, (E.2)

�L B
m,Ak

= exp

(

−σ
2cm,Ak Qa

Pr
− σ 2λRm D1

Pr (1/�1 − b/(Qa))

)

+
Q∑

q=2

[

exp

(

−σ
2cm,Ak Qa

Pr q

)

− exp

(

−σ
2cm,Ak Qa

Pr (q − 1)

)]

exp

(

− σ 2λRm D1

Pr (1/�1 − (bq)/(Qa))

)

. (E.3)
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With the results in (E.2) and (E.3), the integral �m,Ak can be
approximated by averaging its upper and lower bounds, which
yields (60). This completes the proof.
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