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Abstract—The high spectrum efficiency of non-orthogonal
multiple access (NOMA) is attractive to solve the massive number
of connections in the Internet of Things (IoT). This paper
investigates a buffer-aided cooperative NOMA (C-NOMA) system
in the IoT, where the intended users are equipped with buffers
for cooperation. The direct transmission from the access point to
the users and the buffer-aided cooperative transmission between
the intended users are coordinated. In particular, a novel buffer-
aided C-NOMA scheme is proposed to adaptively select a direct
or cooperative transmission mode, based on the instantaneous
channel state information and the buffer state. Then, the perfor-
mance of the proposed scheme, in terms of the system outage
probability and average delay, is theoretically derived with closed-
form expressions. Furthermore, the full diversity order of three
is demonstrated to be achieved for each user pair if the buffer
size is not less than three, which is larger than conventional non-
buffer-aided C-NOMA schemes whose diversity order is only two
in the considered C-NOMA system in the IoT.

Index Terms—Cooperative non-orthogonal multiple access,
buffer-aided cooperation, outage probability, diversity order,
average delay.

I. INTRODUCTION

Due to the connection of the massive number of devices
in the Internet of Things (IoT), the design of multiple ac-
cess (MA) technique faces significant challenges in wireless
networks [1], [2]. Non-orthogonal multiple access (NOMA)
is a critical promising MA technique for the future wireless
networks [3]–[5], which has a great potential to solve the
problem of massive connectivity in the IoT [6]–[9]. Using
power-domain NOMA, a base station (BS) or access point
(AP) serves more than one users at the same time, code
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and frequency, but with different power levels. To deal with
interference signals introduced by multiple users, intended
receivers decode their own messages by applying successive
interference cancellation (SIC). Compared to orthogonal mul-
tiple access (OMA), NOMA can achieve higher spectrum ef-
ficiency, lower transmission delay, and more user connections
[4], [5].

Cooperative communication can further improve the effi-
ciency and reliability of NOMA systems. Relay cooperation
in NOMA systems were investigated in many existing works
(e.g., [10]–[13]). In these existing works, dedicated relays
between the BS and multiple users are utilized to assist the
users to receive messages. On the other hand, cooperative
NOMA (C-NOMA) with cooperation between intended users
was first introduced in [14]. Motivated by the fact that the
performance of NOMA is limited by the user with poor
channel conditions, the work in [14] arranges the stronger
users to help the weaker users for data transmission, so that
all the users achieve the diversity order which is equal to the
number of users. The basic idea of user cooperation in [14]
was also extended to downlink NOMA systems in some other
existing works (e.g., [15]–[18]).

Buffer-aided cooperative communication technique can pro-
vide an additional degree of freedom for the wireless coop-
erative communication networks, which helps to overcome
the bottleneck effect of traditional cooperative communication
technology (e.g., [19]–[27]). For buffer-aided relaying, the key
issue is to design an efficient decision scheme at each buffer
to receive or transmit packets, according to the instantaneous
channel state information (CSI) and the buffer state. Existing
buffer-aided relaying schemes have been shown to achieve
full diversity orders of the corresponding relay networks. In
addition, buffer-aided relaying for multiuser NOMA has also
been investigated in recent years [9], [28]–[34]. In [28]–[32],
downlink or uplink NOMA systems with a single buffer-aided
relay were considered, where the BS transmits packets to the
relay first, and then the relay uses NOMA to forward these
packets to the users. Moreover, the work in [30] investigated
an uplink NOMA system with a single buffer-aided relay.
Recently, the works in [9], [33], [34] investigated downlink
NOMA systems with a pair of users and multiple relays, and
several relay selection schemes were proposed to enhance the
outage performance.

Different from the existing buffer-aided relay NOMA sys-
tems [9], [28]–[34], this paper investigates a downlink buffer-
aided C-NOMA system with an AP and multiple users in
the IoT, where buffer-aided cooperation between a pair of
intended users are considered. Note that conventional buffer-
aided cooperation with dedicated relays is significantly dif-
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ferent from the considered buffer-aided scheme employing
the cooperation between intended users. For example, the
dedicated relays do not have their own packets to receive, and
they just receive and retransmit the packets for those users;
whereas, for buffer-aided cooperation between intended users
in the considered system model, the intended users respec-
tively have their own packets to receive, and also perform
mutual buffer-aided cooperation with each other for packet
transmission. Moreover, compared to buffer-aided dedicated
relays, the considered buffer-aided intended users experience
more complicated buffer state transition processes since each
user receives part of its packets directly from the AP, and also
receives the other part of packets from the other user.

Specifically, for the considered buffer-aided C-NOMA sys-
tem, transmission modes in terms of the direct transmission
(from the AP to the users) and the buffer-aided cooperative
transmission (between a pair of users) are coordinated. It
is highlighted that the issue of exploiting direct links in
buffer-aided relaying systems is important to guarantee the
transmission efficiency, which has been investigated in several
existing works in [20], [32], [35]. However, these works only
investigated the coordination between direct transmission and
buffer-aided relaying transmission in cooperative systems with
dedicated buffer-aided relays. This motivates us to investigate
buffer-aided C-NOMA with direct transmission and coopera-
tive transmission between intended users in the IoT. Although
the recent work in [36] investigated C-NOMA with buffer-
aided user cooperation, only unidirectional cooperation from
a near user to a far user was considered, and the performance
evaluation was focused only on the far user. To the best of the
authors’ knowledge, this is the first work to investigate buffer-
aided C-NOMA with coordinated direct transmission and
bidirectional buffer-aided cooperative transmission between
the intended users.

Now, we summarize the contributions as follows:

• Proposing a novel buffer-aided C-NOMA scheme in the
IoT, which adaptively selects a direct or cooperative
transmission mode, based on the instantaneous CSI and
the buffer state.

• Analyzing the performance of the proposed scheme with
closed-form expressions for system outage probability
(SOP) and average delay, by formulating the Markov
chain (MC) of the proposed buffer-aided C-NOMA
scheme and analyzing the corresponding state transition
probabilities.

• Deriving the diversity order of the proposed scheme, by
simplifying the original MC and approximating the SOP
at high signal-to-noise ratio (SNR). The proposed buffer-
aided C-NOMA scheme is proved to achieve the full
diversity order of three for each user pair when the buffer
size is larger than or equal to three.

It should be noted that the NOMA-based transmission
mode is not simply injected into the considered cooperative
system as an additional mode. In fact, the use of NOMA-
based transmission mode leads to a global and deep impact
on the design of buffer-aided C-NOMA schemes as well as
the corresponding performance analysis. One can also consult

many related existing works (e.g., [9], [28]–[31], [33], [34])
considering the hybrid NOMA and OMA transmission, which
clearly shows the transmission scheme design and performance
analysis are significantly different from those in classical OMA
based buffer-aided cooperative systems.

In this paper, Section II describes the system model and
preliminary. In Section III, the buffer-aided C-NOMA scheme
is proposed to adaptively select transmission modes. Section
IV analyzes the SOP, average delay and diversity order.
Section V discusses the proposed scheme with adaptive power
allocation (PA). Simulation results are provided in Section VI.
We conclude this paper in Section VII.

Throughout this paper, we define [x]+ = max{0, x}; log(·)
denotes the 2-based logarithm function; [0 : K] denotes the set
{0, 1, · · · ,K}; “∧” and “∨” denote “and” and “or”, respec-
tively; Ā denotes the complementary set of A; Pr{·} denotes
the probability of an event; E[·] denotes the expectation of a
random variable.

II. SYSTEM MODEL AND PRELIMINARIES

A. System Model

Consider a buffer-aided downlink C-NOMA system in the
IoT, which includes a single-antenna AP and multiple single-
antenna users. Since the user pairing technique is commonly
used to reduce the complexity of power-domain NOMA [37],
[38], these multiple users are partitioned into different groups,
and each group includes a pair of users. Different user pairs
are served on different orthogonal frequency resource blocks
(RBs). Therefore, as shown in Fig. 1, we focus on a pair of
users sharing in the same frequency RB. The details of how to
design the user pairing strategy for the buffer-aided C-NOMA
systems are out of the scope of this paper, which could be an
interesting future topic. For each user pair in the considered
C-NOMA system, the two users cooperate with each other
with the help of buffers. It is assumed that time is divided
into slots of equal length and each packet spans one time slot.
In particular, each user i is equipped with a buffer, i.e., Bi,
i = 1, 2. Each buffer consists of L ≥ 2 storage units, where
a storage unit at buffer Bi is used to store a packet intended
to the other user. In addition, all devices are assumed to work
under half-duplex modes, i.e., they cannot transmit and receive
packets simultaneously. In each time slot, the AP or a user will
be selected to transmit packets. Both the direct transmission
from the AP to the two users and the buffer-aided cooperative
transmission between the two users are considered. When the
NOMA-based direct transmission cannot be performed, we
adopt the cooperative transmission: the AP first transmits a
mixed packet formed by the two users’ packets to a certain
user, and this user decodes both the two packets and stores the
other user’s information as a packet in one buffer unit; then,
this stored packet will be eventually sent to the intended user
in another time slot. The target transmission rate for user i is
denoted by Ri in bits per slot.

The channel gain from the AP to user i is denoted as hi(t)
in time slot t, and the channel gain between the two users is
denoted as h3(t). The channels are assumed to be flat Rayleigh
block fading channels which remain constant during one time
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Fig. 1. System model of a buffer-aided C-NOMA system in the IoT.

slot and change randomly from one time slot to another. Each
channel is modeled as hj(t) = d

−γ/2
j gj(t) in time slot t,

where the small scale fading gain is Rayleigh distributed, i.e.,
gj(t) ∼ CN (0, 1), γ is the path loss exponent and dj denotes
the corresponding distance, j ∈ [1 : 3]. Specifically, d1 (d2)
denote the distances between the AP and user 1 (user 2),
and d3 is the distance between the two users. These distances
remain constant for different time slots. Furthermore, |hj(t)|2
is exponentially distributed with mean Ωj = d−γ

j . In addition,
it is assumed that the AP and each user are constrained by the
maximum transmit powers Pb and Pu, respectively. For the
sake of brevity, the time slot index t will be omitted in the
rest of this paper.

B. Transmission Modes and CSI Requirements
For the proposed buffer-aided C-NOMA system, six pos-

sible transmission modes are considered, which are denoted
by M0,M1, · · · ,M5, and the required CSI region for mode
Mk is defined as Rk, where k ∈ [0 : 5]. Note that
M0 is the direct transmission mode, {Mk}k∈[1:4] are the
cooperative transmission modes, and M5 is the silent mode.
These transmission modes as well as their CSI requirements
are shown in Table I, which are also described in details as
follows.

1) Mode M0: Mode M0 denotes the direct transmission
mode using the NOMA scheme, and both the two users can
decode their packets correctly. Specifically, the AP sends a
superposition signal (x , √

α1sπ1+
√
α2sπ2) to the two users,

where sπi (E[|sπi |2] = 1) carries information bits for user πi,
where (π1, π2) = (1, 2) or (2, 1), which denotes the ordering
of the two users. In addition, αi denotes the PA factor for user
πi satisfying 0 < α2 < α1 and α1+α2 = 1. 1 Therefore, user
πi receives

yπi =
√
Pbhπi(

√
α1sπ1 +

√
α2sπ2) + nπi , (1)

where nπi is the complex Gaussian noise at user πi with mean
zero and variance σ2.

Based on the decoding principle of SIC, user π1 decodes
its packet by treating user π2’s signal as the noise, and the
signal-to-interference-plus-noise ratio (SINR) is denoted by

Γ1 , α1ρb|hπ1 |2

α2ρb|hπ1 |2 + 1
, (2)

1The fixed PA strategy will be mainly considered for performance analysis
in Section IV, and the adaptive PA strategy will also be discussed in Section
V. Note that NOMA with fixed PA enjoys a low cost of of system overhead
since αi remains unchanged and does not depend on the instantaneous CSI.

where ρb , Pb

σ2 . User π2 first tries to decode the packet
of user π1 by treating its own signal as the noise, and the
corresponding SINR is denoted by Γ21; then it cancels user
π1’s signal from its observation, and the receive SNR for
decoding the packet of user π2 is denoted by Γ22, where

Γ21 , α1ρb|hπ2 |2

α2ρb|hπ2
|2 + 1

, Γ22 , α2ρb|hπ2 |2. (3)

One can observe that the following conditions are necessary
to perform M0:

log (1 + min{Γ1,Γ21}) ≥ Rπ1 , log (1 + Γ22) ≥ Rπ2 . (4)

By considering the two possible ordering cases (π1, π2) =
(1, 2) and (π1, π2) = (2, 1), the CSI region R0 is given by

R0,
∪

(|h1|2,|h2|2)

{{
|h1|2 ≥ ϵb1

α̂1
, |h2|2 ≥ max

{
ϵb1
α̂1
,
ϵb2
α2

}}

∨
{
|h1|2 ≥ max

{
ϵb2
α̂2
,
ϵb1
α2

}
, |h2|2 ≥ ϵb2

α̂2

}}
,

(5)

where ϵb1 , 2R1−1
ρb

, ϵb2 , 2R2−1
ρb

, α̂1 ,
[
1− 2R1α2

]+
, and

α̂2 ,
[
1− 2R2α2

]+.
2) Mode M1: Mode M1 denotes the cooperative mode

that the AP transmits both the two users’ packets to user 1. In
particular, the AP maps the two users’ packets into one mixed
packet [13], [29], from which user 1 can decode both the two
users’ packets correctly. Then, user 1 will store the packet of
user 2 in one of its buffer units, and wait for another time slot
to cooperatively transmit this packet to user 2. In this mode,
the channel of user 1 is required to be so strong that user 1
can decode both the two users’ packets correctly, i.e.,

1

2
log

(
1 + ρb|h1|2

)
≥ R1 +R2, (6)

where the factor 1
2 exists since two time slots are required to

perform each cooperative transmission.
Accordingly, the CSI region R1 is given by

R1 ,
∪
|h1|2

{
|h1|2 ≥ ξb1

}
, (7)

where ξb1 , 22(R1+R2)−1
ρb

.
3) Mode M2: Similar to M1, M2 denotes the cooperative

mode that the AP successfully transmits both the two users’
packets to user 2, and user 2 will store user 1’s packet in one
of its buffer units. In this mode, h2 is required to be so strong
that user 2 can decode both the two users’ packets correctly.
Accordingly, the CSI region R2 is given by

R2 ,
∪
|h2|2

{
|h2|2 ≥ ξb1

}
. (8)

4) Mode M3: Mode M3 denotes that user 1 sends a packet
stored in its buffer to user 2, and user 2 receives the following
signal:

y
(u)
2 =

√
Puh3x

u
1 + nu2 , (9)
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TABLE I
NECESSARY REQUIREMENTS FOR EACH TRANSMISSION MODE (T: TRANSMIT; R: RECEIVE; S: SILENT)

Mode AP User 1 User 2 CSI Requirement Buffer Requirement

M0 T R R R0 ,
∪

(|h1|2,|h2|2)


{
|h1|2 ≥ ϵb1

α̂1
, |h2|2 ≥ max

{
ϵb1
α̂1

, ϵb2
α2

}}
∨
{
|h1|2 ≥ max

{
ϵb2
α̂2

, ϵb1
α2

}
, |h2|2 ≥ ϵb2

α̂2

} ∀l1, l2

M1 T R S R1 ,
∪

|h1|2
{

|h1|2 ≥ ξb1
}

l1 < L

M2 T S R R2 ,
∪

|h2|2
{

|h2|2 ≥ ξb1
}

l2 < L

M3 S T R R3 ,
∪

|h3|2
{

|h3|2 ≥ ξu2
}

l1 > 0

M4 S R T R4 ,
∪

|h3|2
{

|h3|2 ≥ ξu1
}

l2 > 0

M5 S S S ∀|h1|2, |h2|2, |h3|2 ∀l1, l2

where xu1 denotes the transmitted signal by user 1, which
carries the information bits for user 2, and nu2 is the complex
Gaussian noise with zero mean and variance σ2. Thus, the
necessary CSI requirement for M3 can be expressed as
follows:

1

2
log

(
1 + ρu|h3|2

)
≥ R2, (10)

where ρu , Pu

σ2 and the factor 1
2 exists since two time slots are

required to perform each cooperative transmission. Note that,
although mode M3 only requires one time slot for user 1 to
send a packet to user 2, another time slot has been previously
consumed for user 1 to receive this packet from the AP via
mode M1. Accordingly, the CSI region R3 is given by

R3 ,
∪
|h3|2

{
|h3|2 ≥ ξu2

}
, (11)

where ξu2 , 22R2−1
ρu

.
5) Mode M4: Similar to M3, M4 denotes that user 2

sends a packet stored in its buffer to user 1, and the CSI
region R4 can be easily given by

R4 ,
∪
|h3|2

{
|h3|2 ≥ ξu1

}
, (12)

where ξu1 , 22R1−1
ρu

.
6) Mode M5: Mode M5 denotes that all nodes keep silent

and do not transmit any packets, whose CSI requirement is
arbitrary.

C. The Buffer Requirements

At each user, the number of storage units at each user is
denoted as li with 0 ≤ li ≤ L. M0 and M5 denote the direct
transmission and silent modes, respectively, and hence they
can be performed for any buffer state; M1 (M2) arranges
user 1 (user 2) to store a packet intended for the other user, so
it requires the corresponding buffers to be not full, i.e., l1 < L
(l2 < L); M3 (M4) arranges user 1 (user 2) to send a packet
to the other user, so it requires the corresponding buffers to
be not empty, l1 > 0 (l2 > 0).

III. PROPOSED BUFFER-AIDED C-NOMA SCHEME

In this section, we propose an efficient buffer-aided C-
NOMA scheme to naturally select a transmission mode among
{Mk}k∈[0:5]. For the basic idea of the proposed buffer-aided
C-NOMA scheme, each mode Mk is allocated with a buffer

state based selection function (SF), denoted by Λk. Note that
a larger SF represents a higher priority to be selected. For
example, if Λk has the largest value among {Λk}k∈[0:5], mode
Mk has the highest priority, which will be selected as long as
its CSI requirement (shown in Table I) can be satisfied. If the
CSI requirement for Mk cannot be satisfied, we will keep on
to consider the mode with the second highest priority, and so
on.

Each SF Λk for mode Mk, k ∈ [0 : 5], is defined as follows:

Λ0 , β4, (13a)

Λk , β2(L− lk), k = 1, 2, (13b)

Λk , ωk

(
β3[lk−2 − lthr]+ + β1

)
, k = 3, 4, (13c)

Λ5 , β0, (13d)

where ωk = 0 if lk−2 = 0, and ωk = 1, otherwise, for k =
3, 4; lthr is a predefined threshold to control the value of Λk for
k = 3, 4; {βi}i∈[0:4] are used to denote five different priority
levels of the transmission modes, β0 > 0, βi ≪ βj for ∀i, j ∈
[0 : 4] and i < j. The motivation of using ωk in (13c) lies
in setting Λk = 0 if lk−2 = 0, for k = 3, 4, which ensures
that mode Mk cannot be selected to transmit any packet if the
corresponding buffer is empty. Specifically, direct transmission
mode M0 has the highest priority by setting Λ0 , β4, which
means that M0 will be selected as long as its required CSI
is satisfied. In other words, any other transmission mode can
only be selected when (|h1|2, |h2|2) /∈ R0.

Here we briefly explain the motivation of the setting of
Λk in (13b) and (13c). In particular, when lk−2 ≥ lthr + 1,
k = 3, 4, mode Mk lies on level β3, which enjoys the second
highest priority level. However, when 0 < lk−2 ≤ lthr, Mk

falls down to level β1, and this level is lower than level β2
corresponding to M1 and M2. This means that each buffer
prioritizes to store rather than send a packet if its length does
not exceed lthr. Finally, M5 lies on the lowest priority level
β0, which will be selected only if the SF values of any other
modes do not exceed β0 or their CSI requirements cannot be
satisfied.

With the allocated SF for each mode, the buffer-aided C-
NOMA scheme can be mathematically expressed as follows.
In particular, mode Mk∗ is selected in each time slot, where

k∗ = arg max
k∈[0:5],H∈Rk

Λk, (14)

and H , {|hi|2}i∈[1:3] denotes the global instantaneous CSI.
Note that there may exist more than one modes with the
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same SF value as shown in (13). For example, Λ1 = Λ2 and
Λ3 = Λ4 occur when l1 = l2. Thus, there exists a positive
possibility that more than one modes are selected using (14).
In this case, we randomly select a mode among these modes,
for the sake of fairness. Besides, k∗ in (14) can be easily
obtained by jointly considering the CSI and SF values. For
example, the AP can first identify the feasible transmission
modes by checking their CSI requirements, and then select
the one with the largest SF value among these modes whose
CSI requirements are satisfied. We have the following remarks
for the proposed mode selection scheme in (14).

Remark 1: At the beginning of each time slot, the AP
can be employed to select a transmission mode, based on
channel estimation and keeping track of buffer length at each
user. The AP can obtain the CSI of h1 and h2 based on
pilot symbols transmitted by the users, and the AP can know
whether h3 lies in R3 or R4 based on one-bit feedback from
each user. However, it should be noted that the AP does not
always need to receive feedback concerning h3. For example,
if (|h1|2, |h2|2) ∈ R0, mode M0 will be selected regardless
of the strength of h3.

Remark 2: For the proposed scheme, we set lthr = 1, which
means that the each buffer will give priority to transmit rather
than to receive if its buffer length is not less than 2. This
setting of lthr is to balance the performance between the SOP
and average delay [25], [29], so that each buffer is likely to
remain at length 1 or 2 especially at high SNR. Therefore,
each buffer is neither full nor empty in most time slots as
long as L ≥ 3. Note that enlarging lthr may enhance the SOP
performance, but will lead to a higher delay.

Remark 3: The proposed scheme ensures that the direct
transmission mode M0 has the highest priority, so that the
AP can timely serve both the two users. However, cooperative
modes are also important to enhance the diversity order, which
will be selected if there exists a user whose channel condition
is so poor that the CSI requirement of M0 cannot be satisfied.

IV. PERFORMANCE ANALYSIS

In this section, the performance of the proposed buffer-aided
C-NOMA scheme will be analyzed by formulating a MC as
well as its transition matrix to model the evolution of the buffer
states. To formulate the transition matrix, we first provide some
preliminary results in the following subsection.

A. Preliminary Results

Base on (5) and the fact that |h1|2 and |h2|2 are exponen-
tially distributed, the probability that the CSI requirement of

M0 is satisfied can be derived as follows:

ϕ0 ,Pr{(|h1|2, |h2|2) ∈ R0}

=

∫ ∞

ζ1

∫ ∞

ϵb1
α̂1

1

Ω1
exp

(
− x

Ω1

)
1

Ω2
exp

(
− y

Ω2

)
dxdy

+

∫ ∞

ϵb2
α̂2

∫ ∞

ζ2

1

Ω1
exp

(
− x

Ω1

)
1

Ω2
exp

(
− y

Ω2

)
dxdy

−
∫ ∞

ζ1

∫ ∞

ζ2

1

Ω1
exp

(
− x

Ω1

)
1

Ω2
exp

(
− y

Ω2

)
dxdy

=exp

(
− ϵb1
Ω1α̂1

− ζ1
Ω2

)
+ exp

(
− ζ2
Ω1

− ϵb2
Ω2α̂2

)
− exp

(
− ζ2
Ω1

− ζ1
Ω2

)
, (15)

where ζ1 , max
{

ϵb1
α̂1
, ϵb2α2

}
, and ζ2 , max

{
ϵb2
α̂2
, ϵb1α2

}
.

Since a necessary condition to select M1 is that M0’s CSI
requirement is not satisfied (Section III), we need to calculate
the probability that M0’s CSI requirement is not satisfied but
M1’s CSI requirement is satisfied. From (5) and (7), we have

ϕ1 , Pr{(|h1|2, |h2|2) /∈ R0 ∧ |h1|2 ∈ R1}

=

∫ ϵb2
α̂2

0

∫ ∞

ξb1

1

Ω1
exp

(
− x

Ω1

)
1

Ω2
exp

(
− y

Ω2

)
dxdy

= exp

(
−ξb1
Ω1

)[
1− exp

(
− ϵb2
Ω2α̂2

)]
. (16)

Similarly, the probability that M0’s CSI requirement is
not satisfied but M2’s CSI requirement is satisfied can be
expressed as follows:

ϕ2 , Pr{(|h1|2, |h2|2) /∈ R0 ∧ |h2|2 ∈ R2}

=

∫ ∞

ξb1

∫ ϵb1
α̂1

0

1

Ω1
exp

(
− x

Ω1

)
1

Ω2
exp

(
− y

Ω2

)
dxdy

= exp

(
−ξb1
Ω2

)[
1− exp

(
− ϵb1
Ω1α̂1

)]
. (17)

On the other hand, we can define and derive four proba-
bilities with respect to the channel gain |h3|2 and the regions
R3 and R4 as follows: specifically, ψ0 denotes the probability
that both the CSI requirements of modes M3 and M4 can be
satisfied; ψ1 denotes the probability that M3’s CSI require-
ment is satisfied but M4’s CSI requirement is not satisfied; ψ2

denotes the probability that M4’s CSI requirement is satisfied
but M3’s CSI requirement is not satisfied; ψ3 denotes the
probability that neither of the CSI requirements of these two
modes is satisfied. Thus, {ψi}i∈[0:3] can be easily derived as
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follows:

ψ0 ,Pr{|h3|2 ∈ R3 ∩R4}

=exp

(
−max (ξu1, ξu2)

Ω3

)
, (18)

ψ1 ,Pr{|h3|2 ∈ R3 ∩ R̄4}

=

[
exp

(
−ξu2
Ω3

)
− exp

(
−ξu1
Ω3

)]+
, (19)

ψ2 ,Pr{|h3|2 ∈ R̄3 ∩R4}

=

[
exp

(
−ξu1
Ω3

)
− exp

(
−ξu2
Ω3

)]+
, (20)

ψ3 ,Pr{|h3|2 ∈ R̄3 ∩ R̄4}

=1− exp

(
−min (ξu1, ξu2)

Ω3

)
. (21)

B. Transition Matrix and Stationary State Probabilities

Let s , (l1, l2) denote the buffer state, which represents the
queue lengths of the two buffers at the users. These (L+ 1)2

states form the MC, and let A denote the corresponding (L+
1)×(L+1) state transition matrix, whose entry Ai,j , p(sj →
si) = Pr{Xt+1 = si|Xt = sj} is the transition probability to
move from state sj at time t to si at time t+ 1.

Based on the proposed buffer-aided C-NOMA scheme and
the preliminary results in the previous subsection, the transi-
tion probabilities can be given in the following proposition.

Proposition 1: The transition probabilities of the states of
the MC for the proposed buffer-aided C-NOMA scheme are
expressed in (22)-(27), as shown at the top of the this page,
where ϕi and ψj are given in (15)-(21), i ∈ [0 : 2], j ∈ [0 : 3].

Proof: Please refer to Appendix A.
The transition matrix in Proposition 1 is generally com-

plicated. When L = 2, the transition matrix in Proposi-
tion 1 is given in (28) at the top of the next page, which
provides transition probabilities among states (0, 0), (0, 1),
(0, 2), (1, 0), (1, 1), (1, 2), (2, 0), (2, 1) and (2, 2), where
ϕ3 = 1 − ϕ0 − ϕ1 − ϕ2, ϕ̄0 = 1 − ϕ0, ϕij = ϕi + ϕj and
ψij = ψi + ψj , ∀i, j ∈ [0 : 3].

Remark 4: In Proposition 1, P (l1,l2)
(l1,l2)

corresponds to the
probability that either mode M0 or M5 is selected. This is
because the buffer state keeps unchanged for both the direct
transmission mode and the silent mode. On the other hand, the
buffer state changes only when any cooperative transmission
mode Mk, k ∈ [1 : 4], is selected.

One can verify that the transition matrix A is column
stochastic, irreducible and aperiodic2, so the stationary state
probability vector can be obtained as follows [19]:

π = (A− I+B)−1b, (29)

where π = [π(0,0), · · · , π(L,L)]
T , b = [1, 1, · · · , 1]T and

Bi,j = 1, ∀i, j.
In the following, the performance of the SOP, the diversity

order and the average delay will be analyzed.
2Column stochastic means that all entries in any column sum up to one;

irreducible means that it is possible to move from any state to any state;
aperiodic means that it is possible to return to the same state at any time
[39].

C. System Outage Probability

The SOP of the considered C-NOMA system is defined as
the probability that both the AP and the two users remain
silence, i.e., neither the AP nor the users transmit signals
[29], [34]. When an outage event happens, neither the direct
transmission mode nor the cooperative transmission modes can
be performed. Thus, the SOP can be expressed as follows:

Pout =

(L+1)2∑
n=1

πn(Ann − ϕ0) = (diag(A)− ϕ0)π, (30)

where Ann is the nth diagonal value in the transition matrix
A, which denotes the probability that the buffer sate keeps
unchanged at the nth state. In addition, ϕ0 is subtracted from
Ann, which can be explained as follows: although the buffer
state keeps unchanged for both the direct transmission and
silent modes (as discussed in Remark 4), only the silent mode
corresponds to an outage event.

D. Diversity Order

To derive the diversity order, without loss of generality, we
assume that ρb = ρu = ρ for simplicity. The diversity order
is defined as follows:

d , − lim
ρ→∞

logPout

log ρ
. (31)

Proposition 2: The full diversity order of 3 can be achieved
by the proposed buffer-aided C-NOMA scheme, as long as
L ≥ 3.

Proof: Please refer to Appendix B.
Compared to the traditional non-buffer-aided C-NOMA

scheme which can only achieve a diversity order of 2 for the
considered two-user C-NOMA system [14], [18], the proposed
buffer-aided C-NOMA scheme achieves a diversity order of 3.
Interestingly, the achieved diversity order is the same as the
number of wireless links (i.e., 3) in the considered system,
which means that the proposed buffer-aided C-NOMA scheme
can fully exploit the wireless channels.

E. Average Delay

In general, the delay of the system includes two parts,
i.e., the delay at the AP and the delay at the users. It is
also assumed that the propagation delay in a wireless link
is negligible. In addition, the target rates of the two users
are assumed to be the same, i.e., R1 = R2 = R0, for
convenience. With these assumptions, we can summarize the
derived delay of the proposed buffer-aided C-NOMA scheme
in the following proposition.

Proposition 3: The average delay of the proposed buffer-
aided C-NOMA scheme can be expressed as follows:

D =
1 + Pout − ϕ0 + 2

∑L
l1=0

∑L
l2=0(l1 + l2)π(l1,l2)

2(1− Pout)
. (32)

Proof: Please refer to Appendix C.
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P
(l′1,l

′
2)

(l1,l2)
= 0, if |l′1 − l1| ≥ 2 ∨ |l′2 − l2| ≥ 2 ∨ {|l′1 = l1 ± 1| ∧ |l′2 = l2 ± 1|}. (22)

P
(l1,l2)
(l1,l2)

=



1− ϕ1 − ϕ2 if l1 = l2 = 0,
(1− ϕ0 − ϕ1 − ϕ2)(1− ψ0 − ψ2) + ϕ0 if l1 = 0 ∧ 0 < l2 < L,
(1− ϕ0 − ϕ1 − ϕ2)(1− ψ0 − ψ1) + ϕ0 if l2 = 0 ∧ 0 < l1 < L,
(1− ϕ0 − ϕ1)(1− ψ0 − ψ2) + ϕ0 if l1 = 0 ∧ l2 = L,
(1− ϕ0 − ϕ2)(1− ψ0 − ψ1) + ϕ0 if l2 = 0 ∧ l1 = L,
(1− ϕ0 − ϕ1 − ϕ2)ψ3 + ϕ0 if 0 < l1 < L ∧ 0 < l2 < L,
(1− ϕ0 − ϕ2)ψ3 + ϕ0 if l1 = L ∧ 0 < l2 < L,
(1− ϕ0 − ϕ1)ψ3 + ϕ0 if l2 = L ∧ 0 < l1 < L,
(1− ϕ0)ψ3 + ϕ0 if l1 = l2 = L,
0 otherwise.

(23)

P
(l1+1,l2)
(l1,l2)

=


ϕ1 if 0 ≤ l1 ≤ 1 ∧ 0 ≤ l2 ≤ 1,
ϕ1(1− ψ0 − ψ2) if 0 ≤ l1 ≤ 1 ∧ 2 ≤ l2 ≤ L,
ϕ1(1− ψ0 − ψ1) if 2 ≤ l1 < L ∧ 0 ≤ l2 ≤ 1,
ϕ1ψ3 if 2 ≤ l1 < L ∧ 2 ≤ l2 ≤ L,
0 otherwise.

(24)

P
(l1,l2+1)
(l1,l2)

=


ϕ2 if 0 ≤ l2 ≤ 1 ∧ 0 ≤ l1 ≤ 1,
ϕ2(1− ψ0 − ψ1) if 0 ≤ l2 ≤ 1 ∧ 2 ≤ l1 ≤ L,
ϕ2(1− ψ0 − ψ2) if 2 ≤ l2 < L ∧ 0 ≤ l1 ≤ 1,
ϕ2ψ3 if 2 ≤ l2 < L ∧ 2 ≤ l1 ≤ L,
0 otherwise.

(25)

P
(l1−1,l2)
(l1,l2)

=



(1− ϕ0 − ϕ1 − ϕ2)(ψ1 +
1
2ψ0) if l1 = 1 ∧ l2 = 1,

(1− ϕ0)(ψ1 +
1
2ψ0) if 2 ≤ l1 = l2 ≤ L,

(1− ϕ0 − ϕ1 − ϕ2)(ψ1 + ψ0) if l1 = 1 ∧ l2 = 0,
(1− ϕ0 − ϕ1 − ϕ2)ψ1 if l1 = 1 ∧ 2 ≤ l2 < L,
(1− ϕ0 − ϕ1)ψ1 if l1 = 1 ∧ l2 = L,
(1− ϕ0)ψ1 if 2 ≤ l1 < l2 ≤ L,
(1− ϕ0)(ψ1 + ψ0) if 2 ≤ l1 ≤ L ∧ l2 < l1,
0 otherwise.

(26)

P
(l1,l2−1)
(l1,l2)

=



(1− ϕ0 − ϕ1 − ϕ2)(ψ2 +
1
2ψ0) if l2 = 1 ∧ l1 = 1,

(1− ϕ0)(ψ2 +
1
2ψ0) if 2 ≤ l2 = l1 ≤ L,

(1− ϕ0 − ϕ1 − ϕ2)(ψ2 + ψ0) if l2 = 1 ∧ l1 = 0,
(1− ϕ0 − ϕ1 − ϕ2)ψ2 if l2 = 1 ∧ 2 ≤ l1 < L,
(1− ϕ0 − ϕ2)ψ2 if l2 = 1 ∧ l1 = L,
(1− ϕ0)ψ2 if 2 ≤ l2 < l1 ≤ L,
(1− ϕ0)(ψ2 + ψ0) if 2 ≤ l2 ≤ L ∧ l1 < l2,
0 otherwise.

(27)

V. DISCUSSION OF ADAPTIVE POWER ALLOCATION

The performance of the proposed buffer-aided NOMA
scheme can be further enhanced if the AP adopts adaptive
PA to perform NOMA, i.e., the PA factors in Section II-B are
adapted according to the instantaneous CSI. Using adaptive
PA, the CSI requirement for the direct transmission mode M0

(i.e., the AP can use NOMA to transmit both users’ packets
successfully) can be written as follows [13], [29]:

RA
0 ,

∪
(|h1|2,|h2|2)

{{
ϵb1
|h1|2

+
2R1ϵb2
|h2|2

≤ 1

}

∨
{
ϵb2
|h2|2

+
2R2ϵb1
|h1|2

≤ 1

}}
. (33)

Following similar derivation steps in Section IV and [13], [29],
the stationary steady probabilities for the proposed buffer-

aided C-NOMA scheme with adaptive PA can be easily ob-
tained. The details of deriving the performance of the proposed
scheme with adaptive PA are omitted here for simplicity.
We will rely on computer simulations later in Section VI to
compare the performance of the proposed scheme with fixed
PA and adaptive PA.

Remark 5: Despite the use of adaptive PA can achieve a
better outage performance in comparison with fixed PA, the
performance enhancement may be limited since the proposed
scheme with fixed PA has achieved the full diversity order of
three. On the other hand, it should be noted that NOMA with
adaptive PA suffers from a higher cost of overhead since the
AP in mode M0 needs to inform both users the PA factors at
the beginning of each fading block.
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A=



ϕ03 ϕ3ψ02 0 ϕ3ψ01 0 0 0 0 0
ϕ2 ϕ3ψ13+ϕ0 ϕ̄0ψ02 0 ϕ3(ψ1+

1
2ψ0) 0 0 0 0

0 ϕ2 ϕ23ψ13+ϕ0 0 0 ϕ23ψ1 0 0 0
ϕ1 0 0 ϕ3ψ23+ϕ0 ϕ3(ψ2+

1
2ψ0) 0 ϕ̄0ψ01 0 0

0 ϕ1 0 ϕ2 ϕ3ψ3+ϕ0 ϕ̄0ψ02 0 ϕ̄0ψ01 0
0 0 ϕ1ψ13 0 ϕ2 ϕ23ψ3+ϕ0 0 0 ϕ̄0(ψ1+

1
2ψ0)

0 0 0 ϕ1 0 0 ϕ13ψ23+ϕ0 ϕ13ψ2 0
0 0 0 0 ϕ1 0 ϕ2ψ23 ϕ13ψ3+ϕ0 ϕ̄0(ψ2+

1
2ψ0)

0 0 0 0 0 ϕ1ψ13 0 ϕ2ψ23 ϕ̄0ψ3+ϕ0


(28)

VI. NUMERICAL RESULTS

In this section, the performance of the proposed buffer-
aided C-NOMA scheme is evaluated by using Monte Carlo
simulations. Each channel gain is modeled as hj = d

−γ/2
j gj ,

where gj ∼ CN (0, 1), j ∈ [1 : 3]. Furthermore, we consider
the network topology where the AP, user 1 and user 2 are
located at the point (0, 0), (0, 1) and (x0, 0), respectively,
which means that d1 = 1, d2 = x0 and d3 =

√
1 + x20. The

path loss exponent is chosen as γ = 2 to reflect a favorable
propagation condition. For the other parameters, we also set
L = 5, α1 = 0.8, α2 = 0.2, ρb = ρu, and x0 = 2 meters for
simplicity, unless stated otherwise.

A. Benchmark Schemes

Several benchmark schemes are used for performance com-
parison, which are listed as follows:

1) Non-cooperative NOMA scheme: The non-cooperative
NOMA scheme means that the system only adopts NOMA to
perform the direct transmission, which does not consider the
cooperation between the two the users.

2) Non-buffer-aided C-NOMA scheme: The considered
non-buffer-aided C-NOMA first tries to perform NOMA at
the AP. If the CSI requirement for NOMA cannot be satisfied,
the fading block will be divided into two phases, where the
AP transmits both users’ packets to the strong user in the first
phase and the strong user repeat to transmit the packet to the
weak user in the second phase.

3) The scheme with priority to transmit: The scheme with
priority to transmit is a variant scheme of the proposed scheme,
where the threshold in Section III is set to be lthr = 0, which
means that a buffer has a higher priority to transmit than to
receive as long as it is not empty.

4) SOP minimization scheme: The SOP minimization
scheme is another variant scheme of the proposed scheme,
where the SOP is minimized by exhaustive searching an
optimal threshold lthr for each buffer, and the corresponding
user gives priority to transmit or receive when the buffer length
does or does not exceed this threshold, respectively.

B. Fixed Power Allocation

In this subsection, the performance of the proposed scheme
and the comparative schemes will be displayed, where all
schemes adopts fixed PA strategy.

In Fig. 2, the SOPs of the proposed buffer-aided C-NOMA
scheme and several comparative schemes are depicted versus
the transmit SNR in dB, where the target rates for the two
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Fig. 2. SOPs of several schemes with fixed PA versus the transmit SNR in
dB, where R1 = 1 bit/slot, R2 = 0.5 bits/slot.
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Fig. 3. SOPs of several schemes with fixed PA versus distance x0 in meters,
where R1 = 1 bit/slot, R2 = 0.5 bits/slot.

users are set as R1 = 1 bit/slot and R2 = 0.5 bits/slot.
As shown in this figure, the proposed scheme significantly
outperforms the non-cooperative NOMA scheme, the non-
buffer-aided C-NOMA scheme and the scheme with priority
to transmit. The analytical results in (30) match well with the
simulation results. As discussed in Section IV-D, the proposed
scheme can achieve the full diversity order of three, while
the achieved diversity order of the non-buffer-aided C-NOMA
scheme is only two. In addition, a gap exists between the
proposed scheme and the SOP minimization scheme. However,
this gap is negligible when the SNR approaches to 25 dB.

In Fig. 3, the SOP performance of the proposed scheme
as well as the comparative schemes is shown as a function
of x0 in meters, where SNR= 12 or 20 dB, R1 = 1 bit/slot
and R2 = 0.5 bits/slot. Since d2 and d3 increase with x0
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Fig. 4. SOPs of several schemes with fixed PA versus the target rate R0 in
bits/slot, where SNR=10 dB.
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Fig. 5. SOPs of several schemes with fixed PA versus buffer size L, where
R1 = R2 = 1 bit/slot.

for the considered network topology, the SOP of each scheme
increases with x0. The proposed scheme achieves the lowest
SOP in comparison with the non-cooperative NOMA scheme,
the non-buffer-aided C-NOMA scheme and the scheme with
priority to transmit. In addition, the gap between the curves of
the proposed scheme and the comparative schemes becomes
larger when the SNR changes from 12 dB to 20 dB, as shown
in this figure.

In Fig. 4, we set R0 = R1 = R2 (i.e., the same target rate
for the two users are assumed) for simplicity, and the SOP
performance of the proposed scheme is compared with the
comparative schemes versus R0 in bits/slot, where SNR= 10
dB. The proposed scheme outperforms the non-cooperative
NOMA scheme, the non-buffer-aided C-NOMA scheme and
the scheme with priority to transmit when R0 ranges from 0.1
to 1 bits/slot. Moreover, there is only a slight gap between the
proposed scheme and the SOP minimization scheme especially
when R0 is larger than 0.5 bits/slot.

Fig. 5 presents the comparison of SOPs among the proposed
scheme, the scheme with priority to transmit and the SOP
minimization scheme, as functions of the buffer size L, where
we set R1 = R2 = 1 bit/slot, and SNR= 15 or 25
dB. The scheme with priority to transmit does not benefit
from increasing L, whereas the SOP of the proposed scheme
decreases with L when L changes from 2 to 4. When L
exceeds 5, the SOP of the proposed scheme almost keeps
unchanged since the user gives priority to transmit as long
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Fig. 6. Average delays of several schemes with fixed PA versus the transmit
SNR in dB, where R1 = R2 = 1 bit/slot.
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Fig. 7. SOPs of several schemes versus the transmit SNR in dB, where
R1 = 1 bit/slot, R2 = 0.5 bits/slot.

as the buffer length exceeds the threshold of 2 as shown in
Section III. In addition, a little gap exists between the curves
of the proposed scheme and the SOP minimization scheme
when SNR= 15 dB, but the two schemes achieves almost the
same SOP when SNR= 25 dB.

Fig. 6 presents the performance of the average delay of the
proposed buffer-aided C-NOMA scheme versus the transmit
SNR in dB, where R1 = R2 = 1 bit/slot. The analytical results
in Proposition 3 match well with the simulation results. The
proposed scheme achieves a higher average delay compared to
the scheme with priority to transmit, but a lower average delay
compared to the SOP minimization scheme, which means that
it achieves a tradeoff between the SOP and average delay.
For example, when the SNR is large, Fig. 6 shows that the
average delay is about 2.5 slots for the proposed scheme,
whereas the SOP minimization scheme suffers a larger delay
which is around 6.4 slots. This means that, compared to the
SOP minimization scheme, the proposed scheme reduces the
average delay by about 3.9 slots, at the price of only a slight
loss of outage performance (shown in Fig. 2).

C. Adaptive Power Allocation

Fig. 7 shows the SOP performance for the proposed scheme
with fixed PA and adaptive PA as well as the comparative
schemes with adaptive PA. As can be seen from this figure,
the proposed scheme also significantly outperforms the non-
cooperative NOMA scheme, the non-buffer-aided C-NOMA
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Fig. 8. Average delays of several schemes versus the transmit SNR in dB,
where R1 = R2 = 1 bit/slot.

scheme and the scheme with priority to transmit. In addition,
there only exists a little gap between the curves with respect
to the proposed scheme with fixed PA and adaptive PA, which
means that the SOP improvement for adaptive PA is limited
for the proposed scheme as the full diversity order of three
has been achieved by the fixed PA strategy.

Fig. 8 shows the average delay performance of the pro-
posed scheme with fixed PA and adaptive PA as well as the
scheme with priority to transmit (adaptive PA) and the SOP
minimization scheme (adaptive PA). From this figure, one can
also observe that the proposed scheme achieve a moderate
average delay compared to the other two schemes. Moreover,
there is only a little gap between the curves with respect to
the proposed scheme with fixed PA and adaptive PA when the
SNR is less than 15dB, and these two curves overlap each
other for high SNRs.

VII. CONCLUSION

In this paper, a buffer-aided C-NOMA system in the IoT
was investigated, where the AP communicates with multiple
users, and these users are equipped with buffers. The direct
transmission from the AP to the users and the buffer-aided
cooperative transmission between a pair of users were coor-
dinated. In particular, we proposed a buffer-aided C-NOMA
scheme, which adaptively selects the direct and buffer-aided
cooperative transmission modes. Then, the SOP and average
delay of the proposed scheme were theoretically derived with
closed-form expressions. Furthermore, we proved that the full
diversity order of three can be achieved by the proposed
scheme as long as the buffer size is not less than three,
whereas the conventional non-buffer-aided C-NOMA schemes
can only achieve a diversity order of two. An future interest
is to design the optimal user pairing strategy as well as the
optimal resource allocation strategy in the considered buffer-
aided C-NOMA system in the IoT.

APPENDIX A
PROOF OF PROPOSITION 1

To prove this proposition, we first define {Fk}k∈[0:5] as the
probability that mode Mk is selected, where

∑5
k=0 Fk = 1

and F0 = ϕ0 as shown in (15). Based on the proposed buffer-
aided C-NOMA scheme in Section III and the preliminary

results in Section IV-A, we can derive different transition
probabilities as follows:

1) Since each buffer at most receives or transmits only one
packet in one time slot, P (l′1,l

′
2)

(l1,l2)
= 0 if |l′i − li| ≥ 2,

i = 1, 2. Moreover, according to the proposed buffer-
aided C-NOMA scheme, the two buffer lengths cannot
change in the same time slot, i.e., one buffer length should
keep unchanged if the other buffer length increases or
decreases. Thus, (22) can be obtained.

2) P (l1,l2)
(l1,l2)

corresponds to the case that the buffer state keeps
unchanged, which means that the direct mode M0 or the
silent mode M5 is selected, i.e., P (l1,l2)

(l1,l2)
= F0+F5. Note

that M0 has the highest priority to be selected, but M5

has the lowest priority to be selected. P (l1,l2)
(l1,l2)

is derived
according to different buffer states as follows:
• When l1 = l2 = 0, the buffer requirement of modes
M3 and M4 cannot be satisfied. Thus, M5 can be
selected only if none of the CSI requirements of modes
{Mk}k∈[0:2] can be satisfied. Based on Section IV-A,
it is easy to obtain that F5 = 1 − ϕ0 − ϕ1 − ϕ2, and
P

(l1,l2)
(l1,l2)

= F0 + F5 = 1− ϕ1 − ϕ2.
• When l1 = 0 ∧ 0 < l2 < L, the buffer require-

ment of M3 cannot be satisfied. M5 can only be
selected if none of the CSI requirements of modes
{Mk}k∈{0,1,2,4} can be satisfied. In this case, based
on Section IV-A, F5 = (1−ϕ0−ϕ1−ϕ2)(1−ψ0−ψ2),
thus P (l1,l2)

(l1,l2)
= (1−ϕ0 −ϕ1 −ϕ2)(1−ψ0 −ψ2)+ϕ0.

• Similarly, when l2 = 0 ∧ 0 < l1 < L, we can obtain
P

(l1,l2)
(l1,l2)

= (1− ϕ0 − ϕ1 − ϕ2)(1− ψ0 − ψ1) + ϕ0.
• When l1 = 0∧ l2 = L, the buffer requirements of M2

and M3 cannot be satisfied. M5 can only be selected if
none of the CSI requirements of {Mk}k∈{0,1,4} can be
satisfied. In this case, F5 = (1−ϕ0−ϕ1)(1−ψ0−ψ2),
and thus P (l1,l2)

(l1,l2)
= (1− ϕ0 − ϕ1)(1− ψ0 − ψ2) + ϕ0.

• Similarly, when l2 = 0 ∧ l1 = L, we obtain P (l1,l2)
(l1,l2)

=

(1− ϕ0 − ϕ2)(1− ψ0 − ψ1) + ϕ0.
• When 0 < l1 < L ∧ 0 < l2 < L, M5 can only be se-

lected if none of the CSI requirements of {Mk}k∈[0:4]

can be satisfied. Thus, F5 = (1 − ϕ0 − ϕ1 − ϕ2)ψ3,
and P (l1,l2)

(l1,l2)
= (1− ϕ0 − ϕ1 − ϕ2)ψ3 + ϕ0.

• When 0 < l1 < L ∧ l2 = L, the buffer requirement of
mode M2 cannot be satisfied. M5 can only be selected
if none of the CSI requirements of {Mk}k∈{0,1,3,4}
can be satisfied. Thus, F5 = (1 − ϕ0 − ϕ1)ψ3, and
P

(l1,l2)
(l1,l2)

= (1− ϕ0 − ϕ1)ψ3 + ϕ0.
• Similarly, When l1 = L ∧ 0 < l2 < L, we obtain
P

(l1,l2)
(l1,l2)

= (1− ϕ0 − ϕ2)ψ3 + ϕ0.
• When l1 = l2 = L, the buffer requirements of M1

and M2 cannot be satisfied. M5 can only be selected
if none of the CSI requirements of {Mk}k∈{0,3,4} can
be satisfied. Thus, F5 = (1 − ϕ0)ψ3, and P

(l1,l2)
(l1,l2)

=

(1− ϕ0)ψ3 + ϕ0.
In summary, (23) can be obtained.

3) P (l1+1,l2)
(l1,l2)

corresponds to the case that the mode M1 is
selected, which is derived according to different buffer
states as follows:
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• When 0 ≤ l1 ≤ 1 ∧ 0 ≤ l2 ≤ 1, according to the
proposed buffer-aided C-NOMA scheme in Section III,
M1 can be selected only if the CSI requirement of M1

can be satisfied but the CSI requirement of M0 cannot
be satisfied, i.e., (|h1|2, |h2|2) /∈ R0 ∧ |h1|2 ∈ R1. In
this case, P (l1+1,l2)

(l1,l2)
= ϕ1 as shown in (16).

• When 0 ≤ l1 ≤ 1 ∧ 2 ≤ l2 ≤ L, M1 can be selected
only if the CSI requirement of M1 can be satisfied,
but none of the CSI requirements of M0 and M4 can
be satisfied. Thus, P (l1+1,l2)

(l1,l2)
= ϕ1(1− ψ0 − ψ2).

• Similarly, When 2 ≤ l1 < L ∧ 0 ≤ l2 ≤ 1, we can
derive that P (l1+1,l2)

(l1,l2)
= ϕ1(1− ψ0 − ψ1).

• When 2 ≤ l1 < L ∧ 2 ≤ l2 ≤ L, Λ0 > {Λi}i∈[3:4] >
{Λj}j∈[1:2], M1 can be selected only if the CSI
requirement of M1 can be satisfied but none of the
CSI requirements of {Mk}k∈{0,3,4} can be satisfied.
In this case, we can obtain P (l1+1,l2)

(l1,l2)
= ϕ1ψ3.

In summary, (24) can be obtained.
4) Following similar derivation steps of P

(l1+1,l2)
(l1,l2)

,

P
(l1,l2+1)
(l1,l2)

can be obtained shown in (25).

5) P (l1−1,l2)
(l1,l2)

corresponds to the case that the mode M3 is

selected. In the following, we only derive P (l1−1,l2)
(l1,l2)

for
two buffer states in (26) as follows:
• When l1 = l2 = 1, there are two events to select

M3: (i) The CSI requirements of mode M3 can be
satisfied but none of the CSI requirements of modes
{Mk}k∈{0,1,2,4} can be satisfied, whose probability is
(1− ϕ0 − ϕ1 − ϕ2)ψ1. (ii) Both the CSI requirements
of mode M3 and M4 can be satisfied, but none of
the CSI requirements of modes {Mk}k∈{0,1,2} can
be satisfied; in addition, M3 is randomly selected
among {Mk}k∈[3:4]. This event has a probability of
1
2ψ0(1− ϕ0 − ϕ1 − ϕ2). Thus, P (l1−1,l2)

(l1,l2)
= (1− ϕ0 −

ϕ1 − ϕ2)(ψ1 +
1
2ψ0).

• When 2 ≤ l1 = l2 ≤ L, the derivation steps for
P

(l1−1,l2)
(l1,l2)

are almost the same as those in the previous
case, except that (1−ϕ0−ϕ1−ϕ2) should be replaced
by (1−ϕ0) since M3 and M4 have higher priority than
M1 and M2 in this case. Therefore, we can obtain
P

(l1−1,l2)
(l1,l2)

= (1− ϕ0)(ψ1 +
1
2ψ0).

• When l1 = 1∧ l2 = 0, the buffer requirement of mode
M4 cannot be satisfied. M3 can only be selected if
none of the CSI requirements of {Mk}k∈{0,1,2} can be
satisfied. Thus, P (l1−1,l2)

(l1,l2)
= (1− ϕ0 − ϕ1 − ϕ2)(ψ1 +

ψ0).
• When l1 = 1 ∧ 2 ≤ l2 < L, M3 can be selected

only if the CSI requirement of M3 can be satisfied but
none of the CSI requirements of {Mk}k∈{0,1,2,4} can
be satisfied. In this case, we can obtain P

(l1−1,l2)
(l1,l2)

=

(1− ϕ0 − ϕ1 − ϕ2)ψ1.
• When l1 = 1∧ l2 = L, the buffer requirement of mode

M2 cannot be satisfied. M3 can only be selected if
none of the CSI requirements of {Mk}k∈{0,1,4} can
be satisfied. Thus, P (l1−1,l2)

(l1,l2)
= (1− ϕ0 − ϕ1)ψ1.

• When 2 ≤ l1 < l2 ≤ L, M3 can be selected only if the

CSI requirement of M3 can be satisfied, but none of
the CSI requirements of {M}k∈{0,4} can be satisfied.
Thus, P (l1−1,l2)

(l1,l2)
= (1− ϕ0)ψ1.

• When 2 ≤ l1 ≤ L ∧ l2 < l1, M3 can be selected only
if the CSI requirement of M3 can be satisfied but the
CSI requirement of M0 cannot be satisfied. In this
case, we can obtain P (l1−1,l2)

(l1,l2)
= (1− ϕ0)(ψ1 + ψ0).

6) Following similar derivation steps of P
(l1−1,l2)
(l1,l2)

,

P
(l1,l2−1)
(l1,l2)

can be obtained shown in (27).

APPENDIX B
PROOF OF PROPOSITION 2

To derive the diversity order of the proposed buffer-aided C-
NOMA scheme, L = 3 is considered and all the (3+1)2 = 16
buffer states are divided into three state sets for simplicity. As
shown in Fig. 9, each set includes several states with the same
number of available3 links with respect to the buffers, where
Ŝ1 , {(0, 1), (1, 0), (1, 1), (0, 2), (1, 2), (2, 0), (2, 1), (2, 2)},
Ŝ2 , {(0, 0), (0, 3), (1, 3), (2, 3), (3, 0), (3, 1), (3, 2)}, and
Ŝ3 , {(3, 3)}. One can verify that every state in Ŝi has 4− i
available links. For example, state (0, 1) has 2 available receive
links for the two buffers (i.e., h1 and h2) and 1 available
transmit link for buffer B2 (i.e., h3), so it has totally 3 available
links.

As shown in Fig. 9, the three state sets {Ŝi}i∈[1:3] form
a simplified MC, where Ŝ1 and Ŝ3 can only be connected
through Ŝ2. Each transition probability from the state set Ŝi

to the state set Ŝj , denoted by P̂ j
i , Pr(Xt+1 ∈ Ŝj |Xt ∈

Ŝi), ∀i, j ∈ [1 : 3]. Obviously P̂ j
i > 0 if |i − j| ≤ 1, and

P̂ j
i = 0, otherwise. To derive P̂ j

i , we are interested in the
edge states4 of each set. As shown in Fig. 9, for Ŝ1, except
(1, 1), all the other 7 states are edge states; for Ŝ2 and Ŝ3, all
the corresponding states are edge states.

A. Transition Probabilities

Closed-form expressions for P̂ j
i are hard to be obtained.

Alternatively, we will derive the exponential orders of P̂ j
i as

well as the stationary probabilities with respect to the MC
formed by these three state sets. Note that f(ρ) is termed
to be exponentially equal to ρb, denoted by f(ρ)=̇ρb, if
lim
ρ→∞

log f(ρ)
log ρ = b; f(ρ)≥̇ρb and f(ρ)≤̇ρb can also be defined

similarly [40].
To obtain exponential order of P̂ 2

1 , we need to analyze the
transition probabilities of the corresponding edge states. From
(26), P (0,0)

(1,0) can be approximated as follows:

P
(0,0)
(1,0) =(1− ϕ0 − ϕ1 − ϕ2)(ψ1 + ψ0) ≈ (1− ϕ0 − ϕ1 − ϕ2)

≈
[
1− exp

(
− ζ2
Ω1

)]
×

[
1− exp

(
− ζ1
Ω2

)]
≈ ζ1ζ2
Ω1Ω2

. (34)

3Note that a receive (or transmit) link with respect to a buffer is available
when this buffer is not full (or not empty).

4If a state in set Ŝi in time slot t has a positive probability to transit to
another state in set Ŝj in time slot t+1, i ̸= j, it is termed as an edge state.



12

1
ˆ {(0,1),(1,0),

  (0,2),(2,0),

  (1,2),(2,1),

  (1,1),(2,2)}

S {(0,1),(1

2
ˆ {(0,0),(0,3),

        (1,3),(3,1),

        (2,3),(3,2),

        (3,0)}

S {(0,0),(0

3
ˆ {(3,3)}.S {(3,3)}.

Fig. 9. Diagram of the formed state sets.

Thus, we have P
(0,0)
(1,0) =̇ρ

−2. Similarly, P
(0,0)
(0,1) =̇ρ

−2,

P
(0,3)
(0,2) =̇ρ

−2, P
(1,3)
(1,2) =̇ρ

−2, P
(2,3)
(2,2) =̇ρ

−2, P
(3,2)
(2,2) =̇ρ

−2,

P
(3,1)
(2,1) =̇ρ

−2 and P (3,0)
(2,0) =̇ρ

−2 can be obtained, and thus

P̂ 2
1 = Pr(Xt+1 ∈ Ŝ2|Xt ∈ Ŝ1)

=
∑
s∈Ŝ1

Pr(Xt+1 ∈ Ŝ2|Xt = s) Pr(Xt = s|Xt ∈ Ŝ1)

=
7∑

i=1

P vi
ui

Pr(Xt = ui|Xt ∈ Ŝ1)

.
= ρ−2(1− Pr(Xt = (1, 1)|Xt ∈ Ŝ1))≤̇ρ−2, (35)

where we denote u1 = (1, 0), u2 = (0, 1), u3 = (0, 2), u4 =
(1, 2), u5 = (2, 2), u6 = (2, 1), u7 = (2, 0); and v1 = v2 =
(0, 0), v3 = (0, 3), v4 = (1, 3), v5 = {(2, 3), (3, 2)}, v6 =
(3, 1), v7 = (3, 0).

Following similar steps for P̂ 2
1 , we have

P̂ 1
2 =̇ρ

−1, P̂ 3
2 =̇ρ

−2, P̂ 2
3 =̇ρ

−1, (36)

where we use “=̇” rather than “≤̇” in (35), since all the states
in Ŝ2 and Ŝ3 are the edge states.
B. Stationary Probabilities

Based on (35), (36) and the fact that P̂ 3
1 = P̂ 1

3 = 0, it is
easy to obtain the stationary probabilities of Ŝi, denoted by
π̂i, i ∈ [1 : 3], as follows:

π̂1 =
P̂ 1
2 P̂

2
3

θ
, π̂2 =

P̂ 2
1 P̂

2
3

θ
, π̂3 =

P̂ 2
1 P̂

3
2

θ
, (37)

where θ , P̂ 1
2 P̂

2
3 + P̂ 2

1 P̂
2
3 + P̂ 2

1 P̂
3
2 .

Since P̂ 1
2 P̂

2
3 =̇ρ

−2, P̂ 2
1 P̂

2
3 ≤̇ρ−3, and P̂ 2

1 P̂
3
2 ≤̇ρ−4 as shown

in (35) and (36), θ=̇ρ−2 holds. Thus,

π̂1=̇ρ
0, π̂2≤̇ρ−1, π̂3≤̇ρ−2. (38)

C. Diversity Order

Firstly, from (23), (P
(1,0)
(1,0) − ϕ0) can be approximated as

follows:

P
(1,0)
(1,0) − ϕ0 =(1− ϕ0 − ϕ1 − ϕ2)(1− ψ0 − ψ1)

≈ζ1ζ2 max (ξu1, ξu2)

Ω1Ω2Ω3
. (39)

Thus, we have P (1,0)
(1,0) − ϕ0=̇ρ

−3. Similarly, it can be proved
that

P s
s − ϕ0≤̇ρi−4, ∀i ∈ [1 : 3], ∀s ∈ Ŝi. (40)

Secondly, from (30), (38) and (40), the SOP of the proposed
buffer-aided C-NOMA scheme can be expressed as follows:

Pout =
∑

i∈[1:3]

∑
s∈Ŝi

(P s
s − ϕ0)πs

=̇
∑

i∈[1:3]

ρi−4
∑
s∈Ŝi

πs =
∑

i∈[1:3]

ρi−4π̂i

≤̇ρ−3ρ0 + ρ−2ρ−1 + ρ−1ρ−2=̇ρ−3. (41)

From the definition of diversity order in (31), the diversity
order of 3 can be achieved by the proposed buffer-aided C-
NOMA scheme.

APPENDIX C
PROOF OF PROPOSITION 3

The system delay includes the delay at the AP and the
delay at the users. Thus, we first need to analyze the transmit
throughputs at the AP and the users, respectively. Based on
the law of the conservation of flow, the sum bits received by
the users should be equal to the sum bits transmitted by the
users over a long period, so

F1 + F2 = F3 + F4. (42)

Moreover,

F1 + F2 + F3 + F4 + Pout + ϕ0 = 1. (43)

Thus, we have

F1 + F2 = F3 + F4 =
1− Pout − ϕ0

2
. (44)

Denote ηU as the sum transmit throughput at the two users,
which can be expressed as

ηU = 2R0(F3 + F4) = R0(1− Pout − ϕ0). (45)

Denote ηS as the sum transmit throughput at the AP. The
first part of ηS corresponds to mode M0, denoted by η

(1)
S .

Obviously, η(1)S is equal to 2R0ϕ0. The second part of ηS
corresponds to modes M1 and M2, denoted by η

(2)
S . Note

that η(2)S should be twice of ηU in (45), since both the two
users’ packets are transmitted by the AP in modes M1 and
M2, while only one user’s packets are transmitted in modes
M3 and M4. In summary, ηS can be expressed as

ηS = 2R0ϕ0 + 2ηU = 2R0(1− Pout). (46)

A. Average Delay at the AP
Denote QS as the average sum queuing length at the AP,

which is determined by how fast the packets are delivered by
the AP. Thus, QS is given by

QS = 2R0[1− (F1 + F2)− ϕ0] = R0(1 + Pout − ϕ0).
(47)

According to Little’s law [41], the average delay at the AP is

DS =
QS

ηS
=

1 + Pout − ϕ0
2(1− Pout)

. (48)
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B. Average Delay at the Users

On the other hand, the average sum queuing length at the
users is give by

QU = 2R0

L∑
l1=0

L∑
l2=0

(l1 + l2)π(l1,l2). (49)

Thus, the average delay at the users is

DU =
QU

ηU
=

2
∑L

l1=0

∑L
l2=0(l1 + l2)π(l1,l2)

1− Pout − ϕ0
. (50)

C. Total Average Delay of the System

The total average delay of the system can be defined as
follows:

D = (1− rc)DS + rc(DS +DU ) = DS + rcDU , (51)

where rc denotes the percentage between the cooperative
throughput (i.e., the throughput corresponding to the coop-
erative modes {Mk}k∈[1:4]) and the total throughput, which
is given by

rc =
ηU

2R0(1− Pout)
=

1− Pout − ϕ0
2(1− Pout)

. (52)

Accordingly, the percentage between the direct throughput
(i.e., the throughput corresponding to the direct mode M0)
and the total throughput is 1− rc.

In summary, from (48), (50), (51) and (52), the total average
delay of the system can be obtained shown in (32).
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