This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JIOT.2019.2924513, IEEE Internet of
Things Journal
1

Joint User Pairing, Mode Selection, and Power
Control for D2D-Capable Cellular Networks
Enhanced by Non-Orthogonal Multiple Access
Daosen Zhai, Member, IEEE, Ruonan Zhang, Member, IEEE, Yutong Wang, Huakui Sun,
Lin Cai, Senior Member, IEEE, and Zhiguo Ding, Senior Member, IEEE

Abstract—Non-orthogonal multiple access (NOMA) and
device-to-device (D2D) are two promising technologies that have
great potential in improving user connectivity. In this paper, we
incorporate NOMA into the D2D-capable cellular networks and
propose a new NOMA-aided D2D access scheme. In the proposed
scheme, the D2D users can operate in four spectrum-sharing
modes, which are the extension of the traditional underlay
mode. To fully exploit the advantages of the NOMA-and-D2D
integrated framework, we formulate a connectivity-maximization
problem by jointly considering user pairing, mode selection, and
power control under the constraints of the decoding thresholds
of cellular users and D2D users. Based on the graph theory,
we devise an efficient algorithm with polynomial complexity to
solve the formulated problem optimally. We first analytically
obtain the optimal transmission power and spectrum-sharing
mode for every possible user pair through a graphical method.
Based on the power control and mode selection policies, we
transform the user pairing problem into a min-cost max-flow
problem which can be tackled by the Ford-Fulkerson algorithm.
Finally, simulation results indicate that the NOMA-aided D2D
access scheme outperforms the traditional underlay mode, and
the proposed algorithm yields a large performance gain in
comparison with other schemes in terms of user connectivity
and power consumption.
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nications, multi-user cooperative communications, and datasharing and low-cost Internet of Things (IoT) [1]. Different
from the traditional base-station-centered cellular networks,
D2D is a more flexible point-to-point transmission paradigm,
where the proximity devices can communicate directly with
each other without going through the base station (BS) [2],
[3]. The direct local transmission characteristic of D2D leads
to the advantages of proximity gain and hop gain, and therefore
the transmission power of the mobile devices can be greatly
reduced. Furthermore, under a certain level of interference,
the D2D devices can reuse the spectrum of the cellular
networks. Thus, D2D also has the spatial multiplexing gain
which enhances the spectrum efficiency. Owing to the various
advantages, D2D has been proposed for the long term evolution (LTE) system in the third generation partnership project
(3GPP) release-12 [4] and envisioned to be a key component
of the fifth-generation (5G) mobile communication system [1],
[5].
In the D2D-capable cellular networks, two spectrum-sharing
modes have been proposed, namely the overlay mode and
the underlay mode [6], [7]. In the overlay mode, the D2D
users (DUEs) and the cellular users (CUEs) utilize orthogonal
spectrum, such that there is no interference among the users.
However, the number of users accommodated in the network
is strictly limited by the number of orthogonal resources.
Additionally, it is anticipated that the 5G wireless networks
may connect 100 billion devices by 2030 [8]. Thus, the overlay
mode is not suitable for the future wireless networks, especially for the IoT with massive connections. In the underlay
mode, the CUEs can be regarded as the primary users in
the cognitive networks, and the DUEs can regarded as the
secondary users. As such, the DUEs can reuse the spectrum
of the CUEs under certain interference constraint. Comparied
with the overlay mode, the underlay mode can support more
connections and hence receives significant research attention.
Abundant researches have been conducted in the D2D underlying cellular networks (DUCN) [9]–[16]. In these networks,
the cross-tier interference among DUEs and CUEs is the main
source that limits the system performance [17], and how to
coordinate the cross-tier interference is the key.
A. Motivations
The early study in the DUCN [9]–[16] mainly concentrated in the networks with orthogonal multiple access (OMA)
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techniques, e.g., orthogonal frequency-division multiple access (OFDMA) [10], [13] and time-division multiple access
(TDMA) [12]. In recent years, the non-orthogonal multiple
access (NOMA) has attracted extensive attention and inspired
thorough research in both academia [18], [19] and industry
[20], [21]. Different from OMA, NOMA exploits the user
diversities in the power domain and thereby is capable of
supporting multiple users on the same spectrum. Due to
this feature, NOMA targets the application scenarios with
massive connections [19], [21], such as the IoT [22]–[25].
Specifically, the receiver in NOMA transmission can first
detect the strong interference and then decode the desired
signals by adopting the successive interference cancellation
(SIC) techniqe. As such, NOMA can also be regarded as an
efficient interference coordination technique. The potential of
NOMA in user connectivity and interference coordination is
much needed by the D2D-capable cellular networks.
Different from the OMA networks [9]–[16], the receivers
in the NOMA networks can use the SIC technique to handle
the strong cross-tier interference between DUEs and CUEs
and thereby, more spectrum-sharing modes can be exploited.
Thanks to the expanding spectrum-sharing modes, more D2D
links can be activated simultaneously. Meanwhile, the resource
management problem becomes more challenging. Specifically,
when designing the power control policy, the decoding order
of SIC should be taken into account according to different
interference status. Furthermore, in order to maximize the
user connectivity, the D2D links must be carefully selected to
construct appropriate NOMA pairs in the admission control
stage. Moreover, since more spectrum-sharing modes can be
used by the DUEs and CUEs, the mode selection problem
becomes more difficult to solve. Therefore, how to incorporate
NOMA into the D2D-capable cellular networks and appropriately configure the resource among the DUEs and CUEs is an
important and challenging problem.
In order to fully exploit the advantages of NOMA in
D2D communications, some works related to the resource
management and performance analysis have been conducted
[26]–[35]. However, the existing works mainly concerned
the system throughput or outage probability, none of which
paid attention to the user connectivity. However, massive
connectivity is a key performance indicator of the 5G wireless
networks. Although there have been some works studying
the connectivity-maximization problem in NOMA networks
[23], [36], they are not suitable for the D2D-capable cellular
networks. Furthermore, since both NOMA and D2D have
potential in user connectivity, it is meaningful to incorporate
these two technologies into the same network to improve the
user connectivity. Moreover, in order to maximize the user
connectivity in the NOMA-and-D2D integrated network, the
communication resources should be appropriately allocated
among the CUEs and DUEs.
B. Contributions
Motivated by the above reasons, we investigate the connectivity maximization problem for the NOMA enhanced D2Dcapable cellular networks. Specifically, we propose a NOMAaided D2D access scheme and optimize the resource allocation

for DUEs and CUEs by jointly considering user pairing, mode
selection, and power control. The main contributions of this
paper are summarized as follows.
1) We propose a new D2D access scheme by applying
NOMA into the D2D-capable cellular networks. Different from the existing works, NOMA is utilized as
the multiple access technique of DUEs into the cellular
networks in our proposed scheme. Under this framework, the DUEs can operate in four spectrum-sharing
modes, three of which are different from the traditional
underlay and overlay modes. In particular, the additional
spectrum-sharing modes can coordinate the cross-tier
interference between the DUEs and CUEs and thereby
improve the D2D connections.
2) We jointly optimize the user pairing, mode selection,
and power control to maximize the accessed D2D links
and meanwhile minimize the total power consumption
under the constraints of the decoding thresholds of CUEs
and DUEs. Specifically, this joint optimization problem
is formulated as a mixed integer programming problem
(MIP). To tackle the MIP, we first analytically obtain the
optimal transmission power and spectrum-sharing mode
for every possible DUE-CUE pair through a graphical
method. Based on the power control and mode selection
policies, we remodel the user pairing problem as a mincost max-flow problem in graph theory and then solve it
by adopting the Ford-Fulkerson algorithm. Our designed
algorithmcan solve the MIP optimally in complexity of
O N M 2 , where N and M are the numbers of CUEs
and DUEs respectively.
3) We conduct extensive simulations to evaluate the performance of the proposed D2D access scheme and the
resource allocation algorithm. Firstly, it shows that the
NOMA-aided D2D access scheme can greatly improve
the accessed D2D links with respect to the traditional
underlay mode, which verifies the necessity of applying
NOMA into the D2D-capable cellular networks. Furthermore, it demonstrates that the proposed resource
allocation algorithm can achieve the optimal solution
of the formulated problem. Moreover, comparing with
the other schemes, our algorithm can yield a significant
performance gain in terms of user connectivity and
power consumption.
C. Organization
The rest of the paper is organized as follows. In section
II, we overview the related works on the NOMA-and-D2D
integrated networks. The considered network model and the
proposed NOMA-aided spectrum-sharing modes are introduced in Section III. In Section IV, we present the problem
formulation. Section V provides a detailed illustration for
the proposed user pairing, mode selection, and power control
algorithm. Simulation results are given in Section VI. Finally,
we conclude our paper in Section VII.
II. R ELATED W ORKS
In recent years, there have been some works conducted in
the NOMA enhanced D2D-capable cellular networks [26]–
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[35]. Specifically, the authors in [26] studied the integration of
a D2D connection to a downlink two-user NOMA system. The
analysis shows that the cellular users achieve a higher sum-rate
and individual rates in a NOMA-D2D system than in an OMAD2D system. In a more general D2D underlying NOMA based
cellular network, [27] jointly optimized the power control and
channel assignment to maximize the sum-rate of D2D pairs under the constraint of the minimum rate requirements of CUEs.
In the same scenario with [27], the authors in [28] and [29]
investigated the power allocation and user clustering problem,
where [28] was concerned about the resource allocation for
NOMA users, and [29] focused on the joint optimization of
NOMA-based CUEs and traditional DUEs. In [30], the outage
probability and average link throughput were analyzed for
NOMA based two-tier-cellular networks underlying inband
D2D communications. As a common feature of [26]–[30],
NOMA is utilized as a new multiple access technique of
cellular networks. Unlike [26]–[30], the concept of D2D group
was introduced in [31], where the D2D transmitter can send
the superimposed messages to multiple receivers by applying
the NOMA transmission protocol. In [31], a joint subchannel
and power allocation scheme based on the matching theory
was proposed for the NOMA enhanced D2D communications.
Except for the independent application of NOMA and D2D,
these two technologies can also be incorporated, which leads
to a new communication protocol, namely the cooperative
NOMA. In this protocol, the NOMA-strong user can help
the NOMA-weak user via D2D communications to reduce the
outage probability of cell-edge users or enhance the system
throughput. In [32], the authors proposed a full-duplex D2Daided cooperative NOMA scheme and found that the cooperative NOMA scheme achieves superior outage performance
in comparison with the conventional NOMA and OMA. The
capacity scaling law of the D2D aided cooperative relaying
system (CRS) using NOMA was analyzed in [33], which indicated that the D2D-and-NOMA aided CRS upgrades the data
rate compared to the conventional CRSs. In the heterogeneous
networks with cooperative NOMA, [34] studied the min-rate
and sum-rate maximization problems by jointly optimizing
the power allocation, access point selection, and transmission
mode switching. By applying the simultaneous wireless information and power transfer (SWIPT) technique into the cellular
networks, the authors in [35] proposed a SWIPT-NOMA cooperative protocol, in which the near NOMA users act as
energy harvesting relays to help the far NOMA users.
The existing works in [26]–[35] promote the application
of NOMA into the D2D communications. Nevertheless, there
are still some open problems remained to be further investigated. Specifically, the existing works mainly investigated the
throughput maximization or outage probability minimization
problems. None of them focused on the user connectivity
problem. As previously mentioned, the 5G wireless networks
is faced with the challenge of 100 billion connections [8].
There have been some works studying the connectivitymaximization problem in NOMA networks [23], [36]. In
[23], a joint subcarrier-and-power allocation algorithm was
proposed to maximize the connectivity of the machine-type
communications devices in a NB-IoT system. In [36], the

authors adopted a graph-based method to jointly optimize the
admission control, power control, user clustering, and channel
assignment. However, [23], [36] focus on the cellular-type
networks, and their proposed algorithms cannot be applied for
the D2D-capable cellular networks. This is because there are
cross-tier interference among the DUEs and CUEs in the D2Dcapable cellular networks, which is different from the cellulartype networks. On the other hand, the D2D and NOMA can
improve the user connectivity by exploiting the degree of
freedom of users in spatial and power domains, respectively.
To fully exploit the potential of D2D and NOMA in improving
user connectivity, a new D2D-and-NOMA integrated framework with appropriate resource management algorithms should
be investigated.
III. N ETWORK M ODEL
In this section, we first introduce the considered network
model, followed by the proposed four NOMA-aided spectrumsharing modes.
A. Network Model
In this paper, we consider a D2D-capable cellular network,
which consists of a base station (BS), M DUEs1 , and N
CUEs. The sets of the DUEs and the CUEs are denoted as
D = {1, 2, · · · , M } and C = {1, 2, · · · , N }, respectively. For
notational simplicity, m is used as the index of a DUE and
n is used as the index of a CUE. The cellular network is an
uplink transmission scenario. To describe the wireless channels
between the CUEs and the BS, we define Gn,B as the channel
power gain (CPG) from the CUE n to the BS, which accounts
for the path loss, shadowing, and small-scale fading. Similarly,
let Gm,B denote the CPG from the D2D transmitter m to the
BS. Besides, the CPG from the CUE n to the D2D receiver
m is defined as Gn,m , and the CPG from the D2D transmitter
m to its receiver is defined as Gm,m .
In this hybrid network, the DUEs can share the same
spectrum with the CUEs under the condition that the normal
communications of the CUEs cannot be interrupted by the inserted D2D links. In addition, it is assumed that each CUE has
been assigned with one channel in advance. As such, a CUE
in our concerned network is also equivalent to an orthogonal
channel. To transmit data, a DUE must reuse the channel of
a DUE. Specifically, we define X = {xn,m |n ∈ C, m ∈ D}
as the user pairing policy, where xn,m = 1 denotes that CUE
n is paired with DUE m, otherwise xn,m = 0. Furthermore,
we define PC = {Pn |n ∈ C} and PD = {Pm |m ∈ D} as
the power control policy, where Pn and Pm represent the
transmission power of CUE n and DUE m, respectively.
B. Four NOMA-aided Spectrum-Sharing Modes
Different from the traditional D2D underlying cellular networks, the DUEs and the CUEs in our considered network can
share the same channel via NOMA. In particular, the BS and
the D2D receiver can utilize the SIC technique to eliminate
1 A DUE in this paper represents a D2D pair including a D2D transmitter
and a D2D receiver.
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Fig. 1. Four spectrum-sharing modes in D2D-capable cellular networks enhanced by NOMA.

the strong interference and then decode their desired signals.
According to different interference status, we propose four
NOMA-aided spectrum-sharing modes (i.e., the D2D access
scheme) for the paired DUE and CUE2 , shown in Fig. 1.
The first mode shown in Fig. 1(a) is the same with the
traditional underlay mode, that is, both the CUE and the D2D
transmitter case weak interference to their victims (i.e., D2D
receiver and the BS). As such, the BS and the D2D receiver
can decode their signals directly. In this case, the signal-tointerference-plus-noise ratio (SINR) of the paired CUE and
DUE (xn,m = 1) must satisfy their respective decoding
thresholds, which are specified as
 P G
n n,B


 Pm Gm,B + σ 2 ≥ xn,m γn

,
(1)


Pm Gm,m


≥ xn,m γm
Pn Gn,m + σ 2
where σ 2 denotes the noise power, and γn and γm represent
the decoding thresholds of CUE n and DUE m.
In the second mode as shown in Fig. 1(b), the D2D
transmitter cases strong interference to the BS, while the CUE
2 In this paper, we consider the two-user NOMA model due to two reasons.
On one hand, it is indicated that the performance gain of the NOMA networks
with respect to the OMA networks mainly comes from the two-user NOMA
transmission [18], [37]. By contrast, the performance gain in the multiuser NOMA transmission is not obvious in comparison with the two-user
NOMA transmission, while the system complexity increases dramatically. In
consideration of these, the two-user NOMA protocol is more applicable in a
practical communication system. On the orther hand, the multi-user NOMA
model makes our concerned problem too complicated, and no useful insights
can be provided.

cases weak interference to the D2D receiver. In this case, the
BS can first eliminate the strong interference by utilizing the
SIC technique, and then decode its expected signal. On the
contrary, the D2D receiver can decode its expected signal
directly. To operate in this mode, the following constraints
must be satisfied.

Pm Gm,B


≥ xn,m γSIC
P G
2


n
n,B + σ





Pn Gn,B
,
(2)
≥ xn,m γCn

σ2






Pm Gm,m


≥ xn,m γDm

Pn Gn,m + σ 2
where γSIC represents the decoding threshold of the SIC.
In the third mode as shown in Fig. 1(c), the CUE cases
strong interference to the D2D receiver, while the D2D
transmitter cases weak interference to the BS. Similar with
the second mode, the D2D receiver can first eliminate the
interference and then decode its expected signal, while the BS
can successfully decode its signal directly. Therefore, for this
mode, the following constraints must be satisfied.

Pn Gn,B


≥ xn,m γn


Pm Gm,B + σ 2






Pn Gn,m
(3)
≥ xn,m γSIC .

Pm Gm,m + σ 2








 Pm Gm,m ≥ xn,m γD
m
σ2
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The fourth mode is depicted in Fig. 1(d), in which both
the BS and the D2D receiver undergo strong interference. To
decode their desired signals, both the BS and the D2D receiver
should adopt the SIC technique to handle the strong interference, such that the following constraints must be satisfied.

Pm Gm,B

≥ xn,m γSIC



P
Gn,B + σ 2
n








 Pn Gn,B ≥ xn,m γCn

 σ2
.
(4)


Pn Gn,m


≥ xn,m γSIC


Pm Gm,m + σ 2








 Pm Gm,m ≥ x γ
n,m Dm
σ2
It is noted that only if one of the above four conditions
(1)-(4) is met, the DUE and the CUE can share the same
channel without affecting their normal communications. Since
the mode-2, mode-3, and mode-4 are the extensions of the
traditional underlay mode, the NOMA-and-D2D integrated
network is capable of accommodating more D2D connections
in comparison with the conventional D2D underlying cellular
network, which caters for the requirement of the 5G wireless
networks on massive connectivity.
IV. P ROBLEM F ORMULATION
As introduced above, the performance of the D2D-capable
cellular network is highly dependent on the resource allocation
schemes of the CUEs and DUEs. Thus, to fully exploit the
advantages of the NOMA-and-D2D integrated networks, it is
necessary to jointly optimize the user pairing, mode selection,
and power control according to the specific system parameters.
In this paper, we aim to maximize the accessed D2D links
and meanwhile minimize the total power consumption of the
paired users. The joint user pairing, mode selection, and power
control problem can be mathematically formulated as
max

X,PC ,PD

s.t. C1 : (1) or (2) or (3) or (4)

C3 :

M
X

xn,m ≤ 1, ∀n ∈ C

m=1
N
X

xn,m ≤ 1, ∀m ∈ D

(5)

where A (X, PC , PD ) denotes the number of accessed D2D
links, and P (X, PC , PD ) denotes the total power consumption of the paired CUEs and DUEs. The expressions of
A (X, PC , PD ) and P (X, PC , PD ) are given by
A (X, PC , PD ) =

N X
M
X

xn,m ,

n=1m=1

xn,m (Pn + Pm ) .

(7)

n=1m=1

Besides, α is an weight coefficient, which is set as
0<α<

1
M
P

max +
Pm

m=1

N
P

.

(8)

Pnmax

n=1

According to (7) and (8), it can be easily get that
αP (X, PC , PD ) < 1 under any control policy {X, PC , PD }.
Therefore, the primary goal of the problem in (5) is to
maximize the accessed D2D links, and the secondary goal
is to minimize the total power consumption of the paired
users. It is noted that if set A (X, PC , PD ) as the single
objective function, the optimal solution of (5) may be nonunique. Furthermore, C1 is the mode selection constraint,
which indicates that the paired DUE and CUE must satisfy
the conditions of one spectrum-sharing mode shown in Fig. 1.
C2 and C3 specify that each CUE can only be paired with
one DUE and vice verse. C5 and C6 limit the maximum
max
transmission power of the DUEs and the CUEs, where Pm
and Pnmax are the power budget of DUE m and CUE n.
Remark 1. The problem in (5) is a mixed-integer programming
problem (MIP). Besides, it is needed to determine the optimal
spectrum-sharing mode for each paired DUE and CUE from
the four possible alternatives. Therefore, it is very hard to
directly solve the problem in (5) through the existing optimization algorithms. In order to get the optimal solution of (5)
efficiently, we decompose the primal problem into the power
control and mode selection subproblem and the user pairing
subproblem, and then tackle them through theoretical analysis
and graph-based methods. Even so, it is noted that the obtained
control policy is still globally optimal, which will be illustrated
in the following section.
V. T HE O PTIMAL S OLUTION FOR THE F ORMULATED
P ROBLEM

A. The Optimal Power Control and Mode Selection Policies

n=1

C4 : xn,m ∈ {0, 1} , ∀n ∈ C, m ∈ D
max
C5 : 0 ≤ Pm ≤ Pm
, ∀m ∈ D
max
C6 : 0 ≤ Pn ≤ Pn , ∀n ∈ C,

N X
M
X

In this section, we first analytically solve the power control
and mode selection problem (PMP) for each paired DUE and
CUE. Then, we remodel the user pairing problem (UPP) as
a min-cost max-flow (MCMF) problem in graph theory and
solve it efficiently. Finally, we propose the overall algorithm
for the formulated problem and analyze its complexity.

A (X, PC , PD ) − αP (X, PC , PD )

C2 :

P (X, PC , PD ) =

(6)

In (5), the power control variables and the user pairing
variables are tightly coupled, which makes the problem very
hard to tackle. To make it tractable, we first focus on the PMP
for each paired CUE and DUE. Specifically, if DUE m and
CUE n is paired, the PMP can be formulated as
min Pn + Pm

Pn ,Pm

s.t. C1 : (1) or (2) or (3) or (4)
max
C2 : 0 ≤ Pm ≤ Pm
C3 : 0 ≤ Pn ≤ Pnmax .

(9)
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TABLE I
T HE O PTIMAL T RANSMISSION P OWER OF THE PAIRED DUE m AND CUE n
∗
Pm

Pn∗

σ γn (Gn,B Gm,m +γm Gm,B Gn,m )

Gn,m (γn γm +σ 2 γm )
Gn,B Gm,m −γn γm Gm,B Gn,m

Mode
2

Mode-1

2

 (2Gn,B ) Gm,m −γn γm Gm,B Gn,m
σ γm (γm Gn,m +Gn,B ) σ 2 γSIC (γm +1)
,
max
G
G
G

Mode-2

m,m

n,B



σ 2 γm
Gm,m

Mode-3

Mode-4

σ 2 γm
Gn,B

m,B

max

max

2
σ 2 γSIC (Gn,m +γSIC Gn,B )
σ 2 γSIC (γm +1)
, σ γm ,
2
Gm,B
Gm,B Gn,m −γSIC
Gn,B Gm,m Gm,m

Pn


max

+

σ 2 γn
Gn,B

σ 2 γSIC (γm +1)
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Fig. 2. Analysis for the PMP in the four spectrum-sharing modes.

To solve the problem in (9), we divide it into four independent subproblems, each of which corresponds to a spectrumsharing mode. Then, we can get the following lemma.
Lemma 1. If the power budget constraints in (9) (i.e., C2
and C3) are neglected, the explicit expressions of the optimal
transmission power of the paired DUE m and CUE n can be
obtained, which are summarized in Table I.
Proof: Rearranging the constrains C1 in (9), we can transform the problem in (9) into a linear programming problem
(LP) for each spectrum-sharing mode. Since there are only two

variables in the LP (i.e., Pm and Pn ), we can solve it through
a graphical method. The LPs corresponding to the four modes
are specified as follows.
In mode-1, the power control problem is mathematically
formulated as
min Pn + Pm

Pn ,Pm

γn Gm,B
γn σ 2
Pm +
Gn,B
Gn,B
Gm,m
σ2
C2 : Pn ≤
Pm −
γm Gn,m
Gn,m

s.t. C1 : Pn ≥
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max
C3 : 0 ≤ Pm ≤ Pm
max
C4 : 0 ≤ Pn ≤ Pn .

(10)

In mode-4, the power control problem is shown in Fig. 2(d)
and formulated as the following problem.
min Pn + Pm

The graphical representation of the above problem is shown
in Fig. 2(a), wherein the shadow area denotes the feasible
region, and the red line denotes the objective function. As
can be seen, without considering the constraints C3 and C4 in
(10), the optimal solution can be obtained at the intersection
of lines C1 and C2 in (10). Combining the constraints C1 and
∗
C2, we can get the explicit expressions of Pm
and Pn∗ , which
are given in the second row of Table I.
In mode-2, the power control problem is described in Fig.
2(b) and formulated as the following LP.
min Pn + Pm
s.t. C1 : Pn ≤
C2 :
C3 :
C4 :
C5 :

(11)

From Fig. 2(b), we can observe that the optimal solution
of (11) is achieved at point-1 (i.e., the intersection of lines
C1 and C2) or point-2 (i.e., the intersection of lines C3 and
C2). If the horizontal coordinate of point-2 is larger than that
of point-1, point-2 is the optimal solution, otherwise point1 is the optimal solution. Solving the horizontal and vertical
coordinates of point-1 and point-2 and then comparing their
values, we can obtain the optimal solution of (11), which is
summarized in the third row of Table I.
In mode-3, the power control problem is depicted in Fig.
2(c) and formulated as
min Pn + Pm

Pn ,Pm

γn σ 2
γn Gm,B
Pm +
Gn,B
Gn,B
γSIC Gm,m
γSIC σ 2
Pn ≥
Pm +
Gn,m
Gn,m
γm σ 2
Pm ≥
Gm,m
max
0 ≤ Pm ≤ Pm
0 ≤ Pn ≤ Pnmax .

s.t. C1 : Pn ≥
C2 :
C3 :
C4 :
C5 :

σ2
Gm,B
Pm −
γSIC Gn,B
Gn,B
2
γn σ
Pn ≥
Gn,B
γSIC Gm,m
γSIC σ 2
Pn ≥
Pm +
Gn,m
Gn,m
2
γm σ
Pm ≥
Gm,m
max
0 ≤ Pm ≤ Pm
max
0 ≤ Pn ≤ Pn .

s.t. C1 : Pn ≤
C2 :
C3 :
C4 :
C5 :
C6 :

Pn ,Pm

σ2
Gm,B
Pm −
γSIC Gn,B
Gn,B
2
γn σ
Pn ≥
Gn,B
Gm,m
σ2
Pn ≤
Pm −
γm
γm Gn,m
Gn,m
max
0 ≤ Pm ≤ Pm
0 ≤ Pn ≤ Pnmax .

Pn ,Pm

(13)

For the above problem, there are four cases: 1) If point-1
(i.e., the intersection of lines C1 and C3) is located in area1, the optimal solution is achieved at point-1, just as shown
in Fig. 2(d). 2) If point-1 is located in area-2, the optimal
solution is achieved at point-4 (i.e., the intersection of lines
C1 and C2). 3) If point-1 is located in area-3, the optimal
solution is achieved at point-2 (i.e., the intersection of lines
C2 and C4). 4) If point-1 is located in area-4, the optimal
solution is achieved at point-3 (i.e., the intersection of lines
C3 and C4). To summarize, it finds that the optimal solution is
achieved at the right upper one of the four points. According
to this rule, we can get the explicit expressions of the optimal
solution of (13), given in the last row of Table I.
Although the power budget is not considered in Lemma
1, we can easily acquire the optimal solution of (9) through
a further judgment. More specifically, for a given spectrum∗
max
sharing mode, if 0 ≤ Pm
≤ Pm
and 0 ≤ Pn∗ ≤ Pnmax , it
means that this mode is feasible for the paired DUE and CUE.
As previously mentioned, only if one of the four modes is
feasible, the paired DUE and CUE can share the same channel.
In the power control and mode selection stage, our goal
is to minimize the power consumption of each CUE-DUE
pair. Firstly, we analytically obtain the optimal transmission
power for each CUE-DUE pair in the four modes, such that
we can know which modes are feasible. Among the feasible
modes, we then select the one that leads to the minimum
total transmission power as the optimal mode. By this way,
the obtained power control and mode selection policies are
optimal for the problem in (9).

B. The Optimal User Pairing Policy
(12)

Similar with mode-2, the optimal solution of (12) is
achieved at point-1 (i.e., the intersection of lines C1 and C3)
or point-2 (i.e., the intersection of lines C1 and C3), and the
one with the larger vertical coordinate is the optimal solution.
In the same way, we can get the optimal solution of (12),
which is given in the fourth row of Table I.

In this subsection, we aim at solving the UPP based on the
transmission power. In particular, let Pn,m denote the optimal
value of (9). If the problem in (9) is feasible, Pn,m is set as
∗
Pn,m = Pn∗ + Pm
.

(14)

If the problem in (9) is infeasible, Pn,m is set as a very large
value, so as to make (1 − αPn,m ) < 0. By this way, the user
pairing variable xn,m must be zero, that is, the CUE and DUE
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some concepts in graph theory.
P1,1

1

0

S

0

2



P1,M



0

0

P2,2

2

Definition 1. (Edge-Disjoint Paths) If two paths have no
common edges, they are called as edge-disjoint paths.

1

P2,1

0

D
0

Definition 3. (Connectivity Degree) The connectivity degree
of two nodes in a graph is defined as the maximum number
of node-disjoint paths between the two nodes.

PN , M

N

Definition 2. (Node-Disjoint Paths) If two paths have no
common nodes in addition to the source and the destination,
they are called as node-disjoint paths.

M

Definition 4. (Cost of A Path) The cost of a path is equal to
the sum of the cost of all edges in the path.
Fig. 3. A graph model for the user pairing problem.

Definition 5. (Cut-Set) A set (node or edge set) is called as a
cut-set if removing it leads to the disconnection of the graph.

cannot be paired. Afterward, the UPP can be recast as the
following problem.
max
X

N
M X
X

xn,m
m=1n=1
M
X

xn,m ≤ 1, ∀n ∈ C

s.t. C1 :

C2 :

(1 − αPn,m )

m=1
N
X

xn,m ≤ 1, ∀m ∈ D

n=1

C3 : xn,m ∈ {0, 1} , ∀n ∈ C, m ∈ D.

(15)

Remark 2. The problem in (15) is an integer programming
problem, which can be solved optimally by the Bender’s decomposition and Branch-and-Bound methods [38]. However,
the computational complexity of these methods is still very
high. To reduce the computational complexity, we remodel
the problem in (15) as a MCMF problem in graph theory and
then solve it efficiently.
As shown in Fig. 3, we first construct an undirected graph
GI (VI , EI ), wherein VI denotes the set of nodes, and EI
denotes the set of edges. In VI , S and D are two virtual nodes,
representing the source and the destination of a path. The intermediate nodes {1, 2, · · · , N } and {1, 2, · · · , M } correspond
to the CUEs and DUEs in the network, respectively. Between
the source node S and each node in {1, 2, · · · , N }, there
exists an undirected edge. Similarly, there is an undirected
edge between the destination node D and each node in
{1, 2, · · · , M }. Different from the former, the existence of the
edges between the nodes in {1, 2, · · · , N } and the nodes in
{1, 2, · · · , M } are related to the power control solutions of (9).
For instance, if CUE 1 and DUE 1 can be successfully paired,
an edge will exist between these two nodes, as shown in Fig.
3. On the contrary, since CUE 1 and DUE 2 cannot share the
same channel in any modes, there is no edge between these two
nodes. Besides, we define a cost for each edge in GI (VI , EI ).
As depicted in Fig. 3, if the edge (1, M ) is utilized, it will
consume the cost P1,M , i.e., the minimum total transmission
power of CUE 1 and DUE M .
Before explaining the relationship between the problem in
(15) and the constructed graph GI (VI , EI ), we first present

Lemma 2. The problem in (15) is equivalent to finding
K node-disjoint paths from S to D in GI (VI , EI ) and
making the total cost of the paths minimized, where K is the
connectivity degree of S and D in GI (VI , EI ).
Proof: As shown in Fig. 3, the intermediate nodes
{1, 2, · · · , N } and {1, 2, · · · , M } correspond to the CUEs
and DUEs in the network respectively. As such, the edges
between {1, 2, · · · , N } and {1, 2, · · · , M } can be regarded as
the binary variables in (15). Specifically, if the link (m, n)
in GI (VI , EI ) is selected, the corresponding variable xm,n
in (15) is equal to one, otherwise xm,n = 0. Besides, the
selected paths from S to D are required to be node-disjoint,
which confirms that the constraints C1 and C2 in (15) are met.
Thus, the path selection problem satisfies all of the constraints
in (15).
On the other hand, the connectivity degree of S and
D in GI (VI , EI ) is determined by the adjacency between
{1, 2, · · · , N } and {1, 2, · · · , M }. As previously mentioned,
the adjacency between {1, 2, · · · , N } and {1, 2, · · · , M } is
relevant to the power control solution of (9), which reflects
the potential user pairing policy. The connectivity degree of S
and D is just equal to the maximum number of accessed D2D
links. In addition, it requires that the K selected paths should
consume the minimum total cost, that is, the total transmission
power of the paired DUEs and CUEs is minimized. Hence, the
path selection problem can make the objective function in (15)
maximized.
Therefore, the path selection problem in GI (VI , EI ) is
equivalent to the user pairing problem in (15).
The path selection problem given in Lemma 2 is still an integer programming problem, which is hard to tackle. In order to
efficiently solve it, we transform the initial graph GI (VI , EI )
into another form GT (VT , ET ), which is shown in Fig. 4.
In GT (VT , ET ), we add M + N nodes {10 , 20 , · · · , N 0 }
and {10 , 20 , · · · , M 0 }, each of which is a copy of the nodes
{1, 2, · · · , N } and {1, 2, · · · , M } in GI (VI , EI ). Different
from the initial graph GI (VI , EI ), the transformed graph
GT (VT , ET ) is directional. Besides, we define the capacity
of each edge in GT (VT , ET ) as one, such that the cost of an
edge becomes the expense when an unit flow passes through
this edge. For GT (VT , ET ), we have the following Lemma.
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C. The Overall Algorithm
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Fig. 4. A min-cost max-flow model for the user pairing problem.

Lemma 3. The path selection problem given in Lemma 2 is
equivalent to the MCMF problem in GT (VT , ET ), where the
source and the sink are S and D, respectively.
Proof: The connectivity degree of S and D in
GI (VI , EI ) is K. Accordingly, the size of the smallest nodecut-set of S and D in GI (VI , EI ) is also equal to K. Denote
U as the smallest node-cut-set, where U ⊆ {1, 2, · · · , N } ∪
{1, 2, · · · , M } and |U| = K. It can be observed from Fig. 3
and Fig. 4 that there is a one-to-one correspondence between
the new added edges in GT (VT , ET ) (i.e., (n, n0 ) or (m, m0 ))
and the intermediate nodes in GI (VI , EI ) (i.e., n or m). As
such, the edges corresponding to the nodes in U constitute
a minimum edge-cut-set of S and D in GT (VT , ET ). The
Max-Flow Min-Cut Theorem in graph theory indicates that
the maximum flow is equal to the minimum edge-cut-set [39].
Hence, the maximum flow with source as S and sink as D in
GT (VT , ET ) is equal to K.
On the other hand, the network flow theory indicates that
if the capacity of each edge in a graph is one, the most edgedisjoint paths between two nodes can be found by solving the
corresponding maximum flow problem. Comparing the features of GI (VI , EI ) and GT (VT , ET ), we can find that each
edge-disjoint path from S to D in GT (VT , ET ) corresponds
to a node-disjoint path from S to D in GI (VI , EI ), and their
costs are identical. Therefore, the path selection problem given
in Lemma 2 can be tackled by solving the MCMF problem in
GT (VT , ET ).
To this end, we have proofed Lemma 3.
The MCMF problem has been well studied in graph theory,
and there are a lot of algorithms with low complexity that
can solve it optimally. By this equivalent transformation, the
computing complexity of finding the optimal solution of (15)
is reduced significantly.

The overall algorithm is summarized in Algorithm 1. In
this algorithm, we first calculate the optimal transmission
power for each paired CUE and DUE in each spectrumsharing mode (step-4). Then, we can get the optimal mode
for the paired CUE and DUE (step-5). Based on the obtained
transmission power and mode selection solutions, we construct
the initial graph GI (VI , EI ) and then generate the transformed
graph GT (VT , ET ). Through solving the MCMF problem in
GT (VT , ET ), we can get the optimal user pairing policy X∗
(step-8 to step-10). It’s worth pointing out that although the
PMP and the USP are tackled separately, the obtained control
policy {X∗ , P∗C , P∗D } is still globally optimal for the problem
in (5). This is because every possible power control policy
and user pairing policy are taken into account in our proposed
algorithm, and the final solution is selected from them.
The computational complexity of Algorithm 1 is dominated
by step-4 and step-10. In step-4, we should calculate Pn∗ and
∗
for each possible combination of DUE and CUE in four
Pm
modes. The total number of DUE-CUE combinations is M N ,
thereby the complexity of step-4 is O (8M N ). In step-10,
we can adopt the Ford-Fulkerson algorithm [40] to solve the
MCMF problem in GT (VT , ET ). The complexity of the FordFulkerson algorithm is O (F E), where F denotes the maxflow, and E denotes the number of edges in the graph. In
GT (VT , ET ), the maximum value of the max-flow from S to
D is equal to the number of DUEs (i.e., M ), and the maximum
number of edges is 2+2N +2M +N M . Thus,the complexity
of step-10 is O 2M + 2N M + 2M 2 + N M 2 . In a practical
system, the number of DUEs and CUEs are usually much
larger than 2,
 thus the complexity of step-10 is approximate
to O N M 2 . Therefore, the total computational complexity
of Algorithm 1 is O ((8 + M ) M N ). Furthermore, if M  8
(the scenario with massive connections), the total complexity
of Algorithm 1 is in the order of O N M 2 .
Algorithm 1 The Overall Algorithm for the Problem in (5).
1: Input: The decoding thresholds and the CPGs of all users.
2: for n = 1 : 1 : N do
3:
for m = 1 : 1 : M do
4:
Calculate the optimal transmission power of CUE
n and DUE m in the four spectrum-sharing modes
according to Lemma 1;
5:
Obtain the optimal power control {P∗C , P∗D } and
mode selection solutions of the problem in (9) and
set the value of Pn,m ;
6:
end for
7: end for
8: Construct the initial graph GI (VI , EI ) based on the
obtained power control and mode selection solutions.
9: Generate the transformed graph GT (VT , ET ) according
to the initial graph GI (VI , EI ).
10: Obtain the user pairing policy X∗ by solving the MCMF
problem in GT (VT , ET ).
∗
11: Output: The optimal control policy {X∗ , P∗
C , PD }.
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TABLE II
S IMULATION PARAMETERS
500~1000 m
32.44+20lg (d[km])+20lg (fc [M
 Hz])
Log normal as N 0, 42
Rayleigh fading with 1 variance
-150 dBm/Hz
2 Watt
3.5 GHz
2 MHz
500

VI. S IMULATION R ESULTS
In this section, we conduct extensive simulations to investigate the performance of our proposed algorithm. The
detailed simulation parameters are listed in Table II. For
notational simplicity, our proposed algorithm is denoted as
the Hybrid_Mode. To demonstrate the advantages of our algorithm, we compare it with the other six benchmark schemes,
namely the Max_Access, Rand_Access, NOMA_Mode1,
NOMA_Mode2, NOMA_Mode3, and NOMA_Mode4. The
detailed explanation of the six schemes is given as follows.
• Max_Access: This scheme adopts the four NOMA-aided
spectrum-sharing modes shown in Fig. 1 and our designed
power control and mode selection policy given in Subsection V-A. The goal of the Max_Access is to maximize
the number of accessed D2D links but without taking
into account the power consumption of devices. As such,
the user paring problem can be modeled as a maximum
matching problem in graph theory and optimally solved
by the Hungarian algorithm [40]. The Max_Access is
utilized to verify whether our algorithm can achieve the
optimal solution and demonstrate the performance gain
of our algorithm in terms of power consumption.
• Rand_Access. The Rand_Access also adopts the four
NOMA-aided spectrum-sharing modes and our designed
power control and mode selection policy. Different from
our algorithm, the DUEs are randomly paired with the
CUEs in the Rand_Access. This scheme is used as a
benchmark to evaluate the performance of our proposed
user paring policy given in Subsection V-B.
• NOMA_Mode1~NOMA_Mode4: The resource allocation
algorithms of these four schemes are the same with
our algorithm. The difference is that each of them only
utilize one of the four spectrum-sharing modes. It is
noted that the spectrum-sharing mode utilized by the
NOMA_Mode1 is just the traditional underlay mode in
the D2D underlying cellular networks. By comparing
with it, we can investigate the advantages of the NOMA
enhanced network architecture. Besides, the other three
schemes can demonstrate the specific performance of
each spectrum-sharing mode and give some insights for
the system design.
A. Number of Accessed D2D Links
Fig. 5 shows the effect of the number of DUEs M on the
number of accessed D2D links (NAD). From this figure, we

70
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Cell radius, R
Path loss
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Fading
Noise Power, σ 2
max
Power budget, Pnmax ,Pm
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Channel bandwidth, B0
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Fig. 5. The effect of the number of DUEs on the number of accessed D2D
links (N = 100, γn = 50, γm = 100, γSIC = 50, and R = 500 m).

can observe that the NAD increases almost linearly with the
number of DUEs. This is because with the four spectrumsharing modes, almost all of the DUEs can access to the cellular network, as shown by the Max_Access and Hybrid_Mode.
Furthermore, the Hybrid_Mode has the same performance with
the Max_Access in terms of the NAD. Since the optimal
power control policy is obtained by the graphical method,
our proposed algorithm can achieve the optimal solution
of the formulated problem in (5). Moreover, the simulation
results indicate that the Hybrid_Mode can increase about 22%
NAD with respect to the NOMA_Mode1 (i.e., the underlay
mode). This result illustrates that the NOMA technique has
great potential in improving D2D connections. However, if
the DUEs and the CUEs are not paired appropriately, the
performance of the NOMA enhanced network is still very
poor, as shown by the Rand_Access. Thus, to fully exploit
the advantages of NOMA, the user pairing policy between
DUEs and CUEs must be carefully designed.
Fig. 6 plots the NAD versus the number of CUEs N . This
figure also shows that the Hybrid_Mode greatly outperforms
the other schemes with any number of CUEs, which verifies
the effectiveness of our proposed algorithm. On the other hand,
we can find that the performance of the NOMA_Mode3 is
much better than the NOMA_Mode2 and NOMA_Mode4. The
reason is that the distance between the D2D transmitter and the
BS is relatively far, which results in that the decoding threshold
of the SIC at the BS is hardly satisfied under the power
budget constraint of DUEs. By contrast, there are multiple
DUEs and CUEs in the network, such that there will always
be some CUEs near the D2D receivers. As a consequence, the
decoding threshold of the SIC at the D2D receivers can be
easily satisfied especially when the number of CUEs is large.
As shown in Fig. 6, with the increment of the number of CUEs,
the NAD of the NOMA_Mode3 increases a lot, while the NAD
of the NOMA_Mode2 and NOMA_Mode4 almost remains the
same. These results tell us that the performance gain of our
algorithm with respect to the NOMA_Mode1 mainly comes
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Fig. 6. The effect of the number of CUEs on the number of accessed D2D
links (M = 50, γn = 50, γm = 100, γSIC = 50, and R = 500 m).
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Fig. 7. The effect of the SIC decoding threshold on the number of accessed
D2D links (N = 100, M = 80, γn = 50, and γm = 100).

from the utilization of the mode-3. Therefore, if the complexity
of the network is limited, we can only employ the mode-1
and mode-3 for the DUEs, which can still achieve a good
performance.
Fig. 7 illustrates the effect of the SIC decoding threshold
γSIC on the NAD. With the increment of γSIC , the constraints of the mode-2, mode-3, and mode-4 become harder
to be satisfied. In addition to the NOMA_Mode1, the other
schemes adopt the SCI technique. Thus, the NAD of the
schemes except for the NOMA_Mode1 decreases with γSIC .
Since the Hybrid_Mode and the Max_Access also utilize the
mode-1, γSIC has a relatively small impact on their performance. On the contrary, the successful operating probability
of the NOMA_Mode2, NOMA_Mode3, and NOMA_Mode4
is highly dependent on the value of γSIC . As such, γSIC has
a great influence on their performance. This figure shows that
our algorithm has a stable performance even when the SIC
decoding threshold is high, which is a good feature for its

Fig. 8. The effect of the cell radius on the number of accessed D2D links
(N = 100, M = 80, γn = 50, γm = 100, and γSIC = 50).

application in practical systems.
Fig. 8 shows the NAD versus the cell radius R. First, we
can observe that the NAD decreases with R. The reason is
that with the increment of R, the CUEs must improve their
transmission power to satisfy the decoding threshold γn . Since
the power budget of the CUEs is limited by Pnmax , less DUEs
can be allowed to access to the cellular network in order
to satisfy the transmission demand of CUEs. Furthermore,
we can find that the gap between the Hybrid_Mode and
the NOMA_Mode1 narrows when R becomes large. This
is because when R is large, the distance between CUEs
and DUEs becomes far. As a consequence, the cross-tier
interference between CUEs and DUEs degrades. Then, the
BS and the D2D receivers can successfully decode their
desired signals directly. Accordingly, the gap between the
Hybrid_Mode and NOMA_Mode1 narrows. However, it is
noted that the performance of the Hybrid_Mode is not worse
than that of the NOMA_Mode1, as the solutions of the
Hybrid_Mode can cover those of the NOMA_Mode1. This
result indicates that NOMA is more suitable for the dense
wireless networks, as it can well coordinate the serious crosstier interference. For the traditional macro cellular network, we
can adopt the traditional underlay mode for the D2D devices
to reduce operation overhead.
B. Power Consumption
Fig. 9 presents the total transmission power (TTP) of the
paired DUEs and CUEs versus the number of DUEs M . As
shown in Fig. 5, the NAD increases with the number of DUEs.
Hence, the TTP also increases with the number of DUEs.
This figure shows that the TTP of the Hybrid_Mode is much
smaller than that of the Max_Access. This result demonstrates
the necessity of power control in the D2D-capable cellular
networks. Besides, the simulation results shown in Fig. 5
and Fig. 9 indicate that our algorithm can support massive
connections and significantly reduce the power consumption
of devices. The IoT with a massive number of mobile devices
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Fig. 12. Average transmission power versus the cell radius (N = 100, M =
80, γn = 50, γm = 100, and γSIC = 50).

is an important application of future wireless networks. Our
algorithm is very suitable for the IoT scenario. On the other
hand, we can observe from this figure that the TTP of the Hybrid_Mode is larger than the NOMA_Mode1, NOMA_Mode2,
NOMA_Mode4, and Rand_Access. The reason is that the
Hybrid_Mode accommodate more CUEs and DUEs than these
schemes, such that the TTP is large accordingly. For the
NOMA_Mode3, the SIC is implemented at the D2D receivers.
To satisfy the SIC decoding threshold γSIC , the transmission
power of the D2D transmitters should be improved greatly.
Since the NAD of the NOMA_Mode3 is large (as shown in
Fig. 5), the generated TTP is thus very high. This accounts
for why the TTP of the NOMA_Mode3 is larger than the
Hybrid_Mode.
Fig. 10 depicts the effect of the number of DUEs on
the average transmission power (ATP) of the paired DUEs
and CUEs. The ATP is equal to the TTP dividing the total
number of paired DUEs and CUEs, which reflects the power

consumption of each device. Different from the results shown
in Fig. 9, it can be observed from this figure that the ATP
of the Hybrid_Mode is smaller than the other schemes except
for the NOMA_Mode1. Therefore, our algorithm also exhibits
good performance in energy efficiency, which is vital for the
IoT devices with limited energy. Besides, the ATP of the
NOMA_Mode4 is much larger than the others’, as it should
implement SIC at both the BS and the D2D receivers. The
transmission power of the CUEs and the D2D transmitters
should be greatly improved to enhance the interference signals.
On the contrary, in the NOMA_Mode1, the CUEs are only
paired with the DUEs that cause weak interference, thereby it
consumes the less ATP.
Fig. 11 shows the TTP versus the cell radius R. In accordance with the NAD shown in Fig. 8, the TTP decreases
with R. When R is large, the TTP of the Hybrid_Mode
and the NOMA_Mode1 becomes the same. This reflects that
our algorithm mainly adopts the mode-1 in a macro cellular
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network. The effect of R on the ATP is illustrated in Fig.
12. This figure shows that our algorithm consumes very small
power in comparison with the other schemes. Although the
Max_Access yields the maximum NAD, it consumes the
largest power as well. On the contrary, the NOMA_Mode1
can reduce the power consumption at the expense of reducing
the device connections. Our algorithm strikes a good balance
between the device connections and the power consumption,
that is, it can maximize the NAD and meanwhile lead to small
power consumption.
VII. C ONCLUSION
In this paper, we have investigated the connectivitymaximization problem for the NOMA enhanced D2D-capable
cellular networks. Firstly, we have proposed a NOMA-aided
D2D access scheme, where the D2D users can operate in four
spectrum-sharing modes. Then, we have formulated a resource
allocation problem by jointly considering user pairing, mode
selection, and power control with the objective to maximize
the accessed D2D links and meanwhile minimize the total
power consumption. In order to solve the formulated problem
efficiently, an algorithm with polynomial complexity has been
devised based on the methods in graph theory. Finally, simulation results have been provided to verify the efficiency of our
proposed D2D access scheme and the resource management
algorithm.
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