
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 7, JULY 2019 6721

Joint Mode Selection and Resource Allocation for
D2D-Enabled NOMA Cellular Networks

Yanpeng Dai, Min Sheng , Senior Member, IEEE, Junyu Liu, Member, IEEE, Nan Cheng , Member, IEEE,
Xuemin Shen, Fellow, IEEE, and Qinghai Yang

Abstract—The 5G cellular network employs non-orthogonal
multiple access (NOMA) to enhance network connectivity and
capacity, and device-to-device (D2D) communications to improve
spectrum efficiency. However, the underlay D2D communications
may destroy the execution condition for the successive interference
cancellation (SIC) decoding of NOMA cellular networks by intro-
ducing the extra interference, which degrades the cellular trans-
mission reliability. Thus, we develop the interlay mode as a special
D2D mode for NOMA system, which enables the power domain
multiplexing of the D2D pair and cellular users to eliminate the
strong interference between them by the SIC decoding. When D2D
pair conducts the selection between the interlay mode and underlay
mode, the SIC decoding constraint should be satisfied at both D2D
receiver and NOMA base station. In order to maximize the system
sum rate while meeting the SIC decoding constraint, we propose a
joint D2D mode selection and resource allocation scheme with inter-
lay mode, which can be formulated as a combinatorial optimization
problem. To tackle the combinatorial nature of mode selection and
spectrum assignment, we first prove that the original problem can
be reformulated as a maximum weight clique problem, and then
propose a graph-based algorithm by applying branch-and-bound
method to obtain its optimal solution. Finally, simulation results are
provided to demonstrate that the interlay mode along with the pro-
posed algorithms can coordinate D2D communications and NOMA
cellular network to significantly improve the system sum rate and
the D2D access rate.

Index Terms—Channel capacity, device-to-device communica-
tions, NOMA, radio spectrum management, 5G mobile communi-
cations.

I. INTRODUCTION

THE fifth generation (5G) networks will possess an ar-
chitecture of heterogeneous networks integrating with
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multiple advanced communication technologies to satisfy
high performance requirements [1]. Device-to-device (D2D)
communication is one of the promising technologies to provide
the proximity service for mobile users, which is incorporated
into cellular networks to enhance the system capacity [2]–[4].
In D2D underlaying cellular networks, a pair of nearby devices
reuses cellular resources to communicate without the relaying
assistance of base station (BS), which improves spectrum effi-
ciency while saving the radio bandwidth. However, it also intro-
duces the mutual interference between cellular users and D2D
pairs. Therefore, the efficient resource allocation and interfer-
ence management algorithms have been proposed by a large
body of literature [5]–[9]. However, all of these works focus on
the traditional orthogonal multiple access (OMA) systems. Even
though the efficient resource allocation algorithms are adopted,
the mutual interference cannot be completely avoided, leading
to degraded spectrum resource utilization.

To further enhance the network capacity, advanced multi-
ple access technologies should be utilized for D2D and cellular
hybrid networks. Recently, the non-orthogonal multiple access
(NOMA) technology has been proposed, which has the poten-
tial to support massive connectivity and high capacity [10], [11].
Specifically, the NOMA technology1 enables the user multiplex-
ing on power domain to realize that several users reuse the same
resource to simultaneously transmit the signals. The NOMA
receiver applies the successive interference cancellation (SIC)
technology to exploit the differences of signal strength to decode
the users’ signals. Many relative works have been proposed em-
ploying NOMA technology under many 5G scenarios [12]–[16].
Pan et al. in [17] studied the resource allocation for D2D under-
laying NOMA cellular networks, where NOMA technique is
used to enhance cellular users’ throughputs. In [18], Zhao et al.
applied NOMA technology into the D2D multicast group un-
derlaying OMA cellular network to alleviate the interference be-
tween D2D transmissions. In D2D communications underlaying
NOMA cellular networks, due to the non-orthogonal resource
competition, the D2D transmission may destroy the execution
condition for SIC decoding of NOMA cellular users, which can
degrade the transmission reliability of NOMA cellular network.
Furthermore, inside the NOMA system, the co-channel interfer-
ence exists between cellular users, which is determined by the
SIC decoding order and can affect the design of the D2D com-
munication scheme. Actually, due to performing the dimension

1The NOMA technologies mainly includes the code domain NOMA and
power domain NOMA. In this paper, we focus on the typical power domain
NOMA, and simply refer to it as NOMA in following text.
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of power domain, the NOMA system has the potential to provide
a new D2D mode to eliminate the mutual interference and im-
prove the efficiency of resource reuse between the cellular user
and D2D pair. In this paper, we define the interlay mode as a spe-
cial D2D communication mode based on the features of NOMA.
With the interlay mode, the D2D pair realizes the power-domain
multiplexing with the cellular user on the same spectrum. Ac-
cording to the difference of their signals’ power levels, the SIC
decoding can avoid the mutual interference between the D2D
pair and cellular user. Therefore, besides the underlay mode, the
interlay mode is an alternative communication mode for D2D in
NOMA cellular networks. The coexistence of the interlay mode
and underlay mode will be a promising mechanism for D2D
in NOMA system to satisfy the diverse requirements of D2D
proximity services.

However, the resource management in D2D-enabled NOMA
cellular networks with interlay mode is challenging. Specifi-
cally, if NOMA system is not properly designed, the co-channel
interference may exist between cellular users and the interlay
D2D pair, which affects the SIC decoding performance at both
D2D receiver and BS. The co-channel interference highly de-
pends on the SIC decoding order which is determined by the
users’ channel power gains and transmit powers. Therefore, the
co-channel interference is more complicated than that in a sim-
ple NOMA uplink system where the SIC decoding constraint
is only considered among cellular users. To mitigate the co-
channel interference and improve the system performance, the
mode selection and radio resource allocation should be jointly
considered. Firstly, in the interlay mode, the SIC decoder can
detect the difference of the signals on power domain to can-
cel the strong interference, and conversely, the signals in the
underlay mode collide on frequency domain such that the inter-
ference cannot be avoided. Thus, the mode selection of a D2D
pair directly influences the interference between it and other
users, which is different from that in the OMA system where the
interference is essentially determined by spectrum resource as-
signment. Secondly, in this hybrid NOMA network, the power
allocation takes into account the interference among multiple
NOMA cellular users, underlay D2D pairs, and interlay D2D
pairs, which is more complicated than that in traditional D2D
and cellular hybrid networks. Therefore, it is demanding to de-
sign a joint mode selection and power allocation scheme for the
hybrid NOMA system to acquire the advantages of NOMA and
D2D on spectrum efficiency and network connectivity.

In this paper, we investigate the resource management issue
for D2D-enabled NOMA cellular networks where D2D com-
munications are allowed to employ both the interlay mode and
underlay mode. We formulate a joint optimization problem of
mode selection between interlay mode and underlay mode, sub-
carrier assignment, and power control. We tackle this problem
using a maximum weight clique approach in graph theory, which
is a powerful tool for assignment problem and decision problem.
As such, a graph model is utilized to depict the interference be-
tween cellular users and D2D pairs when D2D pairs use different
subcarriers and modes. Moreover, the power control algorithm
is designed to guarantee the users’ minimum rates. The main
contributions of this paper are summarized as follows.
� Develop interlay mode: We introduce the interlay mode to

support power-domain multiplexing for cellular users and

Fig. 1. D2D in NOMA uplink cellular network.

D2D pairs. Accordingly, we propose to enables both the
interlay mode and underlay mode to promote the spectrum
utilization.

� Problem reformulation: We prove that the original op-
timization problem can be reformulated into a maximum
weight clique problem in graph theory, which helps us to
tackle the combinatorial and non-convex nature of the orig-
inal problem. Based on this, the efficient tools in the graph
theory and the combinatorial optimization can be exploited
to solve our constructed maximum weight clique problem,
which increases the efficiency of our algorithm design.

� Efficient algorithm design: A graph-based scheme is pro-
posed to maximize the system sum rate. In the proposed
scheme, an iterative power allocation algorithm is proposed
based on the sequential convex approximation to calculate
the vertex weights. Then, a branch-and-bound based algo-
rithm is proposed, which iteratively excludes the vertices
representing inefficient allocation to achieve the optimal
solution of mode selection and subcarrier assignment. We
further propose a heuristic resource management algorithm
with low computational complexity.

The remainder of the paper is organized as follows. In
Section II, we introduce the network model, D2D com-
munication modes, and problem formulation. The problem
reformulation and the proposed joint mode selection and re-
source allocation scheme are presented in Section III. Then, we
present a heuristic resource allocation algorithm in Section IV.
Simulation results are given in Section V. Finally, we conclude
this paper in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we introduce the network scenario and D2D
communication modes, and then formally formulate the mode
selection and resource allocation problem.

A. Network Model

As shown in Fig. 1, we consider the D2D communication in a
single-cell NOMA uplink network. In this scenario, there are M
cellular users, N D2D pairs, and K orthogonal subcarriers, and
the sets of them are denoted by C = {C1, . . . ,Cm, . . . ,CM},
D = {D1, . . . ,Dn, . . . ,DN}, and K = {S1, . . . ,Sk, . . . ,SK},
respectively. Furthermore, each Dn consists of a transmitter DT

n

and a receiver DR
n . We assume that all links experience indepen-

dent block fading, and the subcarriers follow the frequency-flat
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Fig. 2. The underlay mode and interlay mode for D2D in NOMA cellular
network.

fading for each link. The channel power gain between cellu-
lar users Cm and BS is denoted by hCm,BS, which consists of
the path loss, fast fading gain with exponential distribution, and
shadow fading with log-normal distribution. Similarly, we de-
note the channel power gains of Cm-DR

n , DT
m-DR

n , and DT
n -BS

by hCm,DR
n

, hDT
m,DR

n
, and hDT

n ,BS, respectively. In addition, we
assume that the BS can acquire the perfect channel state infor-
mation on the PUCCH and PSCCH.2

NOMA uplink system applies the superposition coding tech-
nique at cellular users and adopts SIC technique at the BS.
Specifically, multiple cellular users are allowed to transmit their
signals to the BS by the same subcarrier and their signals have
different power levels. In NOMA uplink system, the users’ the
channel power gains are very different and the user’s transmit
power is very limited compared with the BS. Thus, the SIC de-
coder at the BS successively decodes the signals of the users
in descending order of the users’ the channel power gains [20],
[21]. Once a user’s signal is decoded successfully, it is subtracted
from the superposed signal. When one user’s signal is being de-
coded, it treats the residual users’ signals as interference. Hence,
Cm only receives the co-channel interference from otherCi with
hCm,BS > hCi,BS in typical NOMA uplink system.

In this work, D2D pairs can operate in the underlay mode or
interlay mode. The underlay mode is a traditional mode and has
been applied in OMA system. The interlay mode is proposed in
this paper and specialized for the NOMA system.

Underlay mode: In underlay mode, D2D pairs directly reuse
the subcarriers of cellular users. However, the mutual interfer-
ence is inevitable between the transmission links assigned with
same subcarrier, as shown in Fig. 2a. Therefore, it is required to
guarantee that the interference cannot break down the cellular
uplink transmission. Similar to [5], [6], [22], we assume each
subcarrier is reused by at most one D2D pair in the underlay
mode.

However, from Fig. 2a, we observe that if D2D pairs locates in
proximity to the BS, their communications would cause severe

2Cellular users transmit the channel state information via physical uplink
control channel (PUCCH). D2D pairs rely on physical sidelink control channel
(PSCCH) [19]. In NOMA system, the SIC decoding information should be
transmitted to the cellular users and D2D pairs on PUCCH and PSCCH.

mutual interference to cellular uplinks. Such severe interference
cannot be relieved in OMA system and degrade the performance
of D2D communications.

Interlay mode: The interlay mode is proposed for D2D com-
munication in NOMA system. Different with the underlay mode,
the interlay mode enables the power-domain multiplexing be-
tween cellular users and D2D pairs on the basis of frequency
reuse. In the interlay mode, the D2D pair can join to the NOMA
group to be rid of the mutual interference between it and NOMA
cellular users. To be specific, if a D2D transmitter’s channel
power gain to the BS is better than that of cellular users, the BS
can exploit SIC to cancel the interference from D2D pairs to
cellular users, as is shown in Fig. 2b.

In this paper, we consider the existence of the underlay and in-
terlay mode, as Fig. 2c shows. Specifically, because D1 works in
the interlay mode butDT

1 cannot interfere withC1. The cell-edge
D2 works in the underlay mode and reuses the same spectrum
with C1 and D1, since it causes weak interference to the BS. It
is seen that due to the interference cancellation by the interlay
D2D pair, a cell-edge D2D pair could reuse the cellular spectrum
in underlay mode. Therefore, the existence of the underlay and
interlay mode is adopted to improve the spectrum efficiency.

The signal-to-interference-plus-noise ratio (SINR) of D2D
user Dn when using subcarrier Sk in interlay mode is expressed
as

ξiDn,Sk
=

PDn
hDT

n ,DR
n

N0 + I icDn,Sk
+ I idDn,Sk

(1)

I idDn,Sk
=

∑

Dj∈Id
Dn

sDj ,Sk
PDj

hDT
j ,DR

n
+

∑

Dj∈D
xDj ,Sk

PDj
hDT

j ,DR
n

(2)

wherePD = {PDn
| Dn ∈ D} is the vector of the transmit pow-

ers of D2D transmitters andN0 is the the additive white gaussian
noise power. I icDn,Sk

=
∑

Ci∈Ic
Dn

yCi,Sk
PCi

hCi,DR
n

is the inter-

ference from cellular users, where PC = {PCm
| Cm ∈ C} is

the vector of the transmit powers of cellular users and Ic
Dn

=

{Ci ∈ C | hCi,DR
n
< hDT

n ,DR
n
,Dn ∈ D}. I idDn,Sk

is the interfer-
ence from other D2D pairs and consists of two parts. The
first part is the interference from interlay D2D pairs, where
Id
Dn

= {Dj ∈ D | hDT
j ,DR

n
< hDT

n ,DR
n
,Dn ∈ D}, and the sec-

ond part is the interference from underlay D2D pairs. Note
that the interlay D2D pair also can use SIC decoding to can-
cel the interference from other users in the same NOMA group.
Let S = {sDn,Sk

| Dn ∈ D, Sk ∈ K} and X ={xDn,Sk
| Dn ∈

D, Sk ∈ K} denote the subcarrier assignment indicators for
D2D pairs in the interlay mode and the underlay mode, respec-
tively. sDn,Sk

= 1 ifDn is assigned withSk and works in interlay
mode, otherwise sDn,Sk

= 0. xDn,Sk
= 1 if Dn is assigned with

Sk and works in the underlay mode, otherwise xDn,Sk
= 0. Sim-

ilarly, the SINR of D2D pair Dn when using subcarrier Sk in
underlay mode is expressed as

ξuDn,Sk
=

PDn
hDT

n ,DR
n

N0 + IucDn,Sk
+ IudDn,Sk

(3)

where IucDn,Sk
=

∑
Ci∈CyCi,Sk

PCi
hCi,DR

n
and IudDn,Sk

=∑
Dj∈DsDj ,Sk

PDj
hDT

j ,DR
n

denote the interference from the
cellular users and D2D pairs in interlay mode, respectively.
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The SINR of cellular user Cm when using subcarrier Sk is
given by

ξCm,Sk
=

PCm
hCm,BS

N0 + IcCm,Sk
+ IdCm,Sk

(4)

where IcCm,Sk
=

∑
Ci∈Ic

Cm
yCi,Sk

PCi
hCi,BS is the interference

from other cellular users. Ic
Cm

= {Ci ∈ C | hCi,BS < hCm,BS}
is a subset of cellular users which can interfere with Cm.
Let Y = {yCm,Sk

| Cm ∈ C, Sk ∈ K} denote the subcarrier
assignment indicators for cellular users, where yCm,Sk

= 1
if Sk is assigned to Cm, otherwise yCm,Sk

= 0. IdCm,Sk
=∑

Dj∈Id
Cm

sDj ,Sk
pDj

hDT
j ,BS +

∑
Dj∈D xDj ,Sk

pDj
hDT

j ,BS de-
notes the interference from D2D pairs using the same subcar-
rier, where Id

Cm
= {Dj ∈ D | hDT

j ,BS < hCm,BS,Cm ∈ C} is a
subset of D2D pairs interfering withCm if they work in the inter-
lay mode. Since the D2D is a flexible communication technique,
this work focuses on the scheduling of D2D communications
in the existing cellular network. Under the circumstance, Y is
known. Considering the decoding complexity and energy con-
sumption, we denote df as the maximum number of the commu-
nication links in a NOMA group [12], [17]. In particular, df = 1
for OMA system.

Thus, the achievable rates of cellular users and D2D pairs are
respectively given by

RCm
=

K∑

k=1

yCm,Sk
RCm,Sk

=

K∑

k=1

yCm,Sk
log2(1 + ξCm,Sk

)

(5)

RDn
=

K∑

k=1

(
sDn,Sk

Ri
Dn,Sk

+ xDn,Sk
Ru

Dn,Sk

)

=

K∑

k=1

[
sDn,Sk

log2

(
1 + ξiDn,Sk

)

+xDn,Sk
log2

(
1 + ξuDn,Sk

)]
(6)

B. Problem Formulation

We formulate the maximization problem of system sum rate,
which jointly optimizes the mode selection, subcarrier alloca-
tion, and power control. A D2D pair is activated only when the
minimum rate requirement is satisfied and other communication
links are not interrupted. The formulated optimization problem
is as follows.

max
PC,PD,S,X

M∑

m=1

RCm
+

N∑

n=1

RDn

s.t. C1 :

K∑

k=1

(sDn,Sk
+ xDn,Sk

) � 1, ∀Dn ∈ D

C2 :
M∑

m=1

N∑

n=1

(yCm,Sk
+ sDn,Sk

) � df , ∀Sk ∈ K

C3 :
N∑

n=1

xDn,Sk
� 1, ∀Sk ∈ K

C4 :RCm
� Rc

min, ∀Cm ∈ C

C5 :RDn
� Rd

min

K∑

k=1

(xDn,Sk
+ sDn,Sk

) , ∀Dn ∈ D

C6 :0 � PCm
� P c

max, ∀Cm ∈ C
C7 :0 � PDn

� P d
max, ∀Dn ∈ D

C8 :sDn,Sk
, xDn,Sk

∈ {0, 1} , ∀Dn ∈ D, ∀Sk ∈ K
(7)

where P c
max and P d

max are denoted as the maximum transmit
powers for cellular users and D2D pairs, respectively. Rc

min and
Rd

min are the minimum rate thresholds of cellular users and D2D
pairs, respectively. C1 indicates that each D2D pair selects at
most one communication mode. C2 ensures that each subcarrier
can be shared with at most df cellular users and interlay D2D
pairs. C3 ensures that each subcarrier can be reused by at most
one underlay D2D pair.C4 andC5 specify the rate requirements
of the cellular users and the D2D pairs, respectively. C6 and C7
restrict the maximum transmit power for cellular users and D2D
pairs, respectively. C8 are the integer constraints for subcarrier
assignment indicators.

III. GRAPH-BASED RESOURCE MANAGEMENT SCHEME

In this section, we first show how the original problem can be
reformulated as a maximum weight clique problem with given
power allocation. Then, based on the branch-and-bound (BnB)
framework [23], we propose an efficient joint mode selection and
subcarrier assignment algorithm which can obtain the optimal
solution. Afterward, an iterative power control scheme is pro-
posed. In addition, we propose the graph construction method
to decrease the graph scale and exploit the special structure of
constructed graph to reduce the complexity of the proposed al-
gorithm.

A. Maximum Weight Clique Problem Reformulation

From Section II-B, (7) is a combinatorial optimization prob-
lem which includes the integer variables and non-convex func-
tions. Since its computational complexity increases exponen-
tially with the growing number of integer variables, it is very
difficult to solve (7) directly. Therefore, we exploit the graph
theory to reformulate (7) into a maximum weight clique prob-
lem with given feasible power allocation [24].

In order to reformulate (7), we firstly define an undirected
graph by G = (V, E), where V = {v1, . . . , vi, . . . , v|V|} is a set
of vertices, and E = {e1, . . . , ej , . . . , e|E|} is the set of edges.
| · | is the cardinality of a set, i.e., the number of elements in
a set. Moreover, let w(vi) denote the weight of vi ∈ V . For a
subset of vertices V′ ∈ V , the weight of V′ is the summation
of the weight of vertices in V′, w(V′) =

∑
vi∈V′ w(vi). In what

follows, we give the definitions of clique and maximum weight
clique problem.

Definition 1: In an undirected graph, a clique Q is a subset
of vertices in which any pair of vertices is adjacent (connected
by an edge).

Definition 2: Maximum weight clique (MWC) problem is to
find a clique Q which has the maximum weight w(Q) among
all cliques.
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Fig. 3. An example of graph modeling for MWC problem.

Each vertex vi represents a combination vi = (Di
vi
,Du

vi
, Svi

)
of D2D pairs and subcarriers, which corresponds to a result
of mode selection and subcarrier assignment. Di

vi
and Du

vi
are

the sets of interlay D2D pairs and underlay D2D pairs using
Svi

, respectively. Svi
is the subcarrier included in vi and can be

equivalent to any subcarrier, Svi
= Sk, Sk ∈ K.

There exists an edge (vi, vj) between a pair of vertices, if and
only if they do not include the same D2D pairs and same sub-
carriers. In addition, for each vertex, w(vi) equals the maximum
rate achieved by this combination. It is expressed as

w (vi) =
∑

Dn∈Di
vi

Ri
Dn,Sk

+
∑

Dn∈Du
vi

Ru
Dn,Sk

+
∑

Cm∈C
yCm,Sk

RCm,Sk
(8)

where the rate of each link can be calculated based on given
power allocation. Note that if the vertex cannot satisfy C4, C5,
C6, andC7 in (7), its weight equals zero. Actually, we can utilize
the feature of D2D communication modes to reduce the number
of vertices. Hence, we get the following lemma.

Lemma 1: ∀D′ ⊂ D, if
∑

Cm∈CyCm,Sk
+ |D′| � df , we get

w (vi) � w (vj) (9)

where Di
vi
\ D′ = ∅ and (Di

vj
∪ Du

vj
) \ D′ = ∅.

Proof: See the Appendix A �
Lemma 1 demonstrates that for a group of D2D pairs, when

all of them work in the interlay mode, they can achieve higher
rate than that when a part of them work in underlay mode. Thus,
there should exists interlay D2D pairs as many as possible on the
same subcarrier. Thus, based on Lemma 1, we further provide
the following corollary.

Corollary 1: In G, since w(vi) � w(vj), it is unnecessary to
include vj in MWC. Hence, it does not need to create any vj for
any D′.

For example, as shown in Fig. 3a, there are three cellular users,
two D2D pairs, and two subcarriers, whereS1 is shared byC1 and
C2, S2 is used by C3, and df = 2 for each subcarrier. D1 and D2

are to be allocated. The graph model in Fig. 3b includes eight
vertices. Specifically, v1 represents that D1 is in the underlay
mode and assigned with S1, which can coexist with v5 or v8. v6

represents the allocation result shown in Fig. 3a. S2 is assigned
with D1 and D2, which are in the underlay mode and interlay
mode, respectively. In addition, v3 and v8 indicate there is not
any D2D pair using S1 and S2, respectively. In the worst case,
the boundary of the number of vertices is Kdf

N !
df !(N−df )!

. Due

Fig. 4. An example of optimal table.

to the limitation of SIC capability, the value of df is generally
very limited in practice [10].

Theorem 1: The maximization problem (7) can be equiva-
lently considered as the MWC problem if the feasible power
allocation is given.

Proof: See the Appendix B. �
The MWC problem is a classic problem in graph theory and

combinatorial optimization [25]. Although it is also NP-hard, we
can exploit the special feature of the constructed graph model to
propose a BnB based algorithm.

B. BnB Based Algorithm

The BnB based algorithm consists of preprocessing phase and
BnB phase. In preprocessing phase, the vertices are divided into
several groups corresponding to different subgraphs. Then, the
weights of MWC in different subgraphs are calculated and stored
in the optimal table [26]. In BnB phase, the MWC problem is
divided into smaller subproblems, in which the upper bound of
the weight can be calculated by optimal tables. The optimal up-
per bound is updated if the subproblem can achieve higher upper
bound than current optimal upper bound. Moreover, the unnec-
essary subproblems are pruned by the optimal tables, which can
reduce the search space. Furthermore, we can exploit the gap
of vertex weight to further avoid the calculation of unnecessary
subproblems.

1) Preprocessing Phase: We firstly use an example to intro-
duce the definition and function of the optimal table. Fig. 4a
shows that there are six vertices in the graph G and their
weights w(vi) = {5, 3, 2, 4, 2, 1}. The vertices is divided into
two groups, G1 = {v1, v2, v3} and G2 = {v4, v5, v6}. Fig. 4b
shows that the optimal table of G consists of the vertex sub-
setsS ∈ Gl and the weightwopt(S) of the vertex subset’s MWC.
Each vertex subset is represented by the bit vector with the length
of |S|. By means of the optimal tables, we can calculate the up-
per bound U of any vertex subset with O(1). For example, the
upper bound of V′ = {v1,v3, v5} is calculated as follow.

U (V′) = table [1] [101] + table [2] [010] = 7. (10)

For BnB phase, the tight upper bound can reduce the complex-
ity and improve the efficiency. The tightness of upper bound is
impacted by the number of vertex groups, which is shown in
following Lemma 2.

Lemma 2: For G = (V, E), the vertices are divided into l
groups, Ω = {G1, . . . ,Gl}. We can obtain that U(V′) � l ×
wopt(V′), ∀V′ ⊆ V .

Proof: See the Appendix C. �
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Algorithm 1: Preprocessing Phase.
1: Initialization
2: • Set U = V , maximum size for vertex group as r;
3: • Set t = |V|, s = 0, l = 1 and k = 1;
4: • Set S1 = ∅, S = {S1} and wopt(S1) = 0;
5: Stage 1: Vertex partitioning
6: while U 	= ∅ do
7: Set s = s+ 1, Is = ∅ and U′ = U ;
8: while U′ 	= ∅ and |Is| < r do
9: Select the vertex vi ∈ U′ with maximum weight;

10: Set vπ(t) = vi, Is = Is ∪ vπ(t) and t = t− 1;
11: U′ = U′ \ ({vi} ∪ N (vi)), U = U \ {vi};
12: end while
13: end while
14: Gl = ∅;
15: for i from s to 1 do
16: if |Gl|+ |Ii| � r then
17: Gl = Gl ∪ Ii;
18: else
19: l = l + 1 and Gl = Ii;
20: end if
21: end for
22: Stage 2: Optimal table calculation
23: for all Gl do
24: for all u ∈ Gl do
25: S′ = ∅;
26: for j from 1 to |S| do
27: k = k + 1, Sk = Sj ∪ u;
28: δ = w(u) + wopt(Sj ∩ N (u));
29: wopt(Sk) = max(δ, wopt(Sj));
30: S′ = S′ ∪ Sk;
31: end for
32: S = S ∪ S′;
33: end for
34: end for
35: return Vπ = {vπ(1), . . . , vπ(|V|)} and wopt(Sk), ∀Sk

∈ Gl, ∀Gl ∈ Ω

Lemma 2 reveals that to acquire tight upper bound, the number
of groups |Ω| should be as small as possible [27]. However,
since the small |Ω| brings high computational complexity of
optimal table, the appropriate size of each group should be set
according to available memory and computational capability of
the computer. Thus, we denote the maximum size of each group
by r. Moreover, if the vertex group is a independent set, the
maximum weight clique is equivalent to the maximum weight
vertex [27]. It helps us in getting wopt(S) and constructing the
optimal table easily. Thus, the vertex coloring method is adopted
in vertex partitioning.

We design the preprocessing phase algorithm shown in
Algorithm 1. The Algorithm 1 first divides the vertices into many
small groups and determines the branching order of vertices, and
then constructs the optimal tables of the vertex groups. As shown
in Algorithm 1, all vertices are partitioned into many indepen-
dent sets Iss and get the vertex sequence. From steps 6 to 13,
the vertex vi with maximum weight in U′ is preferentially se-
lected to join in Is and then is given the sequence number π(t).
Then, the vertex with maximum weight is selected to join in

Algorithm 2: BnB Phase.
1: Initialization
2: • Construct G = {V, E}, Vπ , Ω and optimal tables;
3: • Set ω(·) = 0, Qmax = ∅ and V̄ = ∅;
4: for i from 1 to |V| do
5: if ∀vj ∈ Vi−1, w(vπ(i)) < w(vj), Svi

= Svj
and

(Di
vi
∪ Du

vi
) \ (Di

vj
∪ Du

vj
) = ∅ then

6: V̄ = V̄ ∪ Vi;
7: else
8: V′ = Vi \ V̄;
9: Q = ∅;

10: (Qmax) = RMWCS (V′,Qmax,Q);
11: ω(i) = w(Qmax);
12: end if
13: end for
14: return Qmax, w(Qmax)

Is in the residual vertices except vi’s neighbor vertices N (vi).
Until Is is maximal or its size achieves r, a new independent
set will be created. The principle of vertex partitioning is the
vertex coloring method [24], [27]. From 15 to 21, in order to
improve the tightness of upper bound, some consecutive inde-
pendent sets Iis are merged into a new vertex group Gl unless
the number of vertices in Gl is more than r. The stage 2 is to
calculate the optimal table of each vertex group. Step 27 shows
that the selected vertex u joins in each current vertex subset
Sj to create new subset Sk. At step 28, the optimal value δ of
MWC including u in Sk is calculated, where wopt(Sj ∩ N (u))
has been stored in optimal table. Then, if δ is great than or equal
to the optimal valuewopt(Sj),wopt(Sk) = δ. Otherwise, we get
wopt(Sk) = wopt(Sj). At steps 30 and 32, S′ is used to store
new subsets and contained in S . The outputs of Algorithm 1
are vertex sequence Vπ = {vπ(1), . . . , vπ(|V|)} and the optimal
tables of all Gl, respectively.

2) BnB Phase: In BnB phase, we divide G into many sub-
graphs and each subgraph consisting of Vi = {vπ(1), vπ(2),
. . . , vπ(i)} corresponds to a subproblem. The MWC of subprob-
lem can be found through recursive approach, which separates
the current subproblem into some new subproblems. To reduce
recursive procedure, we propose the following theorem to prune
unnecessary subproblem.

Theorem 2: In G = (V, E), there exist vi and vj with (Di
vi
∪

Du
vi
) \ (Di

vj
∪ Du

vj
) = ∅ and Svi

= Svj
. ifw(vi) > w(vj), vj /∈

Qmax.
Proof: First, we assume that vj is contained in MWC Qmax.

Due to (Di
vi
∪ Du

vi
) \ (Di

vj
∪ Du

vj
) = ∅, vi and vj include

identical D2D pairs. Hence, both of them cannot coexist in
Qmax. Because w(vi) > w(vj), Qmax has heavier weight if vi
is added to Qmax instead of vj , which means that a better MWC
is found and contradicts the initial assumption for Qmax. There-
fore, vj cannot be an element in Qmax. �

Theorem 2 reveals that for two vertices which contain the
same subcarrier and D2D pairs but different mode selections,
the one with smaller weight must not be in the maximum weight
clique. Thus, it can directly prune the subproblems including the
vertices with excessively small weight.

The BnB phase is shown in detail in Algorithm 2. In
Algorithm 2, we select the vertices in order ofVπ to construct the
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Algorithm 3: Recursivly MWC solution (RMWCS).

1: if V′ = ∅ then
2: if w(Q) > w(Qmax) then
3: Qmax = Q;
4: end if
5: return Qmax, Q
6: end if
7: if U(V′) + w(Q) � w(Qmax) and

ω(m(V′)) + w(Q) � w(Qmax) then
8: Q = Q ∪ vm(V′);
9: (Qmax,Q) = RMWCS (V′ ∩ N (vm(V′)),

Qmax,Q);
10: Q = Q \ vm(V′);
11: (Qmax,Q) = RMWCS (V \ vm(V′),Qmax,Q);
12: end if
13: return Qmax, Q

subgraph which consists of Vi and its optimal solution is stored
in ω(i). m(Vi) represents the maximum index of vertices in Vi.
At step 5, we employ Theorem 2 to prune the unnecessary prob-
lems including the vertices with small weight. These vertices
are contained in V̄ and not allowed to join in Vi. At step 10, we
use Algorithm 3 to solve MWC in subgraph. Specifically, from
steps 1 to 6 of Algorithm 3, if a subproblem is completely solved
and a better solution is found, Qmax will be updated. Step 7 cor-
responds to the bounding procedure, where the upper bound of
the subproblem is obtained by using optimal table or exploiting
ω(m(Vi)). If this upper bound is sufficiently small, this sub-
problem will be pruned. From steps 8 to 11, the vertex vm(Vi)

is selected as new branching variable, which generates new leaf
nodes of BnB framework. Then, two subproblems are solved
for optimal solution recursively, the one subproblem including
vm(Vi) and the other one excluding vm(Vi). Finally, Algorithm
2 outputs optimal MWC Qmax of G and optimal w(Qmax).
The vertices in Qmax are optimal solution and w(Qmax) is the
optimal value of (7).

C. Power Allocation

In previous subsection, we have adopted MWC method to
solve (7) with given feasible power allocation. In this subsection,
we introduce a power allocation scheme for each vertex in G =
(V, E). The power allocation subproblem for the vertex vi can
be expressed as

max
P=[PC,PD]

w (vi)

s.t. C9 :RCm,Sk
� Rc

min, ∀Cm ∈ Ck
C10 :RDn,Sk

� Rd
min, ∀Dn ∈ Di

vi
∪ Du

vi

C6, C7 (11)

where CSk
= {Cm | yCm,Sk

= 1, ∀Cm ∈ C}. Since the interfer-
ence exists in the summation of rate expression, the objective
function has strong non-convexity. Thus, we exploit sequential
convex approximation method to get the near-optimal solution
of (11).

The objective function can be rewritten as

w (vi) = f (P)− h (P) (12)

where f(P) and h(P) are given by

f (P) =
∑

Cm∈CSk
log2

(
PCm

hCm,BS +N0 + IcCm,Sk
+ IdCm,Sk

)

+
∑

Dn∈Di
vi

log2

(
PDn

hDT
n ,DR

n
+N0 + I icDn,Sk

+ I idDn,Sk

)

+
∑

Dn∈Du
vi

log2

(
PDn

hDT
n ,DR

n
+N0 + IucDn,Sk

+ IudDn,Sk

)

(13)

and

h (P) =
∑

Cm∈CSk
log2

(
N0 + IcCm,Sk

+ IdCm,Sk

)

+
∑

Dn∈Di
vi

log2

(
N0 + I icDn,Sk

+ I idDn,Sk

)

+
∑

Dn∈Du
vi

log2

(
N0 + IucDn,Sk

+ IudDn,Sk

)
. (14)

Since the objective function is the difference between two con-
cave functions, (11) can be rewritten as a standard problem of the
D.C. (difference between two convex function) programming
[28], [29]. We exploit the first order approximation to transform
(12) into a convex function. The gradient of h(P) at the point
P is expressed by

∇h (P) =

(
∂h

∂PC1

, . . . ,
∂h

∂PCm

,
∂h

∂PD1

, . . . ,
∂h

∂PDn

)
(15)

where if U ∈ CSk
∪ Di

vi
, the partial derivative of h with respect

to PU is presented by
∂h

∂PU
=

1
ln2

∑

Cm∈J c
U

hU,BS

N0 + IcCm,Sk
+ IdCm,Sk

+
1
ln2

∑

Dn∈J id
U

hU,DR
n

N0 + I icDn,Sk
+ I idDn,Sk

+
1
ln2

∑

Dn∈Du
vi

h∗,DR
n

N0 + IucCm,Sk
+ IudCm,Sk

(16)

where J c
U = {Cm | hU,BS � hCm,BS, Cm ∈ CSk

} and J id
U =

{Dn |hU,DR
n
�hDT

n ,DR
n
, Dn∈Di

vi
}. If U∈Du

vi
, ∂h
∂PU

is given by

∂h

∂PU
=

1
ln2

∑

Cm∈CSk

hU,BS

N0 + IcCm,Sk
+ IdCm,Sk

+
1
ln2

∑

Dn∈Di
vi

hU,DR
n

N0 + I icDn,Sk
+ I idDn,Sk

. (17)

Accordingly, we approximate h(P) by its first order Taylor
expansion h(Pk) +∇hT(P)(P−Pk) at arbitrary Pk. There-
fore, (11) can be transformed to

max
P=[PC,PD]

f (P)− h
(
Pk

)−∇hT
(
Pk

) (
P−Pk

)

s.t. C6,C7,C9,C10 (18)

which is a convex problem and can be directly solved by existing
algorithms, e.g. interior point method or standard solver, such as
CVX [30]. We propose an iteratively based vertex power allo-
cation (IVPA) scheme, which is described in Algorithm 4. Each
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Algorithm 4: Iteratively Based Vertex Power Allocation
(IVPA) Algorithm.

1: Initialization
2: • Set P0 and calculate w0 = f(P 0)− h(P 0);
3: • Set k = 0, ε = 10−2 and ϕ = 1000;
4: repeat
5: Solve problem (18) to obtain P∗;
6: Calculate wk = f(P∗)− h(P∗);
7: Update k = k + 1 and Pk = P∗;
8: until |wk − wk−1| � ε or k � ϕ
9: return w(vi) = wk, Pk

Algorithm 5: MWC Based Mode Selection and Resource
Allocation (MWC-MSRA) Algorithm.

1: Initialization
2: • Construct the undirected graph G = (V, E);
3: Calculate the vertex weight of G by Algorithm 4;
4: Obtain Ω and Vπ from Algorithm 1;
5: Complete mode selection and subcarrier assignment

from Algorithm 2;

vertex includes at most df + 1 cellular users and D2D pairs. The
maximum number of iterations is ϕ and the complexity of each
iteration is O((df + 1)3.5) by the interior point method. Thus,
the complexity of Algorithm 4 is O(ϕ(df + 1)3.5).

Finally, we conclude the entire procedure of MWC based
mode selection and resource allocation (MWC-MSRA) scheme
in Algorithm 5. Note that although BnB method is an efficient
approach to solve NP-hard combinatorial problem, the worst-
case complexity is same with the exhaustive searching problem.
If BnB method cannot prune any subproblem, it will search all
possibilities. Thus, it is required to design a low-complexity re-
source allocation algorithm.

IV. A FAST HEURISTIC RESOURCE ALLOCATION ALGORITHM

In this section, we develop a heuristic resource allocation algo-
rithm with low complexity. The main idea is to activate as many
D2D pairs as possible, especially interlay D2D pairs, to im-
prove the system sum rate. The details of the interference-aware
heuristic resource allocation (IHRA) algorithm are presented in
Algorithm 6.

The first step is to select D2D pairs working in interlay
mode and assign them with the subcarriers. During this step,
we assume that all users are assigned with unit transmit power
and define two utility functions which are the interference
utility αn,k and rate utility R̄i

n,k, respectively. Specifically, αn,k

presents a ratio of the interference when Dn works in underlay
mode to the interference when Dn works in interlay mode, and
is expressed as

αn,k =
Iun,k
I in,k

(19)

Iun,k =
∑

Cm∈Ck

(
hDT

n ,Cm
+ hCm,DR

n

)

+
∑

Dj∈D
sDn,Sk

(
hDT

n ,DR
j
+ hDT

j ,DR
n

)
(20)

Algorithm 6: Interference-Aware Heuristic Resource
Allocation (IHRA) Algorithm.

1: Initialization
2: • Initialize all sDn,Sk

= 0, xDn,Sk
= 0, PCm

= 1,
PDm

= 1;
3: • Set D0 = D, S0 = {Sk | ∑Cm∈CyCm,Sk

< df};
4: repeat
5: all αn,k = 0;
6: Calculate each αn,k = Iun,k/I

i
n,k and each R̄i

n,k,
∀Dn ∈ D0, ∀Sk ∈ S0;

7: if ∃(Dn, Sk), αn,k > 1 then
8: Get P∗ = {(Dn, Sk) | (Dn, Sk) =

argmaxn∈D0,k∈S0
αn,k};

9: if |P∗| == 1 then
10: Set sDn,Sk

= 1, (Dn, Sk) ∈ P∗ and D0 =
D0 \Dn;

11: else
12: Select (Dn, Sk) = argmaxP∗ R̄i

n,k;
13: Set sDn,Sk

= 1, D0 = D0 \Dn;
14: end if
15: end if
16: S0 = {Sk | ∑Cm∈C

∑
Dn∈DyCm,Sk

+ sDn,Sk

< df};
17: until D0 = ∅ or S0 = ∅
18: Use Algorithm 4 to obtain each w(en,k), ∀Dn ∈ D0,

∀Sk ∈ S;
19: Construct Matching model and get xDn,Sk

by
Kuhn-Munkres Algorithm;

20: return sDn,Sk
, xDn,Sk

, PCm
, PDn

I in,k =
∑

Cm∈Ck

(
hDT

n ,Cm
1Dn∈Id

Cm
+ hCm,DR

n
1Cm∈Ic

Dn

)

+
∑

Dj∈D
sDn,Sk

(
hDT

n ,DR
j
1Dn∈Id

Dj

+ hDT
j ,DR

n
1Dj∈Id

Dn

)

(21)

where 1f = 1 if condition f is satisfied, and 1f = 0 otherwise.
R̄i

n,k is the sum rate of users when Dn works in interlay
mode, which is expressed as R̄i

n,k =
∑

Cm∈CkR̄Cm
+
∑

Di∈D
R̄i

Di,Sk
+ R̄i

Dn,Sk
, where each rate value is calculated by unit

transmit power. From Line 7 to 11, we calculate αn,k and R̄i
n,k

for every pair of Dn and Sk. Then, two criteria are designed
based on these two utilities to determine the allocation order.
The second step is to assign the underlay D2D pairs to the
subcarriers, which is a maximum-weight matching problem [5],
[31]. In this matching model, the set of unassigned D2D pairsD0

and the set of subcarriers S are two disjoint groups of vertices
in the bipartite graph. There is an edge en,k to connect D2D pair
Dn with subcarrier Sk, when Dn reuses Sk and cannot break
other transmission links on Sk. The weight of en,k is given by

w (en,k) = Ru
Dn,Sk

+
∑

Di∈D
sDi,Sk

Ri
Di,Sk

+
∑

Cn∈C
yCm,Sk

RCm,Sk
(22)

where sDi,Sk
and yCm,Sk

is the subcarrier assignment indicators
for interlay D2D pairs and cellular users. We can use proposed
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TABLE I
SIMULATION PARAMETERS

power control algorithm (Algorithm 4) to calculate w(en,k).
The maximum-weight matching is a classic problem in graph
theory and can be solved by Kuhn-Munkres algorithm [24]. The
complexity of first step (lines 4 to 17) is O(NK). The complex-
ity of the calculation of edge weight is O(NK(df + 1)3.5). The
complexity of Kuhn-Munkres algorithm is O(max{K3, N 3}).
Thus, the computational complexity of IHRA algorithm equals
to O(max{K3, N 3}+NK(df + 1)3.5).

V. SIMULATION RESULTS

In this section, we present simulation results to evaluate the
performance of the interlay mode and proposed algorithms. We
consider a single cell network, where cellular users and D2D
pairs are uniformly distributed in cell. The link lengths of D2D
pairs are uniformly distributed, where maximum link length is
L. The main parameters are summarized in Table I. Limited by
our computer’s resources, the maximum size for vertex group
r is set to be 8. We compare the proposed coexisting scheme
of the interlay mode and underlay mode with the conventional
underlay scheme [5], [17] and the underlay with SIC scheme
[32].3 As [32], the underlay with SIC scheme enables the SIC at
both of BS and D2D receivers. Specifically, at each subcarrier,
BS can cancel the interference for cellular users which have
worse channel gain to BS than corresponding D2D transmitter.
The D2D receiver can cancel the interference from the cellular
user that has the better channel gain to the D2D receiver than the
D2D transmitter and other cellular users using same subcarrier.
Moreover, the performance of three benchmark algorithms has
also been evaluated for the comparison.
� Exhaustive search (ES) algorithm: This algorithm

searches all possible results of resource allocation in the
constructed graph, which can obtain the optimal solution
and is used to investigate the computational efficiency of
based MWC resource allocation algorithm.

� Greedy MWC (GMWC) algorithm: It is the GGWMIN
algorithm derived from [33], [34], which utilizes an effi-
cient utility function to find MWC of constructed graph
with low complexity.

� Random allocation (Random) algorithm: The algorithm
randomly allocates communication modes and subcarriers
for all D2D pairs. In order to ensure the fairness, IVPA

3In underlay scheme and underlay with SIC scheme, D2D pairs utilize only the
underlay mode. Each D2D pair reuses at most one subcarrier and each subcarrier
is reused by at most one D2D pair.

Fig. 5. System sum rate versus the number of D2D pairs (M = 6, K = 4,
P c
max = Pd

max = 24 dBm, L = 10 m).

algorithm is adopted to allocate the users transmit power,
in which the users sharing the same subcarrier constitute
one vertex.

A. Comparison With ES

Table II shows the performance comparison between ES al-
gorithm and MWC-MSRA algorithm with the different number
of the subcarriers, cellular users, and D2D pairs. In each cell
of the columns of ES and MWC-MSRA, the first value denotes
the computation time4 used by ES algorithm or MWC-MSRA
algorithm, and the second value denotes the corresponding sys-
tem sum rate. We use MATLAB operated on a computer with
2.2GHz CPU, 8GB memory, and Unix operating system. It can
be seen that MWC-MSRA algorithm can achieve the optimal so-
lution and significantly reduce the computation time especially
when N and K increase. This is mainly because MWC-MSRA
algorithm can exploit the upper bound of subproblem and utilize
the gap between the weight of vertices (Theorem 2) to prune the
unnecessary subproblems. Furthermore, we can see that for each
K, the computation time increases with N and decreases with
M . This is because the number of vertices determines the com-
plexity of MWC problems. More D2D pairs lead more allocation
results, which increases the number of vertices. However, more
cellular users make the number of available resources decline,
which reduces the number of vertices.

B. Impact of the Number of D2D Pairs on Network
Performance

Fig. 5 shows the sum rate of different schemes versus the num-
ber of D2D pairs N . It is observed that the interlay+underlay
scheme greatly improves the system sum rate compared with
other schemes. This is because the interlay mode can exploit SIC
capability to reduce the interference, while the underlay scheme

4The computation time does not include the time of graph construction pro-
cess to emphasize the computational complexity of algorithm execution. This
is because both of ES and MWC-MSRA algorithms use the same constructed
graph which spends uniform time.
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TABLE II
COMPARISON WITH ES ALGORITHM

Fig. 6. Access rate of D2D pairs versus the number of D2D pairs (M = 6,
K = 4, P c

max = 24 dBm, L = 10 m).

only use power control to restrain the interference. We also ob-
serve that because the spectrum resources are deeply reused, the
interlay+underlay scheme outperforms the underlay with SIC
scheme. Furthermore, we find that when df = 3, MWC-MSRA
and IHRA algorithm can achieve higher sum rate than that when
df = 2. The reason is that when df = 3, NOMA system can al-
low more D2D pair working in interlay mode.

Fig. 6 shows the access rate of D2D pairs versus the number of
D2D pairs N . We see that with the increase of N , the proposed
algorithms achieve higher access rate than other schemes. The
reasons are twofold. On the one hand, the coexisting scheme of
the interlay mode and underlay mode provides more opportuni-
ties for D2D pairs to access to the network. On the other hand,
since the interference is efficiently restrained, the rate require-
ment of each user is more easily satisfied. In addition, it can be
seen that MWC-MSRA algorithm achieves higher access rate
than other algorithms. This is because taking the advantage of
graph model, MWC-MSRA algorithm can more efficiently re-
lieve interference and exploit user diversities to conduct mode
selection and subcarrier assignment.

C. Impact of Link Length of D2D Pairs on Network
Performance

Fig. 7 shows how the link length of D2D pairs L affects the
system sum rate with different algorithms. It can be seen that
MWC-MSRA algorithm achieves higher system capacity than
other algorithms. This is because it can exploit the graph model
for MWC problem to depict the interference relationship and

Fig. 7. System sum rate versus link length of D2D pairs (M = 6, K = 4,
N = 6, P c

max = 24 dBm, df = 2).

utilize BnB framework to find optimal solution with low com-
plexity. We also see that the performance of IHRA algorithm is
close to that of GMWC algorithm, even though IHRA algorithm
does not utilize the graph model. It is because IHRA algorithm
can fully release the proximity gain and assign D2D pairs with
the appropriate mode causing less interference. From the per-
formance loss of Random algorithm, we can see that although
interlay mode can promote network connection and capacity, the
efficient resource management algorithm is required.

Fig. 8 shows the cumulative probability functions (CDFs)
of the average rate of D2D pairs of different schemes with
L = 10 m and 50 m. From the results, we see that with the same
L, MWC-MSRA algorithm achieves higher average rate of D2D
pairs than the underlay scheme. The reason is that MWC-MSRA
algorithm can not only leverage interlay mode to eliminate the
interference but also utilize graph model and BnB framework to
allocate D2D pairs appropriate communication modes and re-
sources. We also see that no matter what schemes are used, the
schemes withL = 10 m outperform the schemes withL = 50 m.
It is because that the increasing L degrades link robustness and
weakens D2D proximity gain. Thus, we obtain that the proxim-
ity gain is the key factor to affect the performance of D2D. Fur-
thermore, with the decrease of L, the gap of D2D performance
obviously enlarge. Therefore, the interlay mode can fully exploit
D2D proximity feature to improve spectral efficiency.

Fig. 9 plots the CDFs of average rate of cellular users obtained
by different schemes with L = 10m and 50m. It can be seen that
MWC-MSRA algorithm achieves higher average rate of cellular
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Fig. 8. Cumulative distribution function of average rate of D2D pairs (M = 6,
K = 4, N = 6, P c

max = 24 dBm, df = 2).

Fig. 9. Cumulative distribution function of average rate of cellular users
(M = 6, K = 4, N = 6, P c

max = 24 dBm, df = 2).

users than underlay scheme. It is because MWC-MSRA algo-
rithm can take the advantage of graph model for MWC prob-
lem and interlay mode to guarantee QoS of cellular users. It is
worthwhile noticed that with L increasing from 10m to 50m, the
average rate achieved by both algorithms is improved. It is be-
cause the decline of D2D link length results in that cellular users
are allocated with better resources to keep the system through-
put. Furthermore, the gap between two curves based on MWC-
MSRA algorithm is greater than that based on underlay scheme.
Since MWC-MSRA algorithm can find the optimal allocation
results, it improves the spectral efficiency of cellular users to
guarantee system sum rate when the link quality of D2D pairs
is degraded. However, due to applying the maximum matching
method, the underlay scheme would activate some D2D pairs
with poor link quality to result in network overloading.

D. Impact of Maximum Transmit Power on Network
Performance

Fig. 10 shows the system sum rate versusP c
max of different al-

gorithm. From the results, we see that with the increaseP c
max, the

system sum rate obtained by all algorithm gradually increases.

Fig. 10. System sum rate versus maximum transmit power of cellular users
(M = 6, K = 4, N = 6, L = 10 m, and df = 2).

Fig. 11. Access rate of D2D pairs versus maximum transmit power of cellular
users (M = 6, K = 4, N = 6, L = 10 m, and df = 2).

The reason is that the higher P c
max not only makes cellular users

more easily achieve Rc
min and but also improves the achievable

rate of cellular users. In addition, Fig. 11 shows that higherP c
max

can also release the potential of D2D communications, which
enables more D2D pairs to access to the network. It is also seen
that MWC-MSRA algorithm can achieve higher sum rate and
access rate than other algorithms. This is mainly because it as-
signs each D2D pair optimal mode and subcarrier, exploiting the
constructed graph model to accurately characterize the interfer-
ence relationship via different allocation results. Furthermore,
the IHRA algorithm achieves relatively high sum rate, which
is much better than Random scheme. The reason is that IHRA
efficiently utilizes the utility functions to select suitable commu-
nication mode for D2D pairs, which restrains the interference
between cellular users and D2D pairs. On the other hand, the
Random algorithm achieves lower sum rate but higher access
rate than underlay scheme. This indicates that although interlay
mode can activate more D2D pairs, it cannot obtain the poten-
tial benefit on spectral efficiency if without effective resource
management scheme.
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VI. CONCLUSION

In this paper, we have studied the mode selection and resource
allocation issue for D2D-enabled NOMA cellular networks. The
interlay mode is introduced for D2D communications in NOMA
system, which exploits the SIC to cancel the interference be-
tween D2D pairs and cellular users. Accordingly, aiming to max-
imize the system sum rate, we have developed MWC-MSRA
algorithm for resource management. MWC-MSRA algorithm
is based on graph theory and utilizes BnB method to obtain the
optimal solution. To further reduce complexity, IHRA algorithm
has been proposed, which can utilize the proximity gain and in-
terference relationship to improve system capacity. Simulation
results have shown that the interlay mode can achieve higher
D2D access rate than the conventional underlay mode and the
proposed algorithms can efficiently improve spectral efficiency.

For the future work, we will extend the considered scenario
to the ultra dense network. Due to the large number of BSs,
the inter-cell interference should be considered and the effec-
tively distributed scheme should be designed with reasonable
complexity.

APPENDIX

A. Proof of Lemma 1

For Sk, if
∑

Cm∈CyCm,Sk
+ |D′| � df , it is valid that there

exists vi representing (D′, ∅, Sk) and its weight is calculated by

w (vi) =
∑

Dn∈D′
Ri

Dn,Sk
+

∑

Cm∈C
yCm,Sk

RCm,Sk
. (23)

For vj , its combination is expressed as (Di
vj
,Du

vj
, Sk) and its

weight is calculated by

w (vj) =
∑

Dn∈Di
vj

Ri
Dn,Sk

+
∑

Dn∈Du
vj

Ru
Dn,Sk

+
∑

Cm∈C
yCm,Sk

R̂Cm,Sk
(24)

where we denote the rate of cellular users in vj by R̂Cm,Sk
to

distinguish the difference rate expressions of cellular users in
vi and vj . Since the interlay mode can alleviate the interfer-
ence between D2D pairs and cellular users,

∑
Cm∈CRCm,Sk

�∑
Cm∈CR̂Cm,Sk

. Besides, the interlay mode can restrain the
interference for interlay D2D pairs. The rate achieved by
interlay mode is at least the same as that achieved by
underlay mode. Therefore, we obtain that

∑
Dn∈D′Ri

Dn,Sk
�∑

Dn∈Di
vj
Ri

Dn,Sk
+
∑

Dn∈Du
vj
Ru

Dn,Sk
. Accordingly, we prove

that w(vi) � w(vj).

B. Proof of Theorem 1

If the feasible optimal power allocation has been given, C6
and C7 is satisfied. For vi, the definition of its weight w(vi)
meets C4, C5, C6, and C7. Meanwhile, w(vi) represents the
sum rate of D2D pairs and cellular users in vi under given power
allocation. Because each vertex represents the unique combina-
tion, the vertices are independent for each other. Therefore, the
independence and connection between vertices guarantee C1,

C2, C3 and C8 in the resulting maximum weight clique Qmax.
Accordingly, w(Qmax) is just equivalent to the objective func-
tion in (7).

C. Proof of Lemma 2

According to the optimal tables, we can obtain the value of
wopt(V′ ∩ Gn). Thus, we prove the inequality directly as fol-
lows.

U(V′) =
l∑

n=1

wopt (V′ ∩ Gn) �
l∑

n=1

wopt (V′) = l × wopt (V′) .

(25)

The inequality has been proved.
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