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Abstract: In mobile communication systems, device-to-device (D2D) communication and
nonorthogonal multiple access (NOMA) are effective ways to improve spectrum efficiency and
system throughput. In the NOMA-based D2D system, social relationship among D2D users is
introduced to form D2D clusters, and NOMA is used for many-to-one communication in each
D2D cluster. This paper proposes a joint channel allocation and power control algorithm which
decomposes the resource allocation problem into two subproblems: channel allocation and power
control. Matching theory is utilized to allocate channels for D2D clusters and sequential convex
programming is applied to transform the optimization target to a convex problem before solving it
via genetic algorithm. Simulation results indicate the superiority of our algorithm in improving the
system throughput on the basis of meeting users’ needs for files.
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1. Introduction

Recently, a growing mobile devices and multimedia applications have largely accelerated people’s
requirement for low-latency and high-rate data transmission and aggravated core network pressure.
Device-to-device (D2D) communication enables users to communicate through a direct connection
without the base station, which effectively improves spectrum utilization and system throughput.
Therefore, D2D communication is considered to be a promising technology for next-generation
communication system [1,2].

In D2D communication, resource allocation has a huge impact on system performance which has
caused widespread concern. In Reference [3], the Nash bargaining game was applied to D2D resource
allocation in order to improve the throughput of users. In Reference [4], cooperative and noncooperative
games were applied to allocate transmit power for D2D users. In Reference [5], a channel allocation
mechanism for D2D users based on Kuhn–Munkres (KM) algorithm was proposed, then D2D users’
transmit power was optimized in order to reduce interference. In Reference [6], cellular, D2D, and
relay users formed a student-project matching model to improve the system throughput. However,
the above algorithms only consider one-to-one D2D communication with orthogonal multiple access
(OMA). Many-to-one D2D communication has not been considered to further improve the system
throughput through nonorthogonal multiple access (NOMA).

NOMA enables multiple users to communicate on the same channel. It further improves the
spectrum utilization and increases the system throughput. Reference [7] studied resource allocation
for D2D communication assisted by NOMA under the scenario of a D2D transmitter and multiple
D2D receivers (one-to-many). It optimized D2D user’s throughput while ensuring cellular user’s
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quality of service (QoS). Reference [8] modeled the resource allocation under NOMA-based D2D as
the Nash bargaining game and used the Karush–Kuhn–Tucker (KKT) condition to solve the power
optimization problem. Reference [9] solved the joint channel and power optimization problem of
D2D–NOMA system to reduce the system interference through optimizing the total transmit power.
Reference [10] proposed a joint resource allocation method, which used KM algorithm and KKT
conditions to achieve NOMA-enabled D2D resource allocation. Reference [11] used the differential
evolution (DE) algorithm to allocate channels and power for D2D users under NOMA to achieve
maximum energy efficiency while ensuring all users’ QoS. However, the above solutions have only
considered one-to-many scenario, and have not considered D2D communication with multiple D2D
transmitters and one D2D receiver (many-to-one).

In the practical environment, when a user needs to get some contents, he can request contents
from multiple users around him to reduce the backhaul burden. At this time, many-to-one D2D
communication could be implemented. However, one-to-many D2D communication is commonly
studied in current papers and many-to-one D2D communication has not been studied in any paper
as we know. This paper considers the cellular uplink network in which independent channels are
allocated to different cellular users. D2D users are classified into D2D content requesters and D2D
content providers. They form D2D clusters to communicate with NOMA by reusing cellular users’
uplink channels. In each D2D cluster, multiple D2D content providers send contents to a D2D content
requester at the same time. We propose a joint optimization method which combines channel and
power optimization while ensuring all the users’ QoS on each channel. The main contributions of this
paper can be summarized as follows:

• Social relationships among D2D users are considered. One D2D content requester form a D2D
cluster with multiple D2D content providers according to social relationship and other factors.
NOMA is used to realize many-to-one D2D communication. An optimization model is constructed
to maximize the throughput of all D2D users who communicate through NOMA-enhanced D2D
while ensuring all the users’ QoS on each channel.

• D2D users communicate through cellular users’ uplink channels, and the many-to-one matching
game is used to allocate channels for D2D clusters. We prove the convergence of the matching
game and optimize the channel allocation problem for D2D users.

• The successive convex approximation (SCA) method is used to convert the nonconvex optimization
problem into a convex problem, and the convexity of the optimization problem is proved based
on the negative semidefiniteness of the Hessian matrix. The genetic algorithm (GA) is used to
optimize the transmit power of D2D content providers and the convergence of the algorithm
is proved.

The remainder of this paper is organized as follows. Section 2 shows the system model. Section 3
defines the utility function of D2D content requesters to form D2D clusters, allocates cellular channels
for D2D clusters, and optimizes the transmit power for D2D content providers in the cluster. We also
prove that the algorithm can converge to a stable solution. Section 4 plots and analyzes the simulation
results. Section 5 summarizes the whole paper.

2. System Model

System model in this paper is shown in Figure 1. M cellular users, N D2D content requesters
and K D2D content providers are randomly distributed in the cell which centered in the base
station (BS). Cellular users {C1, C2, . . . , CM} communicate with the BS through dedicated channels
{SC1, SC2, . . . , SCM}. Each cellular user is assigned with a dedicated and orthogonal channel. Hence,
it can be assumed that cellular user Cm is assigned with the channel SCm without loss of generality.
{DR1, DR2, . . . , DRN} is the set of D2D content requesters (receivers) and {DT1, DT2, . . . , DTK} is the set
of D2D content providers (transmitters). There are F files that can be requested in the system. D2D
content requesters ask for each file with a probability of p. The request file set can be represented as
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{
req

}
n = {es}s∈F. es = 1 indicates Files is requested, otherwise es = 0. Assume that all files are cached at

the base station. D2D content providers cache each file with a probability q. The cache file set can be
represented as {cache}k = {es}s∈F. es = 1 indicates Files is cached, otherwise es = 0.

A D2D content requester can obtain contents in two ways: (1) from D2D content providers around
him through D2D communication. Through establishing D2D communication links with D2D content
providers by reusing cellular user’s channel, he can get content files from users in proximity. (2) From
the BS through traditional cellular communication. The D2D content requester would choose the
first way preferentially in order to reduce the cellular traffic pressure. By selecting appropriate D2D
content providers to form a D2D cluster, D2D content requester can receive several desired contents
from multiple D2D content providers in the cluster simultaneously through NOMA. D2D content
requester correctly demodulates the received content from different D2D content providers with serial
interference cancellation (SIC) technology and NOMA transmission protocol. If none of the D2D
content provider in proximity has cached any file the requester wants, D2D content requester should
choose the second way to obtain contents. After D2D clusters have been formed, each D2D cluster
reuses the uplink cellular channel for D2D communication. We assume that each cellular channel
can be reused by multiple D2D clusters while each D2D cluster can only reuse one cellular channel.
D2D communication can be established through coordinating interference between cellular users and
D2D users. This paper does not consider cellular users’ power optimization problem, and the transmit
power can be set to a fixed value.
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Figure 1. System model (physical domain).

Due to the fact that mobile devices are dominated by users, it is more reasonable to pair D2D users
by considering social relationship between them. According to the system model in physical domain
in Figure 1, a corresponding system model in social domain can be established as shown in Figure 2.
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In practical network environment, channel conditions along with system interference can be
described with physical domain. In this paper, D2D users in D2D clusters communicate by reusing
the uplink cellular channels. Therefore, D2D content providers may cause interference to the BS and
D2D content requesters may suffer interference from cellular users. We can represent the system
model in physical domain as a graph G

(
Vp, Ep

)
, where Vp indicates users and Ep denotes the data

transmission quality for channel. G
(
Vp, Ep

)
indicates if user’s communication requirement can be met

in physical domain.
Users’ social attributes can be represented as social domain G(Vs, Es), where Vs indicates the users

corresponding to users in physical domain and Es denotes the social relationship between D2D users.
Social relationship can be defined as Sk,n, Sk,n ∈ [0, 1]. A larger Sk,n means a closer social relationship
and users should be more willing to cooperate with each other.

3. Social-Aware-Based Resource Allocation

The social-aware-based NOMA-enhanced D2D resource allocation proposed in this paper includes
three steps: (1) form D2D clusters according to certain rules, (2) allocate channels for D2D clusters, and
(3) optimize transmit power for D2D users in D2D clusters. The formation of clusters mainly considers
the user’s content requirements, physical location, and social relationship with other users. When D2D
clusters are formed, the many-to-one matching game is utilized to allocate channels for D2D users.
After converting the nonconvex optimization problem to a convex problem via SCA, GA is performed
to solve the D2D transmit power optimization.

3.1. Cluster Formation

N D2D content requesters are randomly distributed in the cell. They choose D2D content providers
within their D2D communication range to join them and form D2D clusters. The utility function of
D2D content requesters can be defined as

Un
DR = ω1

(
reqn, ∩

k∈Dn
cachek

)
‖reqn‖1

+ω2

∑
k∈Dn

dk,n

dth ∗ |Dn|
+ω3

∑
k∈Dn

Sk,n

|Dn|
(1)
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where reqn indicates the request content of D2D content requester DRn, cachek indicates the cache
content of D2D content provider DTk. dk,n represents the distance between DTk and DRn, whereas dth
indicates the D2D communication range. Sk,n denotes the social relationship between DTk and DRn.
(•) represents the dot product between vectors and ‖•‖1 represents the 1-norm of a vector (the sum
of all elements in the vector). |•| represents the number of elements in •. The first term on the right
side of Equation (1) indicates the degree of content matching between DTk and DRn. The second
term indicates their physical distance factor and the third term indicates their social relationship
factor. All influencing factors are normalized according to other D2D content providers in the cluster
Dn.(ω1,ω2,ω3) is the weighting factor which satisfies ω1 +ω2 +ω3 = 1.

According to the utility function in Equation (1), the D2D content requester selects the D2D
content provider with the largest utility within the D2D communication range and adds it to his cluster
until no D2D content provider nearby can increase his utility. If a D2D content provider is selected by
several D2D content requesters, he will choose the one with the largest utility. After every D2D content
requester has drawn up a shortlist for his cluster, the cluster formation is done. The proposed cluster
formation algorithm is shown in Algorithm 1.

Algorithm 1 D2D cluster formation algorithm.

1: For n = 1:N
2: For k = 1:K
3: If dk,n < dth
4: Calculate the utility Un

DR of DTk and DRn according to Equation (1)
5: End if
6: End for
7: Compare and select DTk who obtains the largest Un

DR to join Dn

8: If DTk has been selected by DRn′

9: Compare Un
DR and Un′

DR, select the one with larger utility and restart the loop
10: End if
11: While Equation (1)
12: For k = 1:K
13: If dk,n < dth

14: Calculate the increased utility ∆Un,k
DR according to Equation (1)

15: End If
16: End for
17: If ∃∆Un,k

DR > 0
18: Compare and select DTk who obtains the largest ∆Un,k

DR to join Dn

19: If DTk has been selected by DRn′

20: Compare Un
DR and Un′

DR
21: Select the one with larger utility and restart the loop
22: End if
23: Else
24: Break
25: End while
26: End for
27: Output: {D}

3.2. Optimization Model

After D2D clusters have been formed, users in the cell are divided into five categories: (1) cellular
users whose channel resources can be reused by D2D users, (2) D2D content requesters in D2D clusters,
(3) D2D content providers in D2D clusters, (4) D2D content requesters who failed to find a D2D content
provider and can only request BS for content files via traditional cellular communication, and (5)
unselected D2D content providers.
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Assume that each cellular user is assigned with a dedicated channel. A D2D cluster can only reuse
one cellular channel while each cellular channel can be reused by multiple D2D clusters. Therefore,
the signal received by BS on the cellular channel SCm can be defined as

ym =
√

Pcgm,Bxm +
∑

n

∑
k
ηm,nµn,k

√
Pk

dg
k,B

xk + ζm (2)

where Pc and Pk
d represent the transmit power of the cellular user and the D2D content provider.

gm,B and gk,B are the channel gain between cellular user Cm and BS and D2D content provider DTk and
BS, respectively. ηm,n indicates whether D2D cluster Dn reuse cellular channel SCm, i.e., SCm is reused
by Dn, ηm,n = 1; otherwise ηm,n = 0. µn,k indicates whether DTk belongs to Dn, i.e., DTk belongs to Dn,
µn,k = 1; otherwise µn,k = 0. xm and xk are the signals sent by Cm and DTk. ζm denotes the additive
white Gaussian noise (AWGN) on SCm. Hence, the signal-to-interference-plus-noise-ratio (SINR) and
data rate of Cm are defined as

γm =
Pcgm,B∑

n
∑

k ηm,nµn,kPk
dgk,B + σ2

(3)

Rm = log2(1 + γm) (4)

where σ2 represents the noise power.
Considering that multiple D2D content providers send files to the D2D content requester

simultaneously with NOMA in D2D clusters, the signal received by the D2D content requester can be
defined as

yn =
∑

k
µn,k

√
Pk

dgn,kxk +
∑

n′

∑
k′
ρn,n′

√
Pk′

d gn,k′xk′ +
√

Pcgm,nxm + ζn (5)

where gn,k and gm,n are the channel gain between DTk and D2D content provider DRn, Cm, and DRn.
ρn,n′ represents whether Dn and Dn′ use the same cellular channel, i.e., Dn and Dn′ use the same cellular
channel, ρn,n′ = 1; otherwise ρn,n′ = 0. ζn represents the AWGN at DRn.

Using SIC in NOMA, the optimal decoding order is the descending order of channel gain.
Therefore, the SINR and data rate of D2D content provider DTk in D2D cluster Dn can be defined as

γk
d =

Pk
dgn,k∑

k′ ∈ Dn

gn,k′ < gn,k

Pk′
d gn,k′ +

∑
n′

∑
k′′ ρn,n′µn′,k′′ Pk′′

d gn,k′′ + Pcgm,n + σ2
(6)

Rk
d = log2

(
1 + γk

d

)
(7)

This paper maximizes D2D users’ throughput by optimizing the D2D channel and power allocation
problem. Hence, the throughput maximization problem can be modeled as

max
η,Pk

d

∑
k∈{D}

Rk
d

(
η, Pk

d

)
(8)

s.t. γm ≥ γ
th
m ∀m (9)

γk
d ≥ γ

th
d k ∈ {D} (10)

ηm,n ∈ {0, 1} ∀m, n (11)∑
m
ηm,n ≤ 1 ∀n (12)∑

n
ηm,n ≤ w ∀m (13)
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µn,k ∈ {0, 1} ∀n, k (14)

ρn,n′ ∈ {0, 1} ∀n (15)

0 ≤ Pk
d ≤ Pmax ∀k (16)

where Equation (8) is the optimization goal we set to maximize the sum rate of all D2D content
providers in D2D clusters. Constraint (9) limits the interference D2D users cause to cellular users and
ensures the cellular users’ QoS. Constraint (10) ensures the D2D users’ QoS. Constraint (11) indicates
ηm,n should be either 1 or 0, representing whether reusing SCm. Constraint (12) represents each D2D
cluster can be assigned with one cellular channel. Constraint (13) represents each cellular channel
can be reused by no more than w D2D clusters in order to reduce interference on cellular channels
and decrease computational complexity. Constraint (14) indicates µn,k should be either 1 or 0, and it
shows the members of the D2D cluster. Constraint (15) indicates ρn,n′ should be either 1 or 0, indicating
whether two D2D clusters reuse the same cellular channel. Constraint (16) limits D2D content providers’
transmit power.

Considering that the optimization problem is a nonconvex mixed integer nonlinear programming
(MINLP) problem which is usually NP-hard and there is no systematic and effective method to directly
solve such problems, we decompose the optimization problem into two subproblems to solve the D2D
resource allocation problem. We solve the channel allocation problem by many-to-one matching game
and power control problem by SCA and GA.

3.2.1. Channel Allocation

In this section, we assume that the transmit power of D2D content providers in the D2D cluster is
a constant: Pk

d = Pk
d
∗,∀k ∈ {D}. However, if the D2D content provider has not been selected by any

D2D content requester, then we have Pk
d = 0,∀k < {D}. Therefore, the channel allocation problem can

be modeled as
P1 : max

η

∑
k∈{D}

Rk
d

(
η, Pk

d
∗
)

(17)

s.t. γm ≥ γ
th
m ∀m (18)

γk
d ≥ γ

th
d k ∈ {D} (19)

ηm,n ∈ {0, 1} ∀m, n (20)∑
m
ηm,n ≤ 1 ∀n (21)∑

n
ηm,n ≤ w ∀m (22)

ρn,n′ ∈ {0, 1} ∀n (23)

The channel allocation problem can be constructed as a many-to-one matching problem. A D2D
cluster can only access one cellular channel and a cellular channel can be reused by no more than w
D2D clusters. The cellular channel chooses to accept or reject the D2D cluster according to its own
preference. When all D2D clusters are stably matched or there exist unmatched D2D clusters, but they
have been rejected by all cellular channels, the matching ends.

The D2D cluster set D and the cellular channel set SC form two sets of vertices in the matching game.
The matching can be represented as (D, SC,�D,�SC), where �D= {�n}n∈D indicates the preference
relations of the D2D cluster over the cellular channel and �SC= {�m}m∈SC indicates the preference
relations of the cellular channel over the D2D cluster.

Definition 1. In the many-to-one matching game, a matching Ω is a function from the set D∪ SC into all
subsets of D ∪ SC, such that (1)

∣∣∣Ω(Dn)
∣∣∣ = 1, Ω(Dn) ∈ SC and Ω(Dn) = φ if Dn does not match to any
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cellular channel; (2) 0 ≤
∣∣∣Ω(SCm)

∣∣∣ ≤ w, Ω(SCm) ⊂ D and Ω(SCm) = φ if SCm does not match to any D2D
cluster; and (3) Dn ⊂ Ω(SCm) if only if Ω(Dn) = SCm.

During the matching game, D2D clusters and cellular channels constantly make new decisions.
In order to characterize the behavior of each player, the concept of a preference list can be denoted as

PL =
{
P(D1), . . . , P(DN), P(SC1), . . .P(SCM)

}
(24)

where P(Dn) represents the preference list of D2D clusters over cellular channels and P(SCm) represents
the preference list of cellular channels over D2D clusters. The order in the preference list is based on
the descending order of the utility of players. Therefore, the utility function has a great impact on
forming the preference list.

For the D2D cluster, whether to reuse the certain cellular channel depends on his data rate on this
channel. Therefore, the utility function of the D2D cluster can be defined as

Un =
∑
k∈Dn

Rk
d (25)

It can be seen from Equation (25) that the utility of the D2D cluster is not only related to the
matched cellular channel but also to other D2D clusters that reuse the same cellular channel. Therefore,
the preference list of the D2D cluster can be established according to

(SCm, Ω) �n (SCm′ , Ω′)⇔ Un(SCm, Ω) > Un(SCm′ , Ω′) (26)

where Un(SCm, Ω) represents the utility of Dn when reusing SCm in the matching Ω.
For the cellular channel, whether to accept a D2D cluster depends on the sum rate on the channel.

Considering that the optimization goal of this paper is to maximize the throughput of all D2D users,
we set the utility of the channel consistent with the optimization goal which is the sum rate of D2D
clusters. Therefore, we can obtain the utility function of the channel as

Um =
∑

Dn∈Ω(SCm)

∑
k∈Dn

Rk
d (27)

It can be seen from Equation (27) that the utility of the channel is related to each D2D cluster
accessing itself. Therefore, the preference list of the cellular channel can be established according to

(Ω(SCm), Ω) �m (Ω′(SCm), Ω′)⇔ Um(Ω(SCm), Ω) > Um(Ω′(SCm), Ω′) (28)

where Ω(SCm) represents the set of D2D clusters reusing SCm in the matching Ω. Um(Ω(SCm), Ω)

represents the utility of SCm when being reused by multiple D2D clusters in the matching Ω.
The utility of the D2D cluster can be calculated according to Equation (25) and sorted in descending

order to obtain the preference list of the D2D cluster over the cellular channel. The utility of the
channel can be calculated according to Equation (27) and sorted in descending order to obtain the
preference list of the cellular channel. It can be seen from the two utility functions that as the matching
pair changes, the decision of one D2D cluster will affect the decision of other D2D clusters, and the
preference list of the cellular channel will also dynamically change. We can call this phenomenon as
externality. Externality can affect the stable matching. Considering the concept of swap-matching
proposed in [12], the stability of the matching game can be defined as

Definition 2. Given a matching Ω, (SCm, Dn), (SCm′ , Dn′) ∈ Ω with SCm, SCm′ ∈ SC, Dn, Dn′ ∈ D, such that
no Ωn′,n

m,m′ =
{
Ω/

{
(SCm, Dn), (SCm′ , Dn′)

}}
∪

{
(SCm, Dn′), (SCm′ , Dn)

}
,
{
Ω(SCm)

}n′,n
m =

{
Ω(SCm)

}
/Dn′ ∪
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Dn exists and,
{
Ω(SCm)

}n′,n
m′ =

{
Ω(SCm′)

}
/Dn ∪ Dn′ meet ∀x ∈

{
SCm, SCm′ , Ω(SCm)

n′,n
m , Ω(SCm′)

n′,n
m′

}
,

Ux
(
Ωn′,n

m,m′
)
≥ Ux(Ω), and ∃x ∈

{
SCm, SCm′ , Ω(SCm)

n′,n
m , Ω(SCm′)

n′,n
m′

}
, Ux

(
Ωn′,n

m,m′
)
> Ux(Ω).

During the matching process, the D2D cluster can be a vacant position, so that the D2D cluster
can access the cellular channel that still has vacancies. Definition 2 states that two conditions must be
met during the swapping process: (1) the utility of all players involved in the swapping process cannot
be reduced and (2) there must be a player whose utility will increase after swapping. A matching Ω is
a stable matching if it meets Definition 2.

In order to find the stable matching, we should first initialize the channel allocation. The D2D
cluster access the cellular channel which provides it with the highest data rate. If the cellular channel
has been reused by w D2D clusters, w + 1 cluster rate should be compared and the cluster with the
lowest data rate should find the other channel. When a user accesses the cellular channel and makes
someone else on this channel unable to meet the QoS, the suboptimal cellular channel should be
searched until all D2D clusters are matched to form an initial match Ω0. Then we swap the matching
pair according to the utility function of all players until the matching is stable. The proposed channel
allocation based on many-to-one matching game is described in Algorithm 2.

Algorithm 2 Channel allocation based on many-to-one matching game.

1: Initialization: D2D content providers’ transmit power Pk
d, initial matching Ω0.

2: While Equation (1)
3: For I = 1:N
4: Perform swap operations according to Equations (25) and (27)
5: Update Ω0

6: End for
7: If Ω0 is stable
8: Break
9: End if
10: End while
11: Output:Ω∗

Theorem 1. The sum rate of D2D content providers in the D2D cluster is increased after swap operations.

Proof. Suppose that the matching Ωn,n′
m,m′ becomes Ωn′,n

m,m′ after the swap operation, which means

Um
(
Ωn′,n

m,m′
)
≥ Um

(
Ωn,n′

m,m′
)

and Um′
(
Ωn′,n

m,m′
)
≥ Um′

(
Ωn,n′

m,m′
)

according to Definition 2. Because the utility
of the channel is related to the sum rate of D2D clusters, we have

ΨΩ→Ω′ = Um
(
Ωn′,n

m,m′
)
+ Um′

(
Ωn′,n

m,m′
)
−Um

(
Ωn,n′

m,m′
)
−Um′

(
Ωn,n′

m,m′
)

=
∑

k∈D
Rk

d

(
Ωn′,n

m,m′
)
−

∑
k∈D

Rk
d

(
Ωn,n′

m,m′
)
≥ 0 (29)

�

Theorem 2. The final matchingΩ∗ is stable after a limited number of iterations.

Proof. The number of D2D clusters and cellular channels in the cell is limited, and the number of D2D
clusters allowed to access a cellular channel is limited. Therefore, the number of swap operations is
limited. According to Theorem 1, the sum D2D rate is increased after each swap operation. After a
limited number of iterations, the matching converges because there is an upper bound on the sum
D2D rate due to the limited spectrum resources. In addition, assume that there still exists a swapping
pair that can improve the utility of the users when the matching is stable. According to Definition
2, the user will definitely exchange the pairing to maximize the utility, which is contradictory to the
assumption. �
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The computational complexity of the many-to-one matching game mainly depends on the number
of iterations when converging. However, it is uncertain that when the matching converges. Hence,
we only discuss the upper bound of the computational complexity here. According to Theorem 1,
the sum rate of D2D users is increased after each swap operation. Then, we can define the rate
difference between the initial match and the final match as ΨΩ0

→Ω∗ ; the minimum rate difference
after each swap operation as ∆min. Therefore, the computational complexity of the matching game is

O
(

ΨΩ0→Ω∗
∆min

)
in the worst case.

3.2.2. Power Control

In this section, we need to solve the power allocation problem for D2D content providers according
to the channel allocation result η∗. The power allocation problem can be described as

P2 : max
Pk

d

∑
k∈{D}

Rk
d

(
η∗, Pk

d

)
(30)

s.t. γm ≥ γ
th
m ∀m (31)

γk
d ≥ γ

th
d k ∈ {D} (32)

0 ≤ Pk
d ≤ Pmax ∀k (33)

The optimization problem is a nonconvex NP-hard problem because of the interference between
D2D clusters. So as to reduce the computational complexity, we use SCA [13] to transform the
optimization problem into a convex problem, and find the suboptimal solution of it.

Equation (30) can be rewritten as

max
Pk

d

∑
k∈{D}

log2

(
1 + γk

d

)
(34)

The optimization problem conforms to the following inequality according to [14]:

log2

(
1 + γk

d

)
≥ αk

d logγk
d + βk

d (35)

where αk
d and βk

d are defined as

αk
d =

γ̂k
d

1 + γ̂k
d

(36)

βk
d = log

(
1 + γ̂k

d

)
−

γ̂k
d

1 + γ̂k
d

log γ̂k
d (37)

The equality is satisfied when γk
d = γ̂k

d.
Then the lower bound of the optimization problem can be represented as∑

k∈{D}

log2

(
1 + γk

d

)
≥ f

(
Pk

d

)
(38)

where f
(
Pk

d

)
can be defined as

f
(
Pk

d

)
=

∑
k∈{D}

(
αk

d log2 γ
k
d + βk

d

)
(39)
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The original optimization problem can be transformed into maximizing its lower bound. We set

Pk
d = 2P̂k

d in order to transform the optimization problem into a convex problem. The original
optimization problem can be rewritten as

max
P̂k

d

f
(
2P̂k

d

)
(40)

s.t. γm ≥ γ
th
m ∀m (41)

γk
d ≥ γ

th
d k ∈ {D} (42)

0 ≤ 2P̂k
d ≤ Pmax ∀k (43)

In the transformed optimization problem, both the optimization goal and the constraint conditions
are formed by log-sum-exp function. As the log-sum-exp function is a convex structure [15],
the transformed optimization problem is a convex problem. In order to prove the convexity of
the optimization problem (Equation (40)), we can make the following proposition.

Proposition 1. Assume that there are two D2D clusters in the cell reusing the same cellular channel. One D2D
cluster contains one D2D content requester and one D2D content provider. They communicate via one-to-one
D2D communication. The other contains one D2D content requester and two D2D content providers. They
communicate via many-to-one D2D communication with NOMA in Figure 3. In such scenario, the optimization
problem (Equation (40)) is convex.
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Figure 3. System model of Proposition 1.

Proof. The data rate of D2D content provider DT1, DT2, and DT3 can be represented as

R1 = log2

(
1 +

P1g1

P2g2 + P3h3 + PChC1 + σ2

)
(44)

R2 = log2

(
1 +

P2g2

P3h3 + PChC1 + σ2

)
(45)

R3 = log2

(
1 +

P3g3

P1h1 + P2h2 + PChC3 + σ2

)
(46)
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According to previous analysis, the data rate can be rewritten as

R1 = α1 log2
eP̂1 g1

eP̂2 g2 + eP̂3h3 + PChC1 + σ2
+ β1 (47)

R2 = α2 log2
eP̂2 g2

eP̂3h3 + PChC1 + σ2
+ β2 (48)

R3 = α3 log2
eP̂3 g3

eP̂1h1 + eP̂2h2 + PChC3 + σ2
+ β3 (49)

In order to maximize the sum rate of all D2D content providers in D2D clusters, the optimization
goal can be defined as

max
P1,P2,P3

R1 + R2 + R3 (50)

We can obtain the Hessian matrix by seeking the second partial derivative of Equations (47)–(49) as

H1 =


0 0 0

0 −
α1
ln 2

(eP3 h3+PChC1+σ
2)eP2 g2

(eP2 g2+eP3 h3+PChC1+σ2)
2

α1
ln 2

eP2 g2eP3 h3

(eP2 g2+eP3 h3+PChC1+σ2)
2

0 α1
ln 2

eP3 h3eP2 g2

(eP2 g2+eP3 h3+PChC1+σ2)
2 −

α1
ln 2

(eP2 g2+PChC1+σ
2)eP3 h3

(eP2 g2+eP3 h3+PChC1+σ2)
2

 (51)

H2 =


0 0 0
0 0 α2

ln 2 eP3h3

0 0 −
α2
ln 2

(PChC1+σ
2)eP3 h3

(eP3 h3+PChC1+σ2)
2

 (52)

H3 =


−
α3
ln 2

(eP2 h2+PChC3+σ
2)eP1 h1

(eP1 h1+eP2 h2+PChC3+σ2)
2

α3
ln 2

eP1 h1eP2 h2

(eP1 h1+eP2 h2+PChC3+σ2)
2 0

α3
ln 2

eP2 h2eP1 h1

(eP1 h1+eP2 h2+PChC3+σ2)
2 −

α3
ln 2

(eP1 h1+PChC3+σ
2)eP2 h2

(eP1 h1+eP2 h2+PChC3+σ2)
2 0

0 0 0

 (53)

We can draw the conclusion that the optimization goal is concave because H1 ≤ 0, H2 ≤ 0, H3 ≤ 0.

Moreover, Constraints (41) and (43) are linear function about ePk
d . Constraint (42) has a similar

structure to the optimization goal, and the convexity will not be proofed again. As a consequence, the
optimization problem is convex. �

Since the optimization problem has been transformed into a convex problem, we can solve it via
GA. GA searches for the optimal solution by simulating the natural evolutionary process. It finds the
solution with the highest fitness through encoding, selection, crossover, and mutation. Because of the
convexity of the optimization problem, we can use GA to solve the power allocation problem so as to
reduce the time complexity and quickly obtain the optimal solution. The proposed power allocation
method based on SCA and GA is described in Algorithm 3.



Appl. Sci. 2020, 10, 2446 13 of 19

Algorithm 3 Power allocation based on SCA and GA.

1: Initialization: αk
d(0) = 1, βk

d(0) = 0, convergence threshold ∆, t = 0.
2: Solve (40) via GA and obtain γk

d(0)
3: While ∃

∣∣∣γk
d(t) − γ

k
d(t− 1)

∣∣∣ ≥ ∆
4: t = t + 1
5: γ̂k

d = γk
d(t− 1)

6: Update αk
d(t) and βk

d(t) according to Equations (36) and (37)
7: Solve Equation (40) via GA and obtain γk

d(t)
8: End while
9: Output: Pk

d
∗

Theorem 3. The power allocation algorithm based on SCA and GA can converge to the optimal strategy.

Proof. Assume the optimal solution is Pk
d(t) after t iterations, then we can obtain the following

inequality: ∑
k∈D

Rk
d(t) = f

(
Pk

d(t)
)
< f

(
Pk

d(t + 1)
)
≤

∑
k∈D

Rk
d(t + 1) (54)

The first equality holds because γk
d(t) is derived from αk

d(t) and βk
d(t). The second inequality holds

because f
(
Pk

d(t + 1)
)

is the optimal solution of the t + 1 iteration. The third inequality holds because
of the lower bound theory in Equation (38). Since the sum rate of D2D users in the cell is limited,
the power allocation algorithm will finally converge. �

The computational complexity of the power allocation algorithm consists of two parts.
The complexity of SCA depends on the number of iterations when it converges. In each iteration,
the relevant parameters of each D2D content provider are calculated. Therefore, the complexity of SCA
is O(T1|D|). The complexity of GA mainly depends on the complexity of the fitness function O( f ).
Assume that population size is Q, the maximum number of iterations is T2, and the complexity of GA
is O(T2QO( f )). Therefore, the total computational complexity is O(T1|D|+ T2QO( f )).

3.2.3. Joint Optimization Method for Resource Allocation

The resource allocation is a process of allocating channel and power for D2D users in a D2D
cluster. The channel allocation and power control results are continuously iterated and eventually
converge. According to the previous description, the joint optimization method for resource allocation
is shown in Algorithm 4.

Algorithm 4 Joint optimization method for resource allocation.

1: Initialization: cellular users {C1, C2, . . . , CM}, cellular channels {SC1, SC2, . . . , SCM}, D2D content requesters
{DR1, DR2, . . . , DRN}, D2D content providers {DT1, DT2, . . . , DTK}, D2D clusters {D1, D2, . . . , DN}, and
historical channel allocation

{
Hi(t)

}
i∈N = ∅.

2: While Equation (1)
3: Perform channel allocation for D2D clusters in Algorithm 2
4: If channel allocation results ⊂

{
Hi(t)

}
i∈N

5: Perform D2D power allocation in Algorithm 3 for Pk
d
∗

6: Break
7: Else
8: Save the channel allocation result to

{
Hi(t)

}
i∈N

9: Perform D2D power allocation in Algorithm 3 for Pk
d
∗

10: End if
11: End while
12: Output:

(
η∗, Pk

d
∗
)
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Theorem 4. The joint resource allocation algorithm can converge to the optimal strategy.

Proof. It can be proved that there is a convergence solution for each subproblem according to the
previous sections. Considering that the algorithms in each subproblem can ensure that the sum D2D
rate will not decrease, and the resources in the cell are limited, we can draw a conclusion that the joint
resource allocation algorithm which combines channel and power allocation will finally converge. �

The computational complexity of the joint resource allocation algorithm is composed of the
complexity of the two subproblems. Assume that the maximum number of iterations between the two
subproblems is G, the computational complexity of the channel allocation subproblem is O1, and the
computational complexity of the power control subproblem is O2. The computational complexity of
the joint resource allocation is O(G(O1 + O2)).

4. Simulation and Performance Analysis

This section investigates the performance of the proposed resource allocation algorithm with
MATLAB. Figure 1 presents the system model, and the cell radius is 300 m. The channel gain is
composed of large-scale fading and small-scale fading. The large-scale fading is based on distance
loss and can be defined as κd−α, where d denotes the transmission distance and κ and α denote the
possible fading and pathloss exponent. The small-scale fading is based on Rayleigh fading which
follows CN(0, 1) [16]. We list the simulation parameters in Table 1.

Table 1. Simulation parameters.

Parameter Value

Cellular radius 300 m
Maximum D2D communication range 50 m

Noise power −174 dBm
Number of files 50

Request probability 0.2
Cache probability 0.5
Social relationship [0, 1]
Weighting factor (0.6, 0.2, 0.2)

Maximum D2D clusters on cellular channel 3
Cellular transmit power 23 dBm

Maximum D2D transmit power 20 dBm
Cellular SINR threshold 1.8 dB

D2D SINR threshold 1.8 dB
Possible fading 0.01

Path loss exponent 4

Figure 4 shows the impact of the number of D2D content requesters on the average number
of swap operations in the matching game. As the number of D2D content requesters increases, the
number of swap operations also increases, which indicates that the number of swap-blocking pairs in
the system increases. In the meanwhile, the number of cellular channels could affect the number of
D2D users who can access the cellular channel. Hence, the number of potential swap-blocking pairs
increases as the number of cellular channels increases. Therefore, both the cellular channel and D2D
content requester could affect the swap operations. When there are 6 D2D content requesters and 5
cellular channels in the cell, the average number of swap operations is about 15. As a consequence,
the matching game converges with a small number of iterations.
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Figure 4. Average swap operations for different numbers of cellular channels with different D2D
content requesters.

Figure 5 shows the impact of the number of D2D content providers on the accessed probability of
D2D content requesters. D2D accessed probability indicates that D2D users communicate through
D2D mode, which depends on two conditions: (1) the D2D content requester succeeds in finding D2D
content providers within the D2D communication range, and filters them into the D2D cluster and (2)
the D2D cluster communicates by reusing the cellular channel, and each user’s QoS must be ensured on
the cellular channel. If any user’s QoS cannot be ensured, the D2D content requester in this D2D cluster
cannot communicate in the D2D mode. It can be seen from Figure 5 that as the number of D2D content
providers increases, the D2D accessed probability continues to increase while the trend slows down.
This is because D2D content providers correspond to the first condition we proposed. As the number
of D2D content providers increases, the possibility of forming the D2D clusters increases. Hence,
the D2D accessed probability increases. However, it becomes saturated for D2D content requesters
with more and more D2D content providers, and more D2D content providers are less meaningful for
clustering. As a consequence, the curve tends to be flat. Moreover, the number of cellular channels
corresponds to the second condition. The more cellular channels, the more channels D2D users can
choose, which also has a certain impact on D2D accessed probability.
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Figure 6 illustrates the impact of the number of D2D content providers on the D2D accessed
probability. Along with the increase of the number of D2D content requesters, the channel resources
are relatively decreased, and the interference between D2D clusters is relatively increased. Hence,
the D2D accessed probability is continuously decreased. When the channel resources are sufficient,
the impact of D2D content requesters on the accessed probability is much smaller than when the
channel resources are scarce.
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Figure 7 shows the impact of the number of D2D content providers on the D2D throughput.
As the number of D2D content providers increases, D2D throughput continues to increase, but the
trend slows. The more D2D content providers in the cell, the more users may exist in the D2D cluster.
Hence, the D2D throughput can be further increased with NOMA. However, with more users in the
D2D cluster, the interference between them also becomes more complicated. Moreover, there are
certain standards when D2D users are clustered. As the number of D2D content providers in the cell
increases, the number of users in the cluster may increase as well, but it will not increase infinitely.
As users in the cluster gradually become saturated, D2D throughput increases with a slower trend.
Moreover, the more cellular channels represent the more available channel resources. More D2D
clusters can access in the cellular channel with small interference when channel resources are sufficient.
Therefore, more the cellular channels, the faster the D2D throughput increases.

Figure 8 illustrates the impact of the number of D2D content requesters on the D2D throughput.
Along with the increase of the number of D2D content requesters, the D2D throughput continues to
increase. It can be seen that D2D throughput increases at a faster rate when the channel resources are
sufficient because of the relatively small interference. Moreover, our algorithm is obviously superior to
that in Reference [17] because of the one-to-one D2D communication Reference [17] uses. Since [17]
did not consider NOMA in D2D groups, the throughput is lower than that in this paper, and our
advantage becomes larger with more D2D users.
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5. Conclusions

We propose a D2D cluster resource allocation method which combines channel allocation and
power control in this paper. First, we present the system model of cellular users and D2D users which
includes D2D content requesters and D2D content providers. The utility function of D2D content
requesters is defined combined with the social relationship among D2D users in order to form D2D
clusters. D2D users in D2D clusters communicate by reusing cellular channels. NOMA is used in D2D
clusters for many-to-one communication. In order to ensure the QoS of each user, we also set the SINR
threshold. Second, the resource allocation problem is decoupled into two subproblems. Many-to-one
matching game is used to allocate channels for D2D clusters. The nonconvex optimization problem is
transformed into a convex problem which can be solved by GA through SCA. Hence, we can easily
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obtain the optimal D2D transmit power. We also discuss the convergence and the computational
complexity, respectively. Finally, we set historical channel allocation set and obtain the stable solution
through iterating over the two subproblems. The simulation results show the superiority of our
algorithm for it can significantly improve the system throughput. Moreover, by considering social
relationship between users, we can obtain a more realistic resource allocation scheme.
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