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ABSTRACT A large number of mobile multimedia terminals are prominent features of smart cities.
Device-to-device (D2D) communication takes advantage of the limited bandwidth resources of cellular net-
works to accommodate more mobile devices. However, when D2D pairs reuse cellular users channels, serious
interference leads to energy consumption, which dissatisfies the requirements of green communication. This
paper focuses on energy efficiency maximization of D2D communication under the constraints of both D2D
pairs and cellular users quality of service. The formulated resource allocation problem is NP-hard, which is
usually difficult to solve within polynomial time. To make the problem easy to handle, we divide it into power
control and channel allocation sub-problems. In particular, we propose a power control algorithm based on
the Lambert W function to maximize the energy efficiency of a single D2D pair. The preference values of
D2D pairs and cellular users are calculated using the power control results, respectively. A channel allocation
scheme based on the Gale—Shapley algorithm utilizes preference values to match two sides, which aims at
maximizing the signal to interference plus noise ratio of cellular users and the energy efficiency of D2D pairs.
The simulation results show that the proposed algorithm could not only guarantee the transmission rate of
cellular users but also improve the system and D2D pairs energy efficiency.

INDEX TERMS Device-to-device (D2D) communication, cellular networks, energy efficiency, resource

allocation, green communications.

I. INTRODUCTION

A. BACKGROUND

The construction of smart cities is being carried out on a
large-scale. Conceptually, smart cities combine information
technology with urban construction, which aim to efficiently
exploit urban resources [1]-[5]. In recent years, the develop-
ment of information and communication technology (ICT)
(e.g., the Internet, cloud computing, big data, Internet of
Things (IoT), and social networks) has greatly promoted
the interconnection and intelligent integration of smart
cities [3], [5]. However, the number of multimedia ter-
minals has surged, accordingly, the intelligent information
processing will be more complicated and time consuming.
In the current society, the huge greenhouse gas emissions
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have caused global climate change to become more serious
[6]-[8]. ICT industry energy consumption is growing at an
alarming rate, while causing certain carbon dioxide emissions
[7], [9]. Reducing energy consumption is not only beneficial
to fighting climate change, but also promotes economic
development. Nevertheless, there are still many challenges
in achieving large-scale energy-saving equipment.

As one of the key technologies of 5G, device-to-device
(D2D) communication is a short-distance low-power com-
munication technology, which directly interacts information
instead of transmitting by base station (BS) [10]-[12]. D2D
communication can increase network capacity and improve
spectrum efficiency in the cellular network, it is critical
to achieve a large amount of information interaction in
smart cities. One D2D pair includes a transmitter and a
receiver. However, when D2D user equipment (DUE) reuses
cellular user equipment (CUE) channel resources, the serious
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signal interference will be caused. If the interference is not
eliminated by power control, system performance and battery
life of customer premise equipment (CPE) will be reduced.
Without a reasonable power coordination mechanism, energy
consumption will restrict the development of D2D commu-
nication [5]. Thus, in the process of constructing smart city
D2D communication, the emphasis should put on how to
improve energy efficiency and reduce interference.

B. MOTIVATION

In different D2D communication scenarios, resource allo-
cation algorithms are confronted with various key issues,
and the optimization objectives are slightly different.
Generally, it can be divided into two major categories, namely
improving network performance and improving user per-
formance. The former one includes user experience, reli-
ability [13], fairness, and quality of service (QoS) [14].
The latter one contains energy efficiency [5], [12], spec-
trum efficiency [15], transmission rate [16], and throughput
[11], [17]. With the explosive growth of mobile terminals,
the green communication has become a research focus in
various fields [18]. As mentioned earlier, improving energy
efficiency can greatly promote the development of green
communication. The energy consumption of a complete com-
munication process includes transmission, computing and
storage [19]-[22]. Compared with the latter two, we are
more concerned about the widespread transmission energy
consumption. For this reason, we aim to propose a resource
allocation algorithm for cellular and D2D hybrid networks
that maximizes energy efficiency.

However, prior works mostly only focused on optimizing
D2D pairs performance and ignored cellular users perfor-
mance, which limited improvement of the whole network
performance. Moreover, some studies adopt methods of fixed
power allocation, without considering the power collabora-
tion between D2D pairs and cellular users.

C. CONTRIBUTION

This study has the conditions to ensure the minimum sig-
nal to interference plus noise ratio (SINR) of cellular users.
We formulate the problem as a mixed integer nonlinear pro-
gramming (MINLP) problem, which is NP-hard. Generally,
this kind of problem cannot be solved within polynomial
time [15], [23]. Therefore, we transform the original problem
into two sub-problems based on the cross-layer optimization
method. The main contributions of this study are summarized
as follows:

1) The cellular and D2D hybrid networks model is pro-
posed and analyzed. We derive an optimal energy effi-
ciency formulation under the constraints of power and
SINR. This optimization problem is a MINLP problem
that is difficult to solve directly. Hence, the optimiza-
tion problem is divided into two sub-problems and
solved in a tractable way.

2) A power control scheme is presented to solve the first
sub-problem. We derive the closed-form expression of
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power allocation. Then, we propose a power allocation
algorithm based on Lambert W function [24] to opti-
mize the energy efficiency of D2D pairs and guarantee
the SINR of cellular users.

3) A channel allocation scheme is designed to fur-
ther improve the whole network energy efficiency.
We propose a channel allocation algorithm based
on Gale-Shapley marriage matching algorithm [25],
which uses the optimal power allocation results to
match cellular users and D2D pairs. Channel match-
ing algorithm is proved to be stable and weak Pareto
optimum.

4) The proposed resource allocation algorithm is verified
by simulation. Two algorithms are used for compar-
ison. The simulation results show that the proposed
algorithm can improve the D2D energy efficiency, and
performs better than existing algorithms.

The remainder of this paper is introduced as follows.
Section Il reviews related works. Section III shows the system
model and describes problem formulation. A power alloca-
tion algorithm based on Lambert W function and a channel
matching algorithm based on Gale-Shapley algorithm are
proposed in section IV. Section V presents the simulation
results. The conclusion is summarized in section VI.

Il. RELATED WORK

The D2D communication network architecture should meet
the QoS requirements of cellular users as well as solve the
problem of spectrum efficiency and energy efficiency [10].
Three D2D communication scenarios including D2D pairs
communicate directly, D2D pairs communicate via BS, and
D2D pairs communicate through another D2D pair, were
studied in [26]. Yang et al. [27] pointed out the energy effi-
ciency is mainly affected by the discovery process and the
control mode of D2D communication.

D2D resource allocation scheme has been widely dis-
cussed in the past five years. A single-hop or multi-hop rout-
ing establishment algorithm, which utilized power control
to reduce the interference of D2D pairs to macro users and
BSs was proposed in [13]. Wang et al. [14] investigated the
D2D communication source selection problem that exploited
a game model to match the appropriate source nodes and allo-
cate the optimal power. In [28], a distributed algorithm was
proposed to achieve optimal power control. However, these
works only considered the power control for reducing inter-
ference in the resource allocation of D2D communication.
The combination of power control and channel allocation can
improve system performance more effectively.

In [12], the energy efficiency of all possible DUEs
and relays was maximized by establishing priority list for
matching and then further reducing transmission power.
Chen et al. [17] maximized network throughput under the
constraints of minimum user data rate with fixed bandwidth
allocated to D2D links. A resource allocation algorithm
that prioritizes D2D pairs and cellular users with the goal
of maximizing overall performance was proposed in [29].
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Hu et al. [30] utilized an iterative algorithm to obtain the
optimal transmit power, and then utilized channel gain to
match D2D pairs and cellular users. A power control game
scheme, which converted the problem of minimizing energy
consumption and maximizing data rate to iteratively updating
transmission power, was proposed in [31]. Jiang et al. [32]
transformed fractional form optimization problem into solv-
able subtraction problem, and iteratively solved joint resource
allocation and power control problems. Although most of the
above works considered the matching problem between D2D
pairs and cellular users, the performance of cellular users was
not guaranteed during the optimization process.

In [16], the sum rate of system was maximized by a
coalition formation game method that was stable and near
optimum solution. Zulhasnine ef al. [33] proposed a greedy
heuristic algorithm that utilized channel gain information to
reduce the interference between the primary cellular network
and D2D links. Hoang et al. [34] first assigned the optimal
power to the determined sub-band, and then allocated sub-
band to D2D pairs based on a graph-based iterative algorithm.
These resource allocation algorithms aimed at optimizing
overall performance. Although this optimization objective
improved the system performance, the performance improve-
ment for D2D pairs was limited.

Research on energy-efficient D2D communication is pop-
ular in green cellular networks. Generally, the definition of
energy efficiency is the ratio of total rate to power loss.
A successive convex approximation method for power allo-
cation was designed in [5] to minimize power consumption.
Zhou et al. [19] proposed an energy-efficient content trans-
mission system for D2D communication. In [23], a resource
allocation scheme that allocated iterative power of non-
cooperative game for Gale-Shapley matching was discussed.
Based on the iterative calculation of the optimal transmit
power, Zhou et al. [36] proposed a preference establishment
algorithm to match D2D pairs and cellular users. In [37],
a reverse iterative combinatorial auction algorithm, which
considered the CUEs as bidders, DUEs as goods, and the
cellular network as the auctioneer was proposed to allocate
resources.

Different from the above related work, this study combines
power control and channel allocation for resource allocation.
Particularly, we maximize the energy efficiency of D2D pairs
and whole system, while guaranteeing the performance of
cellular users.

Ill. SYSTEM MODEL AND PROBLEM FORMULATION
This section first introduces a one-to-one system and its
channel model, where the channel resource of a cellular user
can only be reused by a single D2D pair. Then the D2D pairs
energy efficiency maximization problem is formulated.

A. SYSTEM MODEL

In a single-cell network model for frequency division duplex
(FDD) communication (as shown in Fig. 1), there are N cel-
lular users and M D2D pairs. The set of cellular users is
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FIGURE 1. Schematic diagram of interference in one-to-one reusing
scenario (upstream).

represented as C = 1,2,3,...N. The set of D2D pairs is
represented as D = 1, 2, 3, ...M. In this scene, N available
orthogonal frequency resource blocks are allocated to the
cellular users so that they would not interfere with each other.
The D2D pairs reuse the uplink channel resources of cellular
users in an underlay mode [12]. The channel resource of a
cellular user can only be reused by one D2D pair, and one
D2D pair can only reuse the channel resource of one cellular
user. Therefore, there are two types of interferences existing
in the cell, i.e., one is from cellular user’s transmitted signal
to D2D receiver and the other is from D2D transmitter to BS
receiver. In addition, we assume that the BS can obtain three
kinds of link information, which are the cellular user or D2D
pair to the BS, the D2D pair to the other D2D pair, and the
cellular user to the D2D pair.

B. CHANNEL MODEL

Considering the effects of multipath fading and shadow
fading, we use the path loss model in [13]. The path gain of
different links can be expressed as

8n,m = Kﬂn,mkn,mdy:z[l- (€))

Here, g, m indicates the path gain from cellular link n to
D2D link m and K denotes the constant affected by the
system. B, represents the multipath gain from link n to m
and it obeys the exponential distribution. A, , represents the
shadow fading channel gain from link n to m, which obeys a
lognormal distribution. d,, ;, is the distance from link 7 to m
and « is a path loss factor. Moreover, the D2D communication
link is expressed as Dy, ,, and the path gain is expressed
as gp,, ,,- The communication link from cellular user to BS
is expressed as Cy,p and the path gain is expressed as gc, ;-
The communication link from D2D pair to BS is expressed
as Dy, p and the path gain is gp,, ,. The communication link
from cellular user to D2D pair is expressed as Cy, , and the
path gain is expressed as gc, ,,-

We describe the problem to be solved as follows: when
D2D pairs reuse cellular users resources, how to improve
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the energy efficiency of D2D pairs while suppressing inter-
ference between users? To solve this problem, this study
employs power control and channel allocation, under the
premise of satisfying the QoS requirements of D2D pairs and
cellular users. Thereinto, energy efficiency is defined as the
ratio of data rate to power loss [38].

According to the system model in Fig. 1, we assume that
one D2D pair can only reuse one channel resource with at
most one cellular user. Meanwhile, the signal received by
BS includes not only the transmission signal of cellular user,
but also the interference with D2D transmitter. The received
signal y, at BS is

Y = /P58C, 5Xn + \PEED sIm + Cns )

where pj;, indicates the transmit power of the cellular
user n and pg, indicates the transmit power of the D2D pair m.
X, is the transmit signal of cellular user. #,, is the transmit
signal of D2D pair. ¢, represents a Gaussian white noise with
the mean of zero and the power of §2.

If D2D pair m reuses the channel resource of cellular user 7,
the signal interference occurs between two users. In this
circumstance, we set x;., = 1. The SINR of cellular user
at BS is expressed as

_ pflgcn,B
62+Xm,np;ingDm,B
If D2D pair m does not reuse the channel resource of

cellular user n, there is no signal interference between the

users. In this case, we set x,,, = 0. The SINR of cellular
user at BS is maximized, i.e.,

Y 3

Vn = D58Cs /8" 4)

In this one-to-one scenario, the received signal of D2D pair
consists of three parts, namely the transmission signal of D2D
pair, the interference caused by cellular user, and the channel
noise. In consequence, the received signal of D2D pair m is
expressed as

m = 4/ ngCn,mxn + pgngm,mtm + Cm- (5)

Therefore, the SINR in receiver of D2D pair m is

d
= =" 6
S pisc ©
The transmission rate of D2D pair m is
d
pngm m

R, =10 14+ ———"7"—1]. 7
m g2 < 62 +Pf,gcnm> ( )

C. PROBLEM FORMULATION

In cells, the total transmission rate of D2D pairs is equal to
the sum rate of all D2D pairs that access the network. The
total power loss of D2D pairs is equal to the sum power loss
of different devices. According to the definition of energy
efficiency, its physical significance represents the average
transmission bits per power unit. The total energy efficiency
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of D2D pair is defined as the ratio of total transmission rate
to total power loss. When Py indicates the circuit power loss
of a single device, the total power loss of D2D terminals is
expressed as pjfl + 2Py. Therefore, the energy efficiency of
D2D pair m is given by

N
Z Xm,an
1n=1

®)

=15 =

Nee =

M
Xm,npgl + Z 2Py
1

m=1

M
>
m=1ln

In this study, we aim to maximize the energy efficiency
of the D2D pair while satisfying the QoS requirements of
both D2D pairs and cellular users. Hence, the optimization
problem can be described as

M N .
2 2 xmalog <1 + M)

25 8 4P8Cum
max , (9a)

PP Xon.n MY Ly
Do > XmaP% + D 2Py
m=1

m=1n=1

s.t. me,n <1, xmn€{0,1}, Vm e Dy, Vn e C,
m

(9b)
ZXm,n <1, Xm,n € {0,1}, Vm € D4, Vn e C,
n

(9¢)
0<p, <p™, VneC, (9d)
0 <pl <pT™  Vme Dy, (%)
v = ESVEL wnec, (9f)
Ym > E220, Vm € Dy. 9g)

In (9a), the users transmit power (pS, pfn) and channel
allocation mode Y, , are optimization variables. The energy
efficiency of D2D pair is an optimization objective. The
purpose that we increase the constraint condition (9b)-(9g)
for this optimization problem is to ensure that D2D pairs
and cellular users meet the SINR requirements. ¥, , is the
identifier of resource reuse. x;, = 1 when D2D pair m
reuses the same channel resource with the cellular user n,
otherwise x;., = 0. Da (Da € D) indicates a set of D2D
pairs that can access the network. The D2D pairs in D4 access
the network can not only meet D2D pair and cellular user
SINR requirements, but also improve the energy efficiency
of D2D pairs. pi"™* and pJ'®* are maximum transmit power
for cellular users and D2D pairs, respectively. EHCHZE and Egian
represent the minimum SINR requirements for cellular users
and D2D pairs, respectively.

Constraint (9b) shows that the channel resource of a cel-
lular user can only be reused by one D2D pair. Similarly,
constraint (9c) shows that a D2D pair can only reuse the chan-
nel resource of one cellular user. Inequalities (9d) and (9¢)
indicate that the cellular users transmit power and the D2D
pairs transmit power must meet the maximum power limi-
tation, respectively. Constraint (9f) introduces that the cel-
lular user SINR must be no less than the minimum SINR.
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The purpose of (9f) is to ensure the performance of cellular
users. Constraint (9g) indicates that the D2D pair SINR must
meet the minimum SINR requirement.

It can be seen from (9) that the objective function which
contains an integer variable x, , is not a linear function.
In particular, this MINLP problem is NP-hard, which is dif-
ficult to find the optimal solution directly. Aiming at solving
MINLP problem, we transform the original problem into two
sub-problems based on the cross-layer optimization method.
Sub-problem 1 maximizes the energy efficiency of a single
D2D pair under the condition of satisfying the minimum
SINR requirements of cellular user and D2D pair. Sub-
problem 2 allocates channels for cellular users and D2D pairs
to optimize D2D pairs overall energy efficiency.

IV. ENERGY-EFFICIENT MAXIMIZATION RESOURCE
ALLOCATION ALGORITHM ON

D2D COMMUNICATION

This section addresses the previously formulated problem of
maximizing energy efficiency. The first sub-section assigns
optimal transmit power for each D2D pair based on Lambert
W function. The second sub-section matches D2D pairs
and cellular users based on Gale-Shapley algorithm. At last,
we analyze the performance of the proposed algorithm.

A. OPTIMAL POWER CONTROL ALGORITHM
In this sub-section, we mainly solve the sub-problem 1 that
is user transmit power control. The optimization objective
is to maximize the energy efficiency of a single D2D pair.
To implement sub-problem 1, we control the access state
of the D2D pair. The basis for this is that the transmission
rates of cellular user and D2D pair meet QoS requirements,
when a single D2D pair reuses a cellular user resource. Then,
we obtain the optimal transmit power of the access users,
according to the closed-form expression of the derived trans-
mit power.

p;jh represents the minimum threshold constraint value of
pi and pj, represents the minimum threshold constraint value
of pS. Combining (9f) and (9g) to solve the minimum con-
straints of p¢, and p¢ as follows

CUE 2 D2D
d < d d _ Smin 9 @Cus T Emin &Cum)
Pm Z Pi» P = CUE «D2D ’
gDm,mgCn,B ~ Smin gmin gDm,BgCn.m
(10)
D2D 2 CUE
pC > pc pc _ smin 8 (gDm.m +§min gDm,B)
= Vth» th — :
" gDm.mgCn,m - grgigEggiangDm.Bgcn.m
(1D

Combining (9a) and (11), we can conclude that the
smaller p{, is, the greater the energy efficiency is. Therefore,
pS, must be the minimum value that satisfies the constraint
condition when 7., gets the maximum value. Thus, the min-
imum constraint value for transmit power of cellular user is
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given by
" = P O <Py <P

"= o, 12)

Py < 0orpy > plax.

Specifically, *pfl = 0 in two situations, which means that
D2D pairs are prohibited from including in the accessible
set of channel resources. One is pj; < 0, *pf, = 0 indicates
that the obtained minimum constraint value for the transmit
power of cellular user is less than 0. The other is p;, > pi"™*,
*p¢ = 0 indicates that the obtained minimum constraint value
for the transmit power of cellular user is greater than the
maximum transmit power of cellular user. In both situations,
*pfl is meaningless. As such, we must maximize the energy
efficiency of D2D communication under the constraints of
the minimum cellular user SINR. Otherwise, energy effi-
ciency maximization will be meaningless. After obtaining p¢,
we find it is a known constant. Then the optimization vari-
ables in this problem include p,dn and x , only.

On account of one cellular user only reuses resource with
one D2D pair at most, there is no mutual interference between
D2D pairs. Therefore, the first sub-problem to be solved is
power control when a single D2D pair reuses the cellular user
resource. The second sub-problem is channel allocation for
D2D pairs. We assume that D2D pair m reuses the channel
resource of cellular user #, i.e., the reuse relationship is deter-
ministic. Then, the optimization problem can be transformed
as

d
Pm8D
10 1 + m m,m
, [25) 52+*I’28Cn,m
1., = max

(13)
P P +2Po

In order to simplify the above formula, we set variable T as
follows
gD"l m
= 14
82 4 " Pi&Cum ()

Let b = 2Py, the above equation can be expressed as

log, (P4 T + 1
e = ma 22T LD
Pd Pm +b

m

. pt>0,T>0 b>o0.
(15)

The analysis shows that (15) is a convex function that one can
always obtain the optimal solution. The function v is given
by

logy (7T + 1)

> . ph>0,.T>0 b>0  (16)
m

U=

Theorem 1: The function i can obtain the maximum value
at *pi = —1 / T by using Lambert W function. The value
of #y is shown in (17), where w represents the Lambert W
function.

2PT — 1
exp(w(|=—"———)+1), 2P,T—1#0
e

e, 2PyT —1=0.

1) = A7)
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Proof: We assume that t = p%T + 1 and t > 1, then
pfln =(t) — 1)/T. Thus, (16) can be simplified as
v = TlInt (18)
C(t—1+42PgT)In2’

We take the derivative of the variable ¢ in (18) and make its
derivative greater than zero, i.e., % > 0.

dy Lt —1+2PT)In2—TlntIn2
ot ((t — 1 +2PyT)In2)?

We set 1/fn—t — tint + 2P¢T — 1 and take the derivative
of ¥, = —Int. Due to ¢t > 1, the derivative
3_¢tn < Ois true and ¥, is monotonically decreasing over
t € (1,400). When t — +o0, the function v, < O.
However, whent = 1, v, = 2P¢T is greater than zero. Thus,
there must be ¢t = fg for ¥,(ty) = 0 to be established, that is,
the 1nequa11ty 5/;" > 0 has a solution. In other words, it exists
pm = (to — 1)/T which makes ¥ monotonically increase
over the interval (0, pi) while monotonically decrease over
the interval (pm, 400), i.e., ¥ takes the maximum at pfn =
(to — 1)/T . Finally, we make v,(f9) = 0, the specific value
that obtained by the Lambert W function is shown in (17).
Furthermore, the optimal value *pfn = (to — 1)/T of the
function ¥ can be obtained. The proof is completed.

The optimal transmit power (* pfn, * p5) is obtained by com-
bining (17) with the maximum constraint (9¢) and the mini-
mum constraint (10) of pi. The three cases with different pf’h
of the optimal solution are as follows

19)

1) If0 < ch < py™, the optimal solution of plis

Phe M <p

*pfn= IQ;I’ pﬁlitoglfpgax
P <

e = [P O =P =P (20)
0, p§ <O0orpf > pP*

2) If pf}l < 0, the optimal solution of pﬁl is

0o— 1
ca p?ax’ pglax < -
Pm = to—1 t0_1<pmax
T ’ T — d ’
*pc = pfh’ 0 Spth Spi‘nax (21)
" 0, pS <0orp§ >prx

3) Ifp? > p™*, the corresponding D2D pair is forbidden

to access the network.

As mentioned earlier, D2D pairs who do not meet the
conditions should be prohibited from being included in the
set of accessible channels. It is conducive to ensure the com-
munication performance of cellular users and D2D pairs as
well as maximize the energy efficiency of D2D pairs. In the
cell, the transmission power allocation process for cellular
users and D2D pairs has been described. To summarize, there
are three categories that D2D pairs cannot be included in the
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set of accessible channels as follows and the power control
process is shown in Algorithm 1.

1) When pfh < 0, the minimum constraint value for
transmitted power of cellular user is less than 0, which
is meaningless. The D2D pair is prohibited from being
included in the accessible set of channel resources,
because the minimum SINR requirement of cellular
users cannot be met.

2) When p§, > p'®, the obtained minimum constraint
value for transmit power of cellular user is greater
than the maximum one. This moment, the D2D pair
is prohibited from being included in the accessible set
of channel resources. The reason is that maximizing
the D2D communication energy efficiency must be
done under the conditions of satisfying cellular users
performance, which includes minimum SINR and max-
imum transmit power. Otherwise, maximizing energy
efficiency will be meaningless.

3) When pfh > py®*, the obtained minimum constraint
value for transmit power of D2D pair is greater than
the maximum one. In order to guarantee the minimum
SINR requirement within the maximum transmit power
of the D2D pair, such D2D pairs are not included in the
accessible set of channel resources.

Algorithm 1 Power Control Algorithm for Obtaining
"p and "p;

1: Initialization : Dgy < D;

2: while m € D4 do

3: forne C,meDydo

4 Calculate the minimum threshold pf;l and pf, based
on constraints (10) and (11);

5: Calculate the optimal transmit power *p,‘; of the
cellular user n according to (12);

6: Calculate the optimal transmit power *p% of the

D2D pair m according to (20) and (21);

7: if pf < Oorpf > p™* or sz > p7** then
8: Remove user m from Dy
9: end if

10:  end for

11: end while

B. ENERGY-EFFICIENT CHANNEL ALLOCATION
ALGORITHM

In this sub-section, we will focus on the second sub-problem.
The optimization objective of this sub-problem is to maxi-
mize the whole energy efficiency of D2D pairs. Gale-Shapley
marriage matching algorithm is used to allocate channel
resources for D2D pairs who have already been allocated
power. First of all, we calculate the preference values for D2D
pairs and cellular users according to power control results.
Gale-Shapley marriage matching algorithm is a stable match-
ing algorithm. The main idea is that two sides of matching
are based on the priority list (the order of preference values).
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Then one side sends request from the highest to the lowest to
the other side in priority list. The other side matches the user
who makes the request according to the rule of delay approval
in its own priority list. According to the resource allocation
characteristics of maximizing energy efficiency, we propose a
channel allocation scheme based on Gale-Shapley algorithm.
For the purpose of maximizing the whole energy efficiency
of D2D pairs, we need to find the optimal value of the reuse
mode X, ,. Meanwhile, cellular user transmission rate should
be guaranteed. The optimal transmit power (*pjf,, *p,ﬁ) has
been obtained by power allocation in the first sub-problem.
After that, the channel assignment problem is formulated as

*od
Z Z Xm,nlogz <1 + M)

62+*pﬁgcn,m

max Z mn I ,  (22a)
Xm,n
neC,meDy ZZXm,n*p%'i‘ Z 2P0
m n m=1
St Xmn <1, Xmn €{0,1}, Vm € Dy, (22b)
m
(22¢)

ZXm,n <1, Xm,n € {0,1}, Van e C.
n

The flow of user preference list creation is shown in
Algorithm 2. In this algorithm, the preference value for D2D
pair is represented by the energy efficiency of D2D pair
in (23). The preference value for cellular user is represented
by the SINR of cellular user in (24).

log,(p T + 1)
*pd +b
*Ph8Cus

82+ *prdngDm,B '

(23)

(24)

Algorithm 2 User Preference List Creation
1: Declare the availability of each cellular user and D2D
pair;

2: M is the number of available D2D pairs;

3: N is the number of available cellular users;

4: form=1toM do

5 Sort the available cellular users corresponding to D2D
pair m in descending order, according to the preference
values in (23);

6: end for

7: forn=1to N do

8:  Sort the available D2D pairs corresponding to cellular
user 7 in descending order, according to the preference
values in (24);

9: end for

The channel allocation algorithm is based on user pref-
erence list. First of all, we calculate the preference values
for each D2D pair according to (23). With these preference
values, we determine the priority list of cellular users that the
D2D pair expect to match. The D2D pair reuses channel with
the higher ranked cellular user in priority list. Consequently,
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the energy efficiency that D2D pair obtained is higher. Next,
we calculate the preference values for each cellular user
according to (24). We determine the priority list of D2D pairs
that the cellular user expect to match. The higher D2D pair
priority, the higher transmission rate of cellular users that
match it. The above sorting process is shown in Algorithm 2.
Then, we prohibit some D2D pairs who do not meet the
conditions from being included into the channel resource
reusing set. At the meantime, these D2D pairs will be marked.
Last but not least, we use the Gale-Shapley algorithm for
matching D2D pairs and cellular users. In summary, the opti-
mal channel allocation scheme is shown in Algorithm 3 for
obtaining the reuse mode ;. ..

Algorithm 3 Energy-Efficient Channel Matching Algorithm
for Obtaining . »

1: Declare the availability of each cellular user and D2D
pair;

2: Mark cellular users who cannot reuse resources with
D2D pairs;

3: while D2D pair m is available and has not yet made
matching requirements for all unmarked cellular users in
the priority list do

4:  nis the first cellular user in the priority list of the D2D

pair m, which is unmarked and has not been matched;

5:  if nis available then
6: Cellular user n matches D2D pair m temporarily;
7. else
8: if in the preference list of cellular user n, the user m
is ranked in front of the previously matched user m’
then
9: Cellular user n matches D2D pair m temporarily;
10 m’ becomes freely available;
11: else
12 n refuses m and m becomes free;
13: end if
14:  end if

15: end while
16: D2D pair matches the cellular user.
17: Obtaining the matching set X { x,,.» = 1}.

To sum up the problem description, the resource allocation
problem of cellular and D2D hybrid networks is decomposed
into two stages, which are power control and channel allo-
cation. Firstly, the energy efficiency of a single D2D pair is
maximized under the condition of satisfying the minimum
SINR of the cellular user. The power allocation closed-form
expression is derived by using the Lambert W function. Then,
the optimization problem aims at maximizing the cellular
users SINR and D2D pairs energy efficiency. A channel allo-
cation algorithm based on Gale-Shapley method is proposed
to obtain the optimal channel matching. In this model, a cel-
lular user can only reuse resource with at most one D2D pair.
At the same time, a D2D pair can only reuse one cellular user
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channel resource. There is no mutual interference between
D2D pairs. A D2D pair only interferes with one cellular user
at most. Hence, we can obtain a resource allocation algorithm
for D2D communication that maximizes energy efficiency
by adding a cooperative power control process before the
channel allocation.

C. PERFORMANCE OF THE RESOURCE ALLOCATION
ALGORITHM

This sub-section analyzes the performance of the proposed
matching algorithm. It is proved that the matching algorithm
is stable and weak Pareto optimum.

1) STABILITY
Theorem 2: The matching set X{xm, = 1} obtained by
Algorithm 3 is stable.

Proof: The stability of the algorithm means that there
is no unstable pair. In the proposed matching algorithm,
stability is that any D2D pair and cellular user cannot violate
Algorithm 3 to improve energy efficiency. Firstly, we assume
that there are two matching pairs, i.., Xm,.n; = Xmp.ny = 1,
for my,mp € D, ni,ny € C, and x,.n, is a blocking
pair.

Then, we can analyze that there are two possibilities for
the occurrence of blocking pairs. One is m, did not send a
match request to ny, the other is ny refused m,. For the first
possibility, we can derive from Algorithm 3 that m,, prefers nj
instead of ny, so m, and n, are stable. For the other one,
we can conclude that ny prefers my, instead of m,, so m, and ny
are stable. Therefore, there is no blocking pair in all cases,
the matching algorithm is stable.

2) OPTIMALITY
Theorem 3: The obtained transmit power “p¢, in Algorithm 1
is the global optimal solution.

Proof: It can be known from theorem 1, *p;‘f, is the local
optimal solution. Since ¥ is a convex function and its partial
derivative is continuous, *pﬁln is the global optimal solution.

Theorem 4: The obtained energy-efficient matching set
X{xmn = 1} is weak Pareto optimum for D2D pairs and
cellular users.

Proof: The Pareto improvement is to make at least one
person better off on the basis that all team members agree
to change the allocation scheme. Thus, if there exists no
Pareto improvement, the resource allocation algorithm is
weak Pareto optimum.

We assume that there exists a Pareto improvement match-
ing set X; that is at least one D2D pair m has an improved
matching user n. One case is that n has no matching user
in X. According to our assumption, m prefers to match n than
others. m and n become a blocking pair based on Algorithm 3.
This contradicts theorem 3 that the proposed matching algo-
rithm is stable. In other case, n once matched m, but now
matches n7'. Since n is an improved match for m, m prefers n.
However, it can be seen from Algorithm 3 that m was rejected
by n, hence n cannot be an improved match for m.
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According to the above analysis, there is no Pareto
improvement in the matching set, thus the energy-efficient
matching algorithm is weak Pareto optimum.

V. SIMULATION AND ANALYSIS

In order to verify the performance of D2D communication,
we select the energy efficiency of the whole network and D2D
communication links as the performance evaluation index for
the algorithm. The sum energy efficiency refers to the sum
of the energy efficiency which contains all D2D pairs and
cellular users in the network. The expression is

RSle

— < (bit/I/Hz),  (25)
> (@ +2Po)+ Y (05 + Po)
m=1 n=1

Nsum =

where Rgy, is the total rate of the cellular network, N is the
number of cellular users, and M is the number of D2D pairs.
pfn represents the transmit power of D2D pair. pf, represents
the transmit power of the cellular user who reuses spectrum
with D2D pair m,

To verify the validity of the proposed algorithm, two algo-
rithms [29], [33] are included for the purpose of comparison.
The algorithm proposed in this paper is replaced by Proposed
below. GaSaBa represents the algorithm in [29]. Algorithm
in [33] is represented by Heuristic. The setting of the sim-
ulation parameters is shown in Table 1, and the parameter
selection is the same as [30].

TABLE 1. Simulation parameters.

Parameter Value(s)
Cell radius/m 250

DUE maximum transmit distance Lg/m 25,15, 10, ..., 50]
Equipment circuit loss /dBm 10

Number of cellular users 8

Number of D2D pairs 6, 1~8
Multipath fading parameter A 1

Shadow fading /dB 8

Path loss factor 4

Noise power spectral density /(dBm/Hz) -174

CUE maximum transmit power/dBm 24

DUE maximum transmit power /dBm 21

CUE SINR requirements /dB U ~ [0, 25]
DUE SINR requirements /dB U ~ [0, 25]

A. IMPACT OF D2D COMMUNICATION DISTANCE ON
CELLULAR NETWORK PERFORMANCE

The number of D2D pairs is set to M = 6. The maxi-
mum transmit power of D2D communication p;** is 21dBm.
Fig. 2 illustrates the relationship between sum energy effi-
ciency, transmission rate and D2D communication dis-
tance Ly. Fig. 2 (a) shows the relationship between the sum
energy efficiency of the whole network and L;. Fig. 2 (b)
shows the relationship between the energy efficiency of D2D
links and Ly. It can be seen from Fig. 2 that the energy
efficiency of three algorithms decreases with the increase of
communication distance. It is evident that the sum energy
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FIGURE 2. Network energy efficiency with D2D communication distance.
(a) Sum energy efficiency versus difference D2D communication distance.
(b) Energy efficiency of D2D links versus difference D2D communication
distance.

efficiency and D2D pairs energy efficiency of the proposed
algorithm are higher than that of the other two algorithms.
The channel gain and the data transmission rate decrease
when D2D communication distance increases. If the trans-
mission power is increased to improve the transmission rate,
the interference and power consumption will be caused.
Therefore, we can conclude that the energy efficiency
decreases with the increase of communication distance. The
GaSaBa and Heuristic algorithms transmit data in a fixed
transmission power or a fixed power allocation mode, and
they match channels based on channel gain. Consequently,
they cannot better adapt to the rate loss caused by channel
gain reduction. However, the proposed algorithm allocates
optimal transmit power for cellular users and D2D pairs based
on maximizing energy efficiency. Simultaneously, it controls
the interference and rate reduction within a certain range.
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Besides, the proposed algorithm maximizes the energy effi-
ciency of D2D pairs in channel allocation scheme. Thus,
the energy efficiency of the proposed algorithm is better than
that of the other two algorithms.

B. IMPACT OF NUMBER OF D2D LINKS ON CELLULAR
NETWORK PERFORMANCE

Fig. 3 (a) shows the relationship between system energy
efficiency and the number of D2D links. It can be seen that
the system energy efficiency of three algorithms increases
along with the increase of the number of D2D links. This
is because the more D2D pairs are, the more cellular users
are added to the reuse set. So that the energy efficiency
of cellular users becomes larger, thereby the system energy
efficiency increases. Fig. 3 (b) shows that the D2D energy
efficiency of Proposed and GaSaBa decrease slightly with
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FIGURE 3. Network energy efficiency with number of D2D links . (a) Sum

energy efficiency versus difference number of D2D links. (b) Energy
efficiency of D2D links versus difference number of D2D links.
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the increase of D2D pairs. The performance of proposed
algorithm is significantly better than that of the other two.
The available cellular users resources become less with the
increase of D2D pairs. Means that the probability that the
D2D pair matches the channel resource of lower interference
cellular user becomes smaller, so the interference increases.
The D2D energy efficiency of Heuristic algorithm does not
change much with the number of D2D pairs.

C. IMPACT OF MINIMUM CUE SINR ON CELLULAR
NETWORK PERFORMANCE

In Fig. 4 (a), the relationship between the energy efficiency of
D2D pairs and the SINR threshold of cellular users is shown.
It can be seen from Fig. 4 (a) that the performance of proposed
algorithm is significantly better than that of the other two.
The GaSaBa algorithm is not affected by changes in the
minimum SINR of cellular users. The proposed algorithm
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FIGURE 4. System performance with cellular user SINR threshold. (a) D2D
energy efficiency versus difference CUE SINR threshold. (b) Rate of D2D
communication versus difference CUE SINR threshold.
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and the Heuristic algorithm reduce the energy efficiency of
D2D pairs as the minimum SINR threshold of the cellular
users increases. The reason is that, in order to guarantee the
cellular users transmission rate, some D2D pairs performance
will be sacrificed when the minimum SINR threshold of cel-
lular user is higher. The GaSaBa algorithm does not perform
power allocation, so there is no similar problem. Figure 4 (b)
analyzes the relationship between the transmission rate and
the SINR threshold of cellular users. The transmission rate
decreases rapidly as the SINR threshold of cellular users
increases. This is because, in order to ensure the performance
of the cellular users, the power allocation of proposed algo-
rithm takes the minimum SINR requirements of cellular users
as the primary constraint. So that the distribution results are
greatly affected by CUE SINR threshold. However, the curves
show that the D2D pairs transmission rate of proposed algo-
rithm is still higher than that of the other two algorithms.

According to the subsection A, B, and C, the proposed
algorithm is superior to the other two algorithms in D2D pairs
energy efficiency, the D2D transmission rate, and the system
energy efficiency. The proposed algorithm achieves optimal
power allocation by optimizing a single D2D energy effi-
ciency. Meanwhile, the proposed algorithm utilizes the chan-
nel allocation algorithm based on Gale-Shapley method to
obtain the optimal channel resource matching and effectively
controls the interference between users. These guarantee the
SINR requirements of cellular users and maximizes the whole
performance of the network. The other two algorithms use
a fixed power allocation method (Heuristic) or directly use
a fixed power transmission signal (GaSaBa), which are less
flexible and have a higher energy consumption for D2D pairs.
Their channel allocation do not jointly consider the cellular
users and D2D pairs performance requirements resulting in
the large interference in the system. Hence, the energy effi-
ciency of proposed algorithm is better than two comparison
algorithms.

VI. CONCLUSION

In this paper, we studied the resource allocation problem in
cellular and D2D hybrid networks. For the energy consump-
tion problem caused by severe interference in the one-to-
one resource reuse scenario, the resource allocation problem
was divided into two stages, i.e., power control and channel
allocation. With the objective of maximizing the energy
efficiency of a single D2D pair, the optimal transmit power
of the D2D pair was obtained by Lambert W function. Based
on the power allocation results, the D2D pairs were allocated
appropriate cellular users channel resources by Gale-Shapley
matching algorithm. The simulation results showed that
compared with existing solutions, the proposed algorithm
had better performance in D2D pair energy efficiency, D2D
transmission rate, and system energy efficiency. In addition,
the results showed that the energy efficiency of D2D pairs was
improved with optimal power allocation. Moreover, the pro-
posed algorithm considered the performance requirements of
cellular users and D2D pairs in the channel allocation process.
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