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Abstract—Device-to-Device (D2D) communication is one of
the technologies for next generation communication system.
Unlike traditional cellular network, D2D allows proximity users
to communicate directly with each other without routing the
data through a base station. In this paper, we propose a resource
allocation scheme for energy efficiency (EE) optimization in
cellular network with overlaying D2D communication. The
objective of this work is to maximize the overall EE of the
network while satisfying the rate and power constraints for all
users. We decompose the main problem into two subproblems;
resource efficiency (RE) optimization for cellular user in the
first stage and EE optimization for D2D pair in the second
stage. The RE optimization problem is solved using the bisection
method while Dinkelbach and interior point method are
implemented to solve the EE optimization problem. Simulation
results demonstrate that the proposed scheme outperforms the
cellular mode and dedicated mode of communication and the
performance is close to the global optimal solution.

Index Terms—Device-to-Device (D2D) communication; re-
source efficiency; energy efficiency.

I. INTRODUCTION

Device-to-Device (D2D) communication [1] enables user
equipment (UE) to communicate directly with each other,
without routing the data paths through a central infrastructure
such as evolved Node B (eNB) or access point. Bluetooth and
WiFi are two examples of traditional D2D communication as
devices in the close range can operate in ad-hoc manner for file
transfer or information sharing. Both Bluetooth and WiFi are
operating in unlicensed ISM band. However, D2D communi-
cation in cellular network depends on licensed frequency and
shares the spectrum with other cellular users. Introducing D2D
communication in a cellular network will improve the overall
data rate, energy consumption and spectrum utilization, while
providing new services [2]. Therefore, D2D communication
is also regarded as one of the key technology components for
5G wireless networks [3], [4].

System performances in terms of coverage and spectral
efficiency have always been the focus of the network design-
ers. Coverage performance can be obtained by studying the
distribution of signal to the interference and noise ratio (SINR)
of users while spectral efficiency (SE) provides a measure of
how many bits of information can be transferred to the served
users for a given bandwidth. Another metric that has attracted
much attention is the energy efficiency (EE) of the network.

Energy efficient D2D communications for a single cellular
user and a D2D pair have been investigated in [5]-[7]. In
particular, three different uplink scenarios which are non-
orthogonal sharing mode (also known as reusing mode),
orthogonal sharing mode (or dedicated mode) and cellular
mode are studied in [5], [6]. In reusing mode, resources
are reused by cellular and D2D users while in dedicated
mode, exclusive resources are assigned for cellular and D2D
users. In cellular mode, D2D users communicate with each
other via eNB same like the traditional cellular network. To
maximize the D2D pair’s EE while considering the data rate
requirements of all users, a distributed algorithm is proposed in
[7]. In that work, three different regions for the D2D’s circuit
power consumption are defined and the optimal power control
for each region is derived. Nevertheless, the power amplifier
efficiency has been ignored in all these work.

Recently, a new metric called resource efficiency (RE) has
been introduced in [8] to study the tradeoff between EE
and SE. By using the RE approach, significant amount of
bandwidth can be saved with a slight increase in power con-
sumption. Similarly, it was also found that significant amount
of power can be reduced by slight bandwidth expansion.
Therefore, RE is capable to optimize both EE and SE simul-
taneously by balancing the power consumption and occupied
bandwidth. The main idea of this work is to maximize the
RE of cellular user to provide bandwidth saving in macro cell
network. The remaining bandwidth can be used to optimize
the EE of D2D user.

In this paper, we study the joint RE and EE problem that
aims to maximize the system EE and guarantee the data rate
requirements as well as power constraints for both cellular user
and D2D pair. Specifically, we develop a scheme to solve the
optimization problem in two stages. In the first stage, the RE
problem for cellular user is formulated and solved using the
bisection method. Then, the EE optimization problem for D2D
pair is solved in the second stage. To solve the EE problem,
Dinkelbach algorithm is adopted to transform the fractional
problem into subtractive form. Interior point method is then
used to solve the transformed EE problem efficiently.

The remaining of the paper is organized as follows. The
system model and problem formulation are described in Sec-
tion II. In Section III, the proposed RE and EE optimization
are considered and related algorithms are developed. Then we
present simulation results in Section IV. Finally, conclusions



are drawn in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

A single isolated cell is considered and illustrated in Fig.
1. The basic D2D communication scenario consists of one
cellular user (CUE), UE1 and one D2D pair (UE2 and UE3)
in which UE2 is the D2D transmitter. The eNB is located at
the center of the cell. The D2D pair (DUE) operates in an
overlay manner and does not share the uplink radio resources
with the CUE. Hence, there is no interference from the D2D
transmitter towards the eNB. In this work, the CUE has the
priority to utilize available resources to communicate with the
eNB.

Fig. 1. System model of D2D communications

Let hcB and hdd be the channel gain of the link between
CUE and eNB and D2D link respectively. The SINR of the
cellular link can be expressed as

γc =
PchcB
WcN0

(1)

where Pc represents the transmit power of the CUE, Wc

denotes the allocated spectrum resources for CUE, and N0

is the noise power spectral density. Similarly, the SINR of
DUE can be written as

γd =
Pdhdd
WdN0

(2)

where Pd denotes the transmit power of the D2D transmitter
and the allocated spectrum resources for D2D is given by Wd.

The data rate of CUE, Rc and data rate of DUE, Rd can
be calculated as

Rc = Wclog2 (1 + γc) (3)
Rd = Wdlog2 (1 + γd) (4)

The overall power consumption for the CUE and D2D links
consist of transmit power and circuit power which can be
modeled as

P = εPt + Pcir (5)

where ε is the inverse of power amplifier efficiency, Pt is the
transmit power and Pcir is the circuit power.

B. Problem Formulation

In this paper, we consider two optimization problems with
the following constraints. First, it is required to achieve the
minimum rate for each cellular link and D2D link

Rc ≥ Rminc (6)
Rd ≥ Rmind (7)

where Rminc and Rmind denote the minimum data rates for the
CUE and the DUE, respectively. Second, the power constraints
of individual links are given as

Pc ≤ Pmaxc (8)
Pd ≤ Pmaxd (9)

where Pmaxc and Pmaxc are the maximum transmission power
of the CUE and the DUE, respectively.

The first problem aims to maximize the RE for CUE.
Introduced in [8], RE is defined as

RE =
R

P

(
1 + β

ηp
ηw

)
(10)

where R is the overall throughput and P denotes the overall
power consumption as in (5). β is used as a weighted factor
to control the balance of EE and SE. Power utilization and
bandwidth utilization are denoted by ηp and ηw respectively
and given by

ηp =
P

Ptot
(11)

ηw =
W

Wtot
(12)

where Ptot = εPmaxc + Pcir, W is the occupied bandwidth,
and Wtot is the total bandwidth.

Therefore, the RE optimization for CUE can be formulated
as

max
Wc,Pc

REC =
Rc
P

(
1 + β

ηp

ηw

)
(13)

s.t. (6) , (8) andWc ≤Wtot

The second problem maximizes the EE of the DUE which
can be expressed as

max
Pd

EED =
Rd

εPd + Pcir
(14)

s.t (7) , (9)

It must be noted that there is no bandwidth constraint for
this second problem as EE optimization always fully utilize



the available bandwidth. Therefore, the bandwidth for DUE is
always Wtot −Wc.

We present algorithms to solve these problems in the
following section.

III. PROPOSED RE AND EE OPTIMIZATION

A. Resource Efficiency Optimization for Cellular user
RE is introduced to optimize both EE and SE simultane-

ously. Generally, the CUE has the priority to transmit signals
without being interfered by other users. In this stage, RE
maximization for cellular user is performed to obtain the
optimal transmission power and bandwidth allocation required
to guarantee the quality of service (QoS).

The optimization problem (13) is difficult to be solved
directly due to the non-convex fractional structure of the
objective. As RE is a two variables problem, we can use a
third dimension (3D) plot to study the relationship between the
objective function and the optimization variables. Fig. 2 shows
the surface plots of the RE objective function with respect to
power and bandwidth constraint sets for different values of β.

The surface plots show that RE is a quasiconcave function.
Specifically, we can verify that RE is quasiconcave in the
transmit power for a given value of β and Wc. Furthermore,
the gradient of RE vanishes at the optimal point. Therefore,
the bisection method [9] is used to solve the quasiconcave
problem.

It is also interesting to note that when β = 0, problem (13)
simply becomes an EE optimization problem which requires
the most of the bandwidth. However, for a larger value of β
such as β = 10, the maximum RE can be achieved while
requiring much lower bandwidth.

To solve the RE problem with respect to transmit power us-
ing bisection method, the gradient equation of RE is required.
For a fix value of bandwidth, the gradient of RE with respect
to power can be derived as

dRE (Pc)

d (Pc)
=

(A/B)− C
(εPc + Pcir)

2
ln (2)

(15)

where

A = HcB(εPc + Pcir)((Pcir + εPmaxc )Wc

+ β(εPc + Pcir)Wtot),

B = (Pcir + εPmaxc ) (HcBPc +N0Wc) ,

C = εWc ln

(
1 +

HcBPc
N0Wc

)
,

Table I summarizes the algorithm to solve the RE optimiza-
tion problem.

In each iteration, the value of RE is calculated. The
maximum value of RE which satisfies the rate constraint is
selected and the corresponding W ∗c and P ∗c can be obtained. In
Algorithm 1, the transmission power constraint is considered
in the interval [za, zb]. The complexity of bisection method is
given as O(log2 n) where n = zb−za

ε . To solve the overall RE
problem, the number of iteration required is K times, where
K = (Wtot/Wstep).
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Fig. 2. Surface plots of RE (a)β = 0, (b)β = 10

B. Energy Efficiency Optimization for D2D pair

In the second stage, the D2D pair will use all remaining
bandwidth to maximize its EE. The objective function in (14)
is non convex due to fractional form. According to [10],
this function can be transformed into a convex optimization
function by using nonlinear fractional programming in [11].
Specifically, (14) can be transformed into a new parameterized
concave function with a parameter q, which can be represented
as

max
Pd

ηEE = Rd − q (εPd + Pcir) (16)

s.t (7) , (9)

Based on the nonlinear fractional programming theory, the
maximum EE q∗ = Rd

εP∗
d +Pcir

is achieved if and only if
maxPd

Rd − q∗ (εPd + Pcir) = Rd − q∗ (εP ∗d + Pcir) =
0. This indicates that an equivalent optimization problem



TABLE I
ALGORITHM FOR RE OPTIMIZATION

Algorithm 1 RE Optimization Algorithm for CU
1. Initialization: Set the interval [za, zb], tolerance ε > 0

k = 1, Winit, Wstep

2. While Wc ∼=Wtot

3. Repeat
a) Set z = 1

2
(za + zb)

b) α1 ←solve (15) using Pc = za
α2 ←solve (15) using Pc = z

c) If α1α2 < 0, zb = z else za = z
d) If |za − ab| < ε break

4. End Repeat
Update Wc =Winit +Wstep, k = k + 1

5. End While

exists with an objective function in the subtractive form.
Furthermore, the problem now becomes a convex optimization
problem due to the concavity of the objective function and the
constraints are convex [6]. Therefore, the Dinkelbach method
[11] and interior point method can be used to obtain the
optimal solution to the problem. The energy efficient algorithm
for problem (16) is presented in Table II.

TABLE II
ALGORITHM FOR EE OPTIMIZATION

Algorithm 2 EE Optimization Algorithm for D2D
1. Initialization: Set ε > 0, i = 0, qi = 0, ηEEi

2. While ηEEi
> ε

a) Solve problem (16) as qi = 0 by interior point method
to get ηEEi

,Pd

b) qi =
Rd

εPd+Pcir

c) i← i+ 1
3. End While

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
optimal RE and EE optimization scheme. In the simulation,
both cellular user and D2D transmitter are uniformly dis-
tributed in a cell. D2D receiver is randomly located with
a distance of L from D2D transmitter. The channel gain
between transmitter i and receiver j is calculated as as
hi,j = c0ςi,jκi,jd

−α
i,j , where c0 is the pathloss coefficient,

ςi,j is the shadowing, κi,j is the squared magnitude of the
Rayleigh fading, di,j is the distance between transmitter and
receiver, and α is the pathloss exponent. The channel model
parameters include pathloss coefficient of −20dB, unit mean
for the Rayleigh fading process, a pathloss exponent of 4, and
a standard deviation of 8dB for the log-normal shadowing.
Table III summarizes the main simulation parameters.

The impact of the weighted parameter β to EE and SE is
depicted in Fig. 3. It shows that the EE is non-increasing with
β, whereas SE is non-decreasing with β. At a certain point,
the value of RE’s weighted factor could provide the tradeoff
between RE and EE for the cellular user in the macro cell
network. The cross point between EE and SE occurs when
β = 2.25. Fig. 4 compares the plot of the proposed bandwidth
and power allocation schemes with the global optimal solution.

TABLE III
SIMULATION PARAMETERS

Parameters Value
Spectrum bandwidth (Wtot) 1.25 MHz

Cell radius (R) 500 m
D2D pair distance (L) 20, 40, ..., 120 m

Maximum transmit power of CU (Pmax
c ) 250 mW

Maximum transmit power of D2D (Pmax
d ) 250 mW

Minimum rate of CU and D2D
(
Rmin

c , Rmin
d

)
[0, 5] Mbit

Circuit power(Pcir) 100 mW
Noise power spectral density (N0) −174 dBm/Hz

From the figure, it can be seen that the proposed schemes
allocate the bandwidth and power effectively and are similar
to the global optimal solution. More importantly, this shows
the relationship of RE optimization to power and bandwidth,
whereby when β = 0, the optimization is focused on EE and
the bandwidth is fully utilized while the power is minimized.
On the other hand when β is high, the focus is on SE and
results are reversed.

β
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Fig. 3. Impact of weighted parameter to EE and SE

Fig. 5 shows the individual EE for CUE and DUE versus
the D2D separation for β = 1. The close proximity between
D2D pair enables D2D communication to achieve higher
EE than CUE. However, as the distance between D2D pair
increases, more transmission power is required to overcome
the deteriorating channel condition. As a result, the EE for
D2D pair decreases. It can also be observed that the EE does
not change for the CUE as the D2D users are communicating
in an overlay manner which cause no interference to the CUE.

Fig. 6 compares the total EE performance of the proposed
scheme with the high complexity global optimal solution. In
addition, it is also compared to the dedicated mode with
the bandwidth and power for the cellular and D2D pair
being optimized simultaneously, and the cellular mode where
all users are routed through the eNB. From the figure, the
performance of the propose scheme is close to the global
optimal solution but with much lower complexity due to the
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two stage optimization. Moreover, the proposed method is
better than the dedicated and cellular mode. Therefore, the
proposed scheme can provide an energy efficient solution for
the D2D enabled cellular system.

V. CONCLUSIONS

In this paper, we propose a scheme which combines the
resource efficiency and energy efficiency for cellular network
overlaid by D2D communication. In the first stage, resource
efficiency optimization is formulated and solved by applying
an iterative algorithm with bisection method. Using a weighted
parameter to control the available resources for cellular user,
the D2D pair can use the remaining bandwidth to maximize
its energy efficiency. In the second stage, Dinkelbach and
interior point methods were exploited to obtain the optimal
power allocation for D2D pair. Simulation results showed that
the proposed scheme offers higher overall energy efficiency
compared to cellular and dedicated mode of transmission. In
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addition, the proposed scheme perform close to the global
optimal solution but with lower complexity.
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