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Resource Allocation for Energy Harvesting-Powered
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Abstract—Energy harvesting (EH)-powered wireless commu-
nications have attracted great attention from both industry and
academia. However, the available energy, which relies on EH ef-
ficiency, will become another nonnegligible factor when we do
research on EH-powered wireless communications. This paper
studies the resource allocation problems in terms of spectrum and
energy under EH-powered Device-to-Device (D2D) Communica-
tion underlaying Cellular Network (EH-DCCN). In this network,
D2D pairs powered by EH are allowed to reuse the spectrum
resources occupied by Cellular Users (CUs). To investigate the
resource allocation problems, a sum-rate maximization problem
of the whole cellular network with consideration of Quality of
Service (QoS) and available energy constraints is formulated. The
maximization problem is a nonconcave mixed-integer nonlinear
programming (MINLP) problem, which has been proved to be NP-
hard. To solve the problem, we first relax it with a concave lower
bound on the original problem and then obtain the theoretical per-
formance of the lower bound by Outer Approximation Algorithm.
Moreover, a heuristic algorithm, an Energy-aware Space Match-
ing approach (ESM), is proposed to acquire a suboptimal solution
with low computational complexity. Finally, numerical simulation
results indicate our considered resource allocation strategy is more
effective than the strategy only based on channel state information
under the EH-DCCN. Moreover, the performance in aspects of the
sum rate and the matching probability shows that the ESM can ap-
proximately obtain the theoretical performance of the lower bound
on the original problem under the scenarios with higher ratio of
CU and EH-powered D2D numbers.

Index Terms—D2D communications, energy harvesting, re-
source allocation, non-concave MINLP.

I. INTRODUCTION

W ITH the explosive growth of mobile devices and traffic
loads, wireless networks are required to cope with the

increasing traffic demands, while still providing desired Quality
of Service (QoS). Thus, efficient wireless communication tech-
nologies are needed to be put forward to deal with this situa-
tion. Devive-to-Device (D2D) communication, which is deemed
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as one of key technologies of Long Term Evolution-Advanced
(LTE-A) [1], enables devices to communicate directly with each
other in close proximity via reusing the spectrum resources
being assigned to Cellular Users (CUs) [2]. Obviously, D2D
communication can alleviate spectrum deficiency, increase the
capacity of cellular systems, decrease energy consumption etc.

Thus, it can be foreseen that a wide range of devices with
D2D communication capability will be rapidly deployed in
the near future. Such D2D communication devices may be the
low-power devices (e.g., Machine-Type Devices (MTDs) [3]),
which are typically equipped with fixed energy supplies, such
as batteries with limited operation life [4]. Replacing batter-
ies or charging power by a charger system for such devices
is impractical and cost-prohibitive. Therefore, Energy Harvest-
ing (EH), a technology that collects energy from environmental
sources (e.g., solar, wind, radio frequency energy) and prolongs
the lifetime of communications, has recently been considered
as a possible alternative solution to overcome the bottleneck
of energy constrained wireless networks [5] [6]. For instance,
the D2D devices with solar panels may be the information dis-
tribution equipments for tourist attractions, a temporary large
activity etc., and the mobile users (e.g., tourists, participants)
can receive useful information (i.e., travel guide map, electronic
flyers) from EH-powered D2D devices. Besides, EH technol-
ogy is another way to provide green communication services
[7]. Thus, EH-powered D2D communication not only has the
potential ability to reach the system capacity of conventional
D2D communications, but also can achieve green communica-
tions. Therefore, more and more researchers pay their attentions
to the EH-powered D2D communication underlaying cellular
networks, where D2D pairs powered by EH technique.

However, unlike the traditional D2D communication, the
energy of ambient energy sources available to EH-powered
D2D Users (DUs) is time-variant and often sporadic. This phe-
nomenon will lead to a significant result: the energy will become
another crucial impact factor to design the resource allocation
policies in the aspects of spectrum resource assignment, power
control, etc. Therefore, it is highly beneficial to do some resource
management researches on EH-powered D2D communication
underlaying cellular networks.

A. Related Works

Some related researches have been done on the EH-powered
D2D communication. Ahmed et al. [6] modeled and ana-
lyzed EH-based D2D communication in cellular networks. They
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proposed two different spectrum access policies and evaluated
the performance of the proposed policies with general path-loss
exponent in terms of outage probability for D2D and cellular
users. Howard et al. [8] proposed a D2D communication pro-
vided by EH Heterogeneous cellular Network (D2D-EHHN),
where mobile User Equipment (UE) Relays (UERs) harvested
energy from an Access Point (AP) and used the harvested en-
ergy to support D2D communication for enhancing commu-
nication reliability. In this model, the UER distribution was
derived, and a transmission mode selection scheme was pro-
posed. Authors of [9] considered sum-rate optimal power allo-
cation policies for EH transmitters in a Gaussian interference
channel. Yet the QoS requirement of each transmitter, which
was mainly referred to transmission rate requirement, was not
considered in the power allocation policies. Zhou et al. [10]
investigated the energy-efficient power allocation problem un-
der the non-causal knowledge of energy arrival. In addition, the
various practical constraints of circuit power consumption, such
as energy causality, battery capacity, were fully considered in
the study.

The above research works were achieved with the assumption
that the spectrum resources were already matched between cel-
lular links and D2D links. The match indicated that the proper
spectrum resource of CU link is allocated to D2D link based on
Non-Orthogonal Sharing Mode (NOSM) [11]. But, the match-
ing problem was the first thing needed to be solved for the EH-
powered D2D communication underlaying cellular spectrum
resources, and was ignored in the above researches [6], [8]–
[10]. Therefore, we investigate the spectrum resource matching
problem and the power control problem with joint consideration
of the available energy state and the channel condition under a
general cellular network. In the cellular network, D2D pairs
are powered by EH technique, and are supposed to share the
spectrum resource of CUs under NOSM.

The most related researches about our works are [12], [13].
Authors of [12] studied a downlink resource reuse system in
the presence of multiple CUs and multiple underlay D2D links
which were capable of harvesting energy from the surroundings.
Under the circumstance that each D2D link can reuse the channel
resource of one CU, they formulated a sum-rate maximization
problem for D2D communication links, while protecting the
cellular transmission rate requirement. But, the optimization
of the whole network performance, and the mode of multiple
D2D links multiplexing spectrum resource of one CU were
not considered. In [13], energy cost minimization work was
studied with QoS guarantees of both CU and DU, and two
kinds of resource allocation algorithms were proposed for the
minimization work based on the static or dynamic spectrum
resource respectively.

The above two spectrum allocation schemes were the same as
the matching schemes of the traditional D2D communications,
which were mainly achieved based on the channel conditions
between users, and ignored the influence of energy state. Thus,
how to design an efficient resource allocation scheme with joint
consideration of Channel State Information (CSI) and Energy
State Information (ESI) for the EH-powered D2D Communica-
tion underlaying Cellular Networks (EH-DCCN) is a significant

Fig. 1. The influence of available energy on optimal matching. (a) classical
D2D communication. (b) EH-powered D2D communication.

research work. As far as we know this work is an open research
issue that has not been studied in the EH-DCCN.

B. Motivation

As illustrated by Fig. 1, we will take a single cellular net-
work with two CUs and two D2D pairs as a simple example to
elaborate our key motivation. In practice, D2D communication
can exploit both uplink and downlink resources of a cellular
system to transmit data. However, D2D communications us-
ing uplink resources only cause interference at the Base Station
(BS), which generally has stronger processing abilities than CUs
[14]–[16]. And meanwhile, uplink interference to D2D commu-
nications from CU is much lower than downlink interference
from BS [17], [18]. Therefore, uplink reusing mode will be more
energy efficient than downlink reusing mode for EH-powered
D2D communications. Hence, we assume that D2D pairs only
can reuse the uplink spectrum resources occupied by CUs to
accomplish their local transmission. Furthermore, for brevity,
let us consider the situation where each D2D pair can multi-
plex spectrum resource of one CU. In this paper, multiplex and
reuse both represent the D2D pairs can use the same spectrum
resource of CUs to transmit their local data under the NOSM.
To maximize system transmission rate, under the classical D2D
communication of Fig. 1(a), the optimal matching scheme is to
allocate the proper channel resource of CUs for D2D pairs with
consideration of the channel state, which is mainly influenced
by the distance between users. Obviously, the optimal matching
will let the D2D pair 1 and 2 reuse the spectrum resource of the
CU 1 and 2, respectively. In this way can minimize the mutual
interference between CU links and D2D links. However, under
the EH-powered D2D communications scenario of Fig. 1(b),
the optimal matching will be changed if the available energy of
any of the two EH-powered D2D Pairs (EH-DPs) is not enough
to support its transmission under stronger interference from CU
links. For example, the available energy of the EH-DP 1 in
battery is less than the EH-DP 2, and is not enough to sup-
port its transmission under interference from the CU 1. Thus,
with joint consideration of the influence of the available energy
and channel condition, the best matching decision is to let the
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EH-DP 1 and 2 reuse the spectrum resource of the CU 2 and 1,
respectively.

The matching problem under the classical D2D communica-
tions is studied and analyzed in many aspects, such as energy
efficiency [19], [20], sum rate of D2D users [21], [22] and
whole networks [23]. However, it is still an open issue under
EH-powered D2D communications with joint consideration of
the state of channel and power. Notably, the concepts of terms of
energy and power are the same in this paper on the assumption
that the length of a signal block is unit time [24]. Likewise, the
corresponding power control strategies will also be changed.
As we know, a typical power control problem is to find an op-
timal power allocation strategy that achieves the target utility
functions [25]. Therefore, resource allocation problems in terms
of the spectrum matching and power allocation will be studied
in this paper.

C. Contributions

In this study, we investigate the resource allocation schemes
in terms of the spectrum resource matching and the power allo-
cation under a single EH-DCCN. In the EH-DCCN, D2D pairs
powered by EH module are allowed to reuse the CUs’ uplink
spectrum resource to transmit their local data. Thus, the key
contributions of this paper can be expressed as three aspects:

1) Firstly, this work is the first to consider the joint influence
of the available energy and channel condition on the re-
source allocation schemes. Therefore, a sum transmission
rate maximization problem in terms of the available en-
ergy and the QoS requirements of both CUs and EH-DPs
is formulated. Moreover, multiple EH-DPs are permitted
to reuse the same spectrum resource in the optimization
problem;

2) Subsequently, two algorithms are proposed to solve the
resource allocation optimization problem, which is a non-
concave MINLP problem. On one hand, the theoretical
lower bound on the original problem can be obtained
by concave relaxation and Outer Approximation Algo-
rithm (OAA); On the other hand, a suboptimal heuristic
algorithm with low computational complexity, an Energy-
aware Space Matching algorithm (ESM), is proposed;

3) As a consequence, we provide numerical results to as-
sess the effectiveness of our proposed resource allocation
strategy. Numerical simulation results indicate our consid-
ered resource allocation strategy is more effective than the
strategy only based on CSI under the EH-DCCN. More-
over, the ESM can obtain approximate optimal theoretical
performance of the lower bound under the scenarios with
higher ratio of CU and EH-DP numbers. Furthermore,
simulation results also give some insights to deploy the
EH-DCCN by investigating the characteristics of the net-
work.

The remainder of this paper is organized as follows. In
Section II, we describe the system and energy harvesting model,
and formulate the optimization problem. In section III, the al-
gorithm of theoretical lower bound on the original problem,
and the suboptimal heuristic algorithm ESM are described in

Fig. 2. System model of the EH-powered D2D communication underlaying
cellular network.

detail. The numerical results are demonstrated and discussed in
section IV. In section V, we draw a conclusion.

II. NETWORK MODEL AND PROBLEM STATEMENT

In this section, we first depict the system components of
the EH-powered D2D communication underlaying cellular net-
works. Then, we introduce the energy harvesting model. Finally,
we describe and analyze our mathematical problem.

A. Scenario, Node and Transmission Model

We consider a single cellular network scenario which is il-
lustrated by Fig. 2. A BS is located in the centre of the cell
with radiusR, whileNC CUs andND D2D pairs are uniformly
distributed over the cell area. Suppose that the whole system op-
erates in a time-slotted fashion, and all users have one antenna.
Therefore, as the same assumption in [26], [27], the transmitter
and the receiver of each D2D pair are supposed to be fixed
during one time slot, which means the transmission mode is
one-way. It is important to note that transmitters and receivers
can be different in each time slot. Hence, in each time slot, the
transmitter of each EH-DP is powered by an EH module, and
equips a battery to store the harvested energy. At this time, the
power of the D2D receiver node is not considered due to the
low-power property of decode process. Let us assume that B
represents BS, ci (i ∈ {1, 2, . . . , NC }) is one CU in the CU set
of ΦC (|ΦC | = NC ), and dj (j ∈ {1, 2, . . . , ND}) is a pair of
D2D users in the EH-DP set of ΦD (|ΦD | = ND ).

In this scenario, a higher frequency reuse factor is considered
so that the intra-cell interference is not needed to be considered.
In this system, there are NC available orthogonal channels for
CUs, and each of them has a bandwidth of BW . At the same
time, we assume that D2D links only can multiplex the uplink
spectrum resource of CUs to accomplish their local data trans-
mission. The traffic model of CU and D2D links is full buffer,
meaning that there is always data to be sent at transmitting nodes
in each time slot.
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At each time slot, the binary indicator parameter X ={
xci ,dj

}
,
(
xci ,dj ∈ {0, 1}) is defined to represent whether the

dj -th EH-DP reuses the uplink spectrum resource of the ci-th
CU. We suppose that 1 denotes ”reuse”, and 0 denotes ”not
reuse”. In addition, the system assumes that each EH-DP is per-
mitted to reuse no more than one CU’s spectrum resource, and
the spectrum resource of each CU is allowed to contain at most
m EH-DPs. Thus, the above two assumptions can be expressed
as follows:

∑

ci

xci ,dj ≤ 1, (∀dj ∈ ΦD ) (1)

∑

dj

xci ,dj ≤ m, (∀ci ∈ ΦC ) . (2)

Based on the above analysis, the signal to interference plus
noise ratio (SINR) of the ci-th CU and the dj -th D2D pair can
be presented as follows:

Rci =
pci gci B

n0 +
∑

dj
xci ,dj pdj gdj B

, (3)

Rdj =
pdj gdj

n0 + pci gci dj +
∑

dk �=dj
dk ∈ΦD

xci ,dk pdk gdk dj
, (4)

where pci and pdj are the transmission power of the ci-th
CU and the dj -th EH-DP in a time slot, respectively. xci ,dj
(ci ∈ ΦC , dj ∈ ΦD ) is the multiplex indicator parameter. n0 is
the noise power, which equals to BW ·ρn , where BW is the up-
link channel bandwidth and ρn is the density of noise. gu1u2

(u1, u2 ∈ {B,ΦC ,ΦD}), denotes the channel gain between
transmitting node u1 and receiving node u2, which accounts
for the path loss and Rayleigh fading and is expressed as

gu1u2 = L−α
u1u2

· |hu1u2 | , (5)

where Lu1u2 is the distance between u1 and u2. α is the path-
loss exponent between u1 and u2. hu1u2 ∼CN (0, 1) is modeled
as zero-mean complex Gaussian random variables with unit
variance, characterizing the Rayleigh fading.

B. Energy Model

In this scenario, each EH-DP uses the harvested energy to
transmit their local data. For the dj -th EH-DP, Et

dj
units of

energy can be harvested in the t-th time slot where Et
dj

≥ 0.

{E1
dj
, E2

dj
, . . . , Et

dj
, . . . , ET

dj
} is the time sequence of harvested

energy in T time slots. Et
dj

is also an i.i.d. sequence with

Compound Poisson distribution:Et
dj

=
∑N (t)

n=1 U
n
dj

[28], where
N(t), the number of energy packets arriving at the time slot t,
is assumed to be a homogeneous Poisson process with intensity
λdj . Un

dj
is the size of the n-th energy packet in N(t). In addi-

tion, the λdj and Un
dj

are called as EH efficiency of the dj -th
EH-DP.

Let Bt
dj

depicts the amount of available energy in the battery
for transmission at the time slot t of the dj . The transmitted
power ptdj is constrained by the available energy Bt

dj
in the

battery:

ptdj ≤ Bt
dj
,
(
Bt
dj

= Bt−1
dj

− pt−1
dj

+Et−1
dj

)
.

We assume that the energy are only for communication pur-
poses. Existing energy in the battery can be retrieved without
any loss and the battery capacity is large enough so that every
quanta of incoming energy can be stored in the battery. This as-
sumption is practically valid for the current circumstance of the
technology in which batteries have very large capacities com-
pared to the efficiency of harvested energy flow [29]. Besides,
it is assumed that the CSI of all the involved links, and the ESI
of all EH-DPs in each time slot are acquired by the BS so that
the BS is capable of controlling the resource allocation.

C. Mathematic Model

This research investigates the optimal matching and the power
allocation problems between CUs and EH-DPs in each time slot
by studying the throughput maximization problem as P1 shows:

P1 : max
X,PC ,PD

Rsum (X,PC , PD ) , (6a)

s.t. log (1 +Rci ) ≥ rthci , (∀ci ∈ ΦC ) , (6b)

log
(
1 +Rdj

) ≥ rthdj , (∀dj ∈ ΦD ) , (6c)

0 ≤ pci ≤ Pmax
ci

, (6d)

0 ≤ pdj ≤ min
{
Pmax
dj

, Bdj

}
, (6e)

∑

ci

xci ,dj ≤ 1, (∀dj ∈ ΦD ) , (6f)

∑

dj

xci ,dj ≤ m, (∀ci ∈ ΦC ) , (6g)

xci ,dj ∈ {0, 1} , (6h)

where Rsum is the sum Shannon capacity of whole users in-
cluding CUs and EH-DPs, which can be expressed as follow:

Rsum (X,PC , PD )

=
NC∑

ci =1

log (1 +Rci ) +
NC∑

ci =1

ND∑

dj =1

xci ,dj log
(
1 +Rdj

)
. (7)

Rci and Rdj are the SINR of ci-th CU and dj -th EH-DP,
which are represented by equation (3) and (4) in detail, re-
spectively. X = {xci ,dj , (ci ∈ ΦC , dj ∈ ΦD )} is the multiplex
indicator parameter set. PC = {pci } and PD = {pdj } are the
sets of transmission power of CUs and EH-DPs, respectively.
The (6b) and (6c) mean the transmission rate of the ci-th CU and
the dj -th EH-DP should attain the minimum transmission rate
threshold rthci and rthdj , respectively. At the same time, the (6d)
and (6e) represent the maximal transmit power of the ci and the
dj must lower than the available energy, respectively. Equation
(6f) denotes each EH-DP can only reuse the uplink spectrum
resource of one CU, and (6g) demonstrates the uplink spectrum
resource of one CU can be multiplexed by at most m EH-DPs.
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Throughout the text, logarithm expressed without a base, i.e.,
log(), refers to the natural logarithm loge().

D. Problem Analysis

With respect to P1, the solutions include the spectrum match-
ing and the power allocation between CUs and EH-DPs based
on the available energy and channel condition. Obviously, the
spectrum matching problem for multiple EH-DPs under the
constraints of the available energy and interference is a typical
non-linear binary integer programming problem in each time
slot. Moreover, the optimization problem will be a non-concave
mixed integer non-linear programming problem (MINLP) [30],
[31] with joint consideration of the power allocation scheme. It
is so difficult and complex to find the optimal solutions aboutX ,
PC , and PD . Thus, we design two kinds of algorithms to solve
the maximization problem. By consideration of the properties
of the original problem, the first one is a tighten lower bound
approximation approach and then solved by Outer Approxima-
tion Algorithm (OAA). But the computational complexity of
the above approach can not satisfy the scheduling period of mil-
liseconds in LTE systems although OAA can obtain an optimal
tight lower-bound solution. Thus, we propose an Energy-aware
Space Matching algorithm (ESM) with fast matching property
and then determine the power allocation. In the next section, the
two algorithms will be explained exactly.

III. ALGORITHMS DESIGN

In this section, two algorithms are explained at first, and the
computational complexity of the two algorithms is elaborated
in the later.

A. Outer Approximation Algorithm

Our approach considers a relaxation of the non-concave func-
tion (6) to solve this problem. In order to obtain the tight lower
concave bound of the original problem, there are two important
steps that should be implemented. First of all, we use the in-
equality (8) to obtain the lower bound of the original problem.
In addition, this approximation is proved to be tight and have
low computational complexity in [32], [33].

α log z0 + β ≤ log(1 + z0)

⎧
⎨

⎩

α =
z0

1 + z0
,

β = log(1 + z0)−α log z0.
(8)

Therefore, the tight lower bound of the non-concave problem
P1 can be rewritten by (8) as follows:

max
X,PC ,PD

NC∑

ci =1

(
αci logRci + β

c i

)

+
NC∑

ci =1

ND∑

dj =1

xci ,dj
(
αdj logRdj + βdj

)
, (9a)

s.t. αci logRci + β
c i

≥ rthci , (∀ci ∈ ΦC ) , (9b)

αdj logRdj + βdj ≥ rthdj , (∀dj ∈ ΦD ) , (9c)

(6d) ∼ (6h). (9d)

Secondly, variables equality substitution of pci = e
∼
pc i , pdj =

e
∼
pd j is implemented to obtain concavity of the original problem

based on the first step. Therefore, the original problem P1 can
be expressed as:

max
X,

∼
P C ,

∼
PD

fOA (X,
∼
PC ,

∼
PD ) =

NC∑

ci =1

∼
fci

(
X,

∼
pci ,

∼
PD

)

+
NC∑

ci =1

ND∑

dj =1

xci ,dj
∼
fdj

(
X,

∼
PC ,

∼
PD

)
, (10a)

s.t.
∼
fci

(
X,

∼
pci ,

∼
PD

)
≥ rthci , (10b)

∼
fdj

(
X,

∼
PC ,

∼
PD

)
≥ rthdj , (10c)

∼
pci ≤ logPmax

ci
, (10d)

∼
pdj ≤ min

{
logPmax

dj
, logBdj

}
, (10e)

(6f) ∼ (6h), (10f)

where
∼
fci (X,

∼
pci ,

∼
PD ) and

∼
fdj (X,

∼
PC ,

∼
PD ) are described by

(11) and (12), respectively.
∼
PC = { ∼

pci } = {log(pci )} and∼
PD = { ∼

pdj } = {log(pdj )}. The above maximization problem
can easily be proved as a concave MINLP which satisfies the
following propositions:

Proposition 1: In problem (10),
∼
PC and

∼
PD are nonempty,

convex set; The objective function (10a), constraints (10b),
(10c), (10d), and (10e) can be easily proofed to be concave
by the convexity of log-exp-sum, for fixed values of X .

Proposition 2: The objective function (10a) and constraints
(10b), (10c) are first order continuous differentiable.

Proposition 3: A constraint qualification holds at the solu-
tion of each concave nonlinear continuous sub-problem obtained
by fixing the values of X .

Proposition 4: The concave nonlinear programming prob-
lem (concave NLP) obtained by fixing X can be solved by
convex programming algorithms exactly.

∼
fci

(
X,

∼
pci ,

∼
PD

)
= αci log (gci B )

+ αci
∼
pci −αci log

⎛

⎝
∑

dj

xci ,dj exp
( ∼
pdj

)
gdj B + n0

⎞

⎠+ βci .

(11)
∼
fdj

(
X,

∼
PC ,

∼
PD

)
= αdj log

(
gdj
)

+ αdj
∼
pdj −αdj log

×

⎛

⎜
⎜
⎝
∑

dk ∈ΦD
dk �=dj

xci ,dk exp
( ∼
pdk

)
gdk dj + exp

( ∼
pci

)
gci dj + n0

⎞

⎟
⎟
⎠+ βcj .

(12)
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The concave MINLP (10) can be easily transformed into a
convex MINLP minimization problem. And, the Outer Approx-
imation Algorithm (OAA) [34], [35] is an effective way to solve
this kind of convex MINLP problems by an iterative process. In
the OAA, a convex MINLP problem is decoupled into a convex
NLP primal problem (which fixes the integer variables) and an
MILP master problem. The convex NLP primal problem opti-
mizes the continuous variables and provides an upper bound to
the convex MINLP solution, while the MILP master problem
has the role of predicting a new lower bound for the convex
MINLP solution, as well as a new integer variable for each it-
eration. The OAA uses sequence of non-increasing upper and
non-decreasing lower bounds for the convex MINLP problem
that satisfies the propositions 1–4. The OAA converges in a fi-
nite number of iterations with ε-convergence capability [36].
The sequence of the upper and lower bounds are obtained by
solving the primal and master problem, respectively. Therefore,
at the k-th iteration of the OAA, let the values of integer variable
be fixed as

∼
Xk

C D
, the primal problem of (10) can be expressed as:

min
∼
P C ,

∼
PD

−fOA
( ∼
Xk

C D
,
∼
PC ,

∼
PD

)
, (13a)

s.t.
∼
fci

( ∼
Xk

C D
,

∼
pci ,

∼
PD

)
≥ rthci , (13b)

∼
fdj

( ∼
Xk

C D
,
∼
PC ,

∼
PD

)
≥ rthdj , (13c)

(10d) ∼ (10e). (13d)

Solution of the primal problem will give the
∼
Pk
C ,

∼
Pk
D at the

k-th iteration that will be used for the master problem of (10) as
follows:

min
X

(

min
∼
P C ,

∼
PD

−fOA
( ∼
Xk
CD ,

∼
PC ,

∼
PD

))

, (14a)

s.t. (13b) ∼ (13d), (6f) ∼ (6h). (14b)

The problem (14) is the projection of (10) on X space. Since
a constraint qualification holds at the solution of the primal

problem (13) for every fixed
∼

Xk
CD , the projection problem has

the same solution as the problem below:

minimize{
Z,X,

∼
P C ,

∼
P D

} Z, (15a)

s.t. −fOA
( ∼
Xk
CD ,

∼
Pk
C ,

∼
Pk
D

)
−∇fOA

(∼
X,

∼
PC ,

∼
PD

)

×

⎛

⎜
⎜
⎜
⎜
⎝

∼
X−

∼
Xk
CD

∼
PC−

∼
Pk
C

∼
PD−

∼
Pk
D

⎞

⎟
⎟
⎟
⎟
⎠
−Z≤0, (15b)

rthci −
∼
fci

( ∼
Xk
CD ,

∼
pkci ,

∼
Pk
D

)
−∇

∼
fci

( ∼
Xk
CD ,

∼
pkci ,

∼
Pk
D

)

Algorithm 1: OAA.

1 Initialization:
∼

X1
C D

;k = 1;ε = 10−2;
2 Step 1: Transform the original problem P1 into a convex

MINLP problem as (10) shows according to the inequality
(8) and the equality substitutions of pci = e

∼
pc i , pdj =e

∼
pd j ;

3 Step 2: Solve the NLP subproblem (15) of the convex

MINLP (10) with the fixed
∼

Xk
C D

, and obtain the (
∼
Pk
C ,

∼
Pk
D )

and an upper bound by

Rup
sum =Rsum (

∼
Xk
CD , exp(

∼
Pk
C ), exp(

∼
Pk
D ));

4 Step 3: Solve the MILP subproblem (15) of the convex
MINLP (10), and obtain the (

∼
Xk ∗
CD ,

∼
Pk ∗
C ,

∼
Pk ∗
D ) and a lower

bound by Rlow
sum = Rsum (

∼
Xk ∗
CD , exp(

∼
Pk ∗
C ), exp(

∼
Pk ∗
D ));

5 Step 4: Let the
∼

Xk+1
C D

=
∼

Xk ∗
CD and the k=k + 1;

6 Step 5: Repeat the step from 2 to 4 until the
Rup
sum−Rlow

sum ≤ε;
7 Update: ROAA

sum by (7):

ROAA
sum = Rsum (

∼
Xk
CD , exp

( ∼
Pk
C ), exp(

∼
Pk
D

)
).

×

⎛

⎜
⎜
⎜
⎜
⎝

∼
X−

∼
Xk
CD

∼
pci−

∼
pkci

∼
PD−

∼
Pk
D

⎞

⎟
⎟
⎟
⎟
⎠
≤0, (15c)

rthdj −
∼
fdj

( ∼
Xk
CD ,

∼
Pk
C ,

∼
Pk
D

)
−

∼
∇fdj

( ∼
Xk
CD ,

∼
Pk
C ,

∼
Pk
D

)

×

⎛

⎜
⎜
⎜
⎜
⎝

∼
X−

∼
Xk
CD

∼
PC−

∼
Pk
C

∼
PD−

∼
Pk
D

⎞

⎟
⎟
⎟
⎟
⎠
≤0, (15d)

(10d) ∼ (10e), (6f) ∼ (6h). (15e)

The primal problem gives the upper bound and the master
problem will give the lower bound for problem (10). The so-
lution of the master problem provides the information for the
next set of the integer variables

∼
Xk+1

C D
. As the iteration proceeds,

these two bounds come close to each other. The algorithm will
terminate when the difference between the two bounds is less
than ε. A pseudo code for the OAA is given in Algorithm 1.

The OAA has a higher computational complexity even though
it can obtain the theoretical lower bound on the original prob-
lem. The complexity of the OAA is one of key obstacles to
be implemented in LTE system which requires the scheduling
period in milliseconds. Thus, we propose a heuristic algorithm,
Energy-aware Space Matching algorithm (ESM), which has fast
matching property for CUs and EH-DPs.

B. Energy-Aware Space Matching Algorithm

Energy-aware Space Matching (ESM) algorithm solves the
maximization problem P1 by decomposing the problem into
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two steps. In the first step, the ESM implements a spectrum
matching scheme to obtain the multiplex indicator parameter
X; In the second step, the power allocation scheme is solved
based on the first step so as to obtain the power variable sets PC
and PD .

The first step, ESM should determine the spectrum matching
indicator parameter X . As we all know, due to the fading char-
acteristic of wireless communications, one simplest and fastest
way to determine the matching parameter is based on distance
constraint. But, how to set the distance and define the distance
matching rules with joint consideration of available energy state
and channel condition is the most important thing. In our model,
according to the available power and the transmission rate con-
straints, the distance between CU ci and EH-DP dj must satisfy
the following restraint if they can be matched:

∣
∣Lci dj

∣
∣≥

⎛

⎜
⎝

pdj ·
∣
∣Ldj

∣
∣−α − n0

∧
rthdj

∧
rthdj ·

∧
rthci

(
pdj ·

∣
∣Ldj B

∣
∣−α + n0

)
· |Lci B |α

⎞

⎟
⎠

−1/α

≥

⎡

⎢
⎣

(∣
∣Ldj

∣
∣−α

ψ

)
⎛

⎜
⎝1 −

φ · ∣∣Ldj
∣
∣−α + n0 · ψ ·

∧
rthdj

ψ · ∣∣Ldj
∣
∣−α · pdj + φ · ∣∣Ldj

∣
∣−α

⎞

⎟
⎠

⎤

⎥
⎦

−1/α

where ψ represents
∧
rthdj ·

∧
rthci ·|Ldj B |−α ·|Lci B |α , φ is

∧
rthdj ·

∧
rthci ·|Lci B |α · n0. The relevant derivation can be seen in Appendix

A. Obviously, the value of Lci dj is proportional to Lci B and
inversely proportional to Ldj B and pdj . Calculating the relevant
minimum required distance for all EH-DPs is a time-consuming
process. Hence, we consider to set a uniform standard. In order
to let as many EH-DPs as possible access network, we must
consider the worst case. According to the relationship of Lci dj
between the other variables, the EH-DP

∼
d(

∼
d ∈ ΦD ), which owns

the minimum available transmission power and the worst chan-
nel quality (minimum distance from base station), is chosen.
Furthermore, the CU

∼
c(

∼
c ∈ ΦC ) which is farthest away from

BS is chosen. Hence, we can obtain the following corollary:
Corollary 1: In order to ensure the matched CU and EH-

DPs have a feasible power allocation solution, the distance
dEH must satisfy a minimum value:

dEH =
∣
∣
∣L∼

c
∼
d

∣
∣
∣

≥

⎛

⎜
⎜
⎝

p∼
d
·
∣
∣
∣L∼

d

∣
∣
∣
−α

− n0

∧
rth∼
d

∧
rth∼
d

·
∧
rth∼
c

(
p∼
d
·
∣
∣
∣L∼

dB

∣
∣
∣
−α

+ n0

)
· ∣∣L∼

cB

∣
∣α

⎞

⎟
⎟
⎠

−1/α

.

Proof: The proof of this corollary is provided in
Appendix A.

The dEH is the minimum requisite multiplex distance, which
is decided with joint consideration of the available energy and
channel conditions. To solve the spectrum matching scheme in a
faster and simpler way, ESM divides the cell area into two parts:
Central Part (CP) and Edge Part (EP) according to dEH . EH-
DPs in different parts {CP or EP} can randomly reuse the CUs
in the opposite part {EP or CP} to ensure the minimum distance

Fig. 3. Energy-aware Space Matching model.

constraint. Therefore, as shown in Fig. 3, a cellular network
with R radius is divided into six 60 degree sectors [37]. The
six sectors are named as 1 to 6 in counterclockwise order from
north to south. Each sector is grouped into two parts: Central
Part (CP) and Edge Part (EP) by dEH . Moreover, to ensure the
next power allocation step has a feasible solution, there are two
matching rules we should be complied with:

1) EH-DPs in different parts {CP or EP} can randomly reuse
the CUs in the opposite part {EP or CP} of the sectors
which are opposite from each EH-DP sector. For example,
as Fig. 3 illustrates, the EH-DPs in the EP (yellow) or CP
(blue) part of the sixth sector can randomly multiplex the
spectrum resource of CUs in the CP (yellow) or EP (blue)
part of the opposite sectors {2,3,4} of the sixth sector;

2) EH-DPs in the same and adjacent sector can not reuse
the same CU spectrum resource. As Fig. 3 shows, the
spectrum resource of one CU reused by the EH-DP in the
sixth sector can not be reused by EH-DPs in the sector 5
and 1 at the same time.

Based on the first rule, the division of CP and EP insures
that the interference between CUs and EH-DPs is under con-
trol, which can effectively satisfy transmission rate requirements
with the limitation of available energy. Likewise, the second rule
makes sure that the mutual interference between EH-DPs is un-
der control.

The second step, after obtaining the integer values of the

multiplex indicator
∧
X = {∧xci ,dj }, the proper power should be

allocated between the matched CU and multiple EH-DPs to
maximize the transmission rate of the whole network. Thus,
the system transmission rate maximization problem can be di-
vided into NC subproblems due to the spectrum orthogonality
of different CUs. Therefore, for any ci, (ci ∈ ΦC ), we have:

max
{pc i ,PD }

log (1 +Rci ) +
ND∑

dj =1

∧
xci ,dj log

(
1 +Rdj

)
, (16a)
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s.t. log (1 +Rci ) ≥ rthci , (16b)

log
(
1 +Rdj

) ≥ rthdj , (16c)

(6d) ∼ (6e), (16d)

where EH-DP dj belongs to ΦD and reuses the spectrum re-
source of the CU ci at the same time.

The above subproblem is also a non-concave maximiza-
tion problem. But, we can obtain its theoretical lower bound
by the approximation of (8) and the variables substitution of
pci = e

∼
pc i , pdj = e

∼
pd j :

max{ ∼
pic ,

∼
PD

}

∼
fci

(
∧
X,

∼
pci ,

∼
PD

)
+

ND∑

dj =1

∧
x
c i , d j

∼
fdj

(
∧
X,

∼
PC ,

∼
PD

)
,

(17a)

s.t.
∼
fci

(
∧
X,

∼
pci ,

∼
PD

)
≥ rthci , (17b)

∼
fdj

(
∧
X,

∼
PC ,

∼
PD

)
≥ rthdj , (17c)

(10d) ∼ (10e). (17d)

With the convexity of log-exp-sum, the problem (17) can
be easily proved to be a concave maximization problem about
relevant power parameters of CU and EH-DPs. The pseudo code
of ESM can be detailedly expressed by Algorithm 2.

C. Complexity of OAA and ESM

Hijazi et al. [38] provided an example where outer approx-
imation takes an exponential number of iterations about 2n ,
in which n is the variables that need to be solved, and equals
NC +ND in this paper. In ESM, the system only needs to im-
plement the proper matching method for each D2D, and solve
NC sub-problems of power allocation. Thus, the complexity of
ESM can be expressed as O(NC ·ND ) in the worst case.

TABLE I
THE COMPARISON OF COMPLEXITY OF OAA AND ESM

OAA ESM

complexity O(2NC +ND ) O(NC ·ND )

IV. SIMULATION RESULTS

In this section, the performance of the two proposed algo-
rithms and the characteristics of the EH-DCCN are investigated
in the performance of the average achievable system rate and the
matching probability of EH-DPs. The matching probability of
EH-DPs represents the ratio of the matched EH-DPs in ND . To
evaluate the effectiveness of the proposed algorithms, there are
two comparison schemes should be described. The first one is
the exhaustive searching method, which can enumerate all pos-
sible solutions, and thus attain an optimal solution. The second
one is a graph-color method [39], which is one of typical re-
source allocation algorithms in classical D2D communication.
Besides, all of the simulation model and algorithms are coded
in the MATLAB.

However, the computational complexity of the exhaustive
searching method increases exponentially with the number of
the users [40]. Hence, it is difficult to implement the exhaustive
searching method under large-scale scenario with large number
of users. Therefore, we only compare the proposed algorithms
OAA and ESM with the two comparison schemes under a small-
scale scenario with 5 EH-DPs and different numbers of CUs
(from 2 to 6). The scenario with the similar scale is set to
validate the performance of algorithms proposed in [39], [41].
Moreover, under the large-scale scenario with 100 EH-DPs and
different numbers of CUs (from 30 to 100), the performance
of the two proposed algorithms is also evaluated by comparing
with the graph-color method. Meanwhile, the characteristics of
the network are investigated.

A. Simulation Setup

Above all, the detailed cellular network simulation settings
should be illustrated. We consider a cellular network demon-
strated by Fig. 2 with one Base Station (BS), NC CUs and ND

EH-DPs. The BS is always located in the center of the cell, and
the radius of the cellular network is 800 meters. The CUs and
EH-DPs are randomly and uniformly distributed in the cell, and
the position of all users is known by BS. Furthermore, the dis-
tance between receiver and sender of each EH-DP is randomly
distributed in the range of 20 meters to 50 meters.

In order to study the effectiveness of the proposed algorithms
and the characteristics of the EH-DCCN, we set up a small-
scale scenario and a large-scale scenario. In each scenario, the
energy packet arrival process for every EH-DP is supposed to
be i.i.d random sample. This sample can be regarded as a statis-
tic process obeying Poisson distribution with same parameter
λ. Therefore, the energy packet arrival process, which is repre-
sented by λdj (λdj = λ), is only considered as the variance of
the EH efficiency. In the large-scale scenario, we define the ratio
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TABLE II
EH-POWERED D2D SIMULATION SCENARIO PARAMETERS

Scenario settings

Description Value
BS position at the center of the cell

CUs and EH-DPs position uniformly random
distribution

distance between sender and receiver of
one EH-DP

random distribution
in [20, 50] m

Simulation parameters settings
Parameter Description Value

R radius of the cell 800 m

NC sum number of CUs large scale:[30:10:100] small
scale:[2:1:6]

ND sum number of EH-DPs large scale:100 small scale:5

BW uplink bandwidth of each
orthogonal CU channel

180 KHz

ρn thermal noise density −174 dBm/Hz

α path loss exponent for users 4

Pm ax
c i

maximum transmission
power constraints of CU

20 dBm

Pm ax
dj

maximum transmission
power constraints of di -th
EH-DP

17 dBm

N (t) the number of arriving energy
packets in time slot t

Possion distribution with
λ of [1:1:6]

Un
di

average energy for each
energy packet

0.0005 watt

m the maximum reusable
EH-DPs of one CU

3

rthc i minimum transmission rate
threshold of CU

1 bps/Hz

rthdj
minimum transmission rate
threshold of di -th EH-DP

2 bps/Hz

of CU and EH-DP numbers as NC/ND . For each simulation
scenario with different ratios or EH efficiencies, for example
a scenario has a ratio of 0.5, we generate the corresponding
random scenario about 100 times and average the performance
of transmission rate and matching probability. All of the de-
tailed network parameters used in this paper are demonstrated
by Table II.

B. The Effectiveness of the Proposed Algorithms Under
Small-Scale Scenario

Considering the high computational complexity of the ex-
haustive searching scheme for the scenarios with large number
of users, a small-scale scenario is set to validate the effectiveness
of the proposed algorithms. The small-scale scenario consists
of 5 EH-DPs and different numbers of CUs (from 2 to 6). Un-
der this small-scale scenario, the performances of the proposed
algorithms and the comparison schemes in terms of average
(avg.) achievable transmission rate and matching probability are
demonstrated by Figs. 4 and 5, respectively. In this simulation,
the EH efficiency λ is set as 2.

As shown in Figs. 4 and 5, the differences of sum rate and
matching probability between OAA and the optimal exhaustive
searching scheme are about 0.2 bit/s/Hz and 0.1, respectively.

Fig. 4. The avg. achievable rate under the small-scale scenario.

Fig. 5. The avg. matching probability under the small-scale scenario.

Hence, a vivid conclusion can be made that OAA can attain
an approximate optimal sum rate and matching probability by
comparing with the optimal exhaustive searching scheme. Si-
multaneously, although there is a gap about 2 bit/s/Hz in sum rate
between the ESM and the optimal scheme, ESM also can obtain
a suboptimal performance, while owning the lowest computa-
tional complexity and satisfying the transmission rate require-
ments of users.

Moreover, two principle reasons can explain the poorest per-
formance of the graph-color method. Firstly, the graph-color
method randomly allocates channel resource of CU based on
the constructed graph and the interference negligible distance
(INS) and SIR limited area (SLA). The INS is a fixed value
and the SLA is only based on channel state but ignores the en-
ergy feature. Thus, the spectrum resource matching strategy will
be invalid if the available energy of D2D pairs cannot achieve
their transmission rate requirements under the corresponding
interference. Secondly, the graph-color method tries its best to
allocate proper D2D pairs for each CU, one after the other,
which will lead to unbalanced distribution of resources. In other
words, some CUs share their channels with multiple D2D pairs,
but some CUs are not paired with any D2D links. Finally, the
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Fig. 6. The avg. achievable rate versus different ratios of CU and EH-DP
numbers under large-scale scenario.

unbalanced distribution of resources will result in large mutual
interference among D2D links, and thus the sum transmission
rate is not substantially improved.

Furthermore, the average CU rate in Fig. 4 shows the different
characteristics of the above algorithms. Under the graph-color
method, the CUs own the smallest interference from EH-DPs
due to the unsuccessful matching, and thus CUs have the best
transmission rate than other algorithms. On the contrary, the
optimal exhaustive searching scheme and the OAA have the
highest matching probability, which will result in that the CUs
suffer the largest interference from EH-DPs. Hence, the trans-
mission rate performance of CUs in optimal scheme and OAA
is the lowest than others. Based on this, the transmission rate of
the heuristic algorithm ESM is performed in the middle of all
algorithms. Besides, when the node numbers of CUs are little,
the number of EH-DPs reusing the same channel resource is
higher. This phenomenon will result in the more interference to
the CUs, and thus the avg. achievable transmission rate of CUs
is smaller. Hence, the avg. achievable rate of CUs will increase
with the raise of the number of CUs.

C. Simulation Results in Large-Scale Scenario

There are two principle purposes to design the large-scale
scenario. The first one is to evaluate the performance of the pro-
posed algorithms. The second one is to investigate the influence
of different ratios on performance. The large-scale scenario is
set with 100 EH-DPs and different numbers of CUs (from 30
to 100). In this simulation, the EH efficiency λ is also set as 2.
The average achievable rate and the matching probability are
illustrated in detail by Figs. 6 and 7, respectively.

There are three important phenomena can be seen in
Figs. 6 and 7. The first one is that our proposed algorithms
still outperform the performance of graph-color in terms of
transmission rate and matching probability.

The second, the performance of ESM in sum rate gradually
approaches to the optimal lower bound of OAA along with the
increasing of the ratio. When the ratio is not less than 0.6, the
difference of sum rate between the ESM and the OAA is less
than 1 bit/s/Hz. The same phenomenon can be also reflected

Fig. 7. The avg. matching probability versus different ratios of CU and EH-DP
numbers under large-scale scenario.

by the matching probability of EH-DPs in Fig. 7. The average
matching probability of EH-DPs in the ESM is gradually in-
creasing to the OAA, and closing to one hundred percentage as
the ratio rises. It vividly implies that the ESM can obtain the
approximate performance of the theoretical tight lower bound
on the original problem under the scenarios with the balanced
distribution between the CUs and EH-DPs. With low computa-
tional complexity, the ESM is more suitable for the scenarios
with the large scale of users and a higher ratio.

Thirdly, as demonstrated by the average achievable rate of
EH-DP in Fig. 6, the ESM and the OAA are concentrated on
different aspects aiming at improving the system performance.
In another word, the ESM is more concerned with the rate
improvement of EH-DPs. On the contrary, the OAA pays more
attention to the rate improvement of CUs.

The above phenomenon can be interpreted as follows:
The OAA can acquire the optimal lower bound of the origi-

nal maximization problem by the iteration process. To obtain the
maximal transmission rate, the OAA will let EH-DPs match the
corresponding CU as many as possible under the interference
constraints. On the contrary, the maximum number of EH-DPs
reusing same CU in the ESM is less than the OAA in nature.
The ESM scheme only can make each CU maintain at most
two EH-DPs essentially. Hence, there will be more interference
for each CU in the OAA than the ESM when the ratio is low.
But the number of EH-DPs multiplexing one CU in the OAA
exceeds that in the ESM. Hence, the system rate and the match-
ing probability in the OAA are still better than the ESM. This
explanation is also be proved in the simulation of the variation
of the average system rate in Fig. 6. As we can see in this figure,
due to the matching property of the ESM, the average sum rate
of the ESM is lower than the OAA when the ratio is less than
0.6. This phenomenon also explains why the ESM gets poor
performance under the scenarios with lower ratio of CU and
EH-DP numbers.

D. The Influence of Different EH Efficiencies on Performance

Under the same large-scale scenarios of section IV-C, the
impact of EH efficiency λ on performance is also investigated.
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Fig. 8. The avg. matching probability VS. different EH efficiencies under
large-scale scenario.

Fig. 9. The avg. achievable rate VS. different EH efficiencies under large-scale
scenario.

As demonstrated by Figs. 8 and 9, the matching probability is
gradually increasing with the rise of λ, especially under the sce-
narios with lower ratio such as under 0.3. This is because the
EH-DPs’ ability to tolerate interference is increasing as the har-
vested energy rises. So, more and more EH-DPs can multiplex
the spectrum resource of one CU at the same time under the
control of interference. Therefore, the sum transmission rate is
also growing with the rise of EH efficiency. However, as illus-
trated by Figs. 8 and 9, the influence of the growth of harvested
energy on performance in the ESM is not more instinct than the
OAA. This phenomenon can be mainly explained by the reason
that although the growth of energy can make EH-DPs possible
to bear more interference, the matching rules in the ESM will
not be changed. In other words, the maximum tolerable EH-DP
numbers of one CU in the ESM will not be changed due to the
space matching property. Thus, the performance of the ESM is
more stable than the OAA. But, the performance of the ESM
can approach the OAA under the scenarios with the large ratio
such as up to 0.8.

In addition, we can get some crucial conclusions from the
performance of OAA. Due to the maximum transmission power
constraints, the rise of EH efficiency cannot always increase the
system performance. From the simulation results, the matching
probability is close to 1 when the EH efficiency reaches 5 and
the ratio is 0.3. The more distinct phenomenon can be seen in
sum rate as Fig. 9 shows. The system rate is not rising when
the λ equals 5. Besides, when the ratio is 0.5 or 0.8, the OAA
performs stably when EH efficiency λ reaches 4 or 2 in aspects
of the matching probability and sum rate, respectively. Thus, we
can conclude that the ratio of CU and EH-DP numbers must be
above 0.8 when EH efficiency is 2, and ratio is 0.5 or 0.3 when
EH efficiency is 4 or 5, respectively. This conclusion can give an
insight needed for the central controller to deploy EH-powered
D2D communication underlaying cellular networks.

V. CONCLUSION

In this paper, we study the resource allocation scheme for EH-
powered D2D communication underlaying cellular networks.
Unlike the conventional D2D communications, the achievable
energy will become another significant issue that resource al-
location schemes must be considered in the EH-powered D2D
communication. Thus, we investigate a sum-rate maximization
problem in terms of the available energy and the transmission
rate requirement under a single cellular network. Due to the
optimization problem being a non-concave MINLP, we obtain
the optimal lower bound of the original problem by a concave
approximation and OAA algorithm. At the same time, because
of the high complexity of OAA, we propose a heuristic al-
gorithm, which is named Energy-aware Space Matching (ESM)
algorithm. ESM decomposes the original problem into the spec-
trum matching problem and the power allocation problem. And
then, ESM firstly solves the spectrum matching problem, and
then allocates the proper power for the matched CU and EH-
DPs. The time complexity of OAA and ESM in the worst case
are O(2NC+ND ) and O(NC ·ND ), respectively. Obviously, the
ESM own a lower complexity than OAA.

In the simulation, different scenarios with different ratios
and EH efficiencies are set to assess the effectiveness of the two
algorithms and study the characteristics of the EH-powered D2D
communication. From simulations, some vivid results can be ob-
tained. First of all, simulation results imply that our considered
resource allocation strategy is more effective than the strategy
only based on channel state information under EH-DCCN. Sec-
ondly, the ESM algorithm with low computational complexity
is more suitable for the scenarios with higher ratio than OAA.
Finally, it is better to keep the ratio above 0.8 when EH effi-
ciency of EH-DPs is low, and the EH efficiency of EH-DPs is
up to 5 if the user density of EH-DPs is larger than CUs. This
results can give some insights for the central controller to deploy
EH-DCCN in the future.

APPENDIX

PROOF OF COROLLARY 1

According to the reusing rules of the ESM, the distance among
EH-DPs reusing the same spectrum of one CU is enough far
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away from each other. Hence, the interference among EH-DPs
can be approximately ignored. Based on this, the minimum
reusing radius dEH is approximately determined by the CU
and the EH-DP reusing the same spectrum resource. Hence,
according to the transmission rate requirement, the matched CU
ci and EH-DP dj must satisfy the following constraints:

⎧
⎪⎪⎨

⎪⎪⎩

log
(

1 +
pc i ·|Lc i B |−α

n0+pd j ·|Ld j B |−α
)

≥ rthci ,

log
(

1 +
pd j ·|Ld j |−α

n0+pc i ·|Lc i d j |−α
)

≥ rthdj .

It can be converted as follow when all variables are equal or
larger than zero:

⎧
⎪⎪⎨

⎪⎪⎩

pc i ·|Lc i B |−α
n0+pd j ·|Ld j B |−α ≥

∧
rthci ,

pd j ·|Ld j |−α
n0+pc i ·|Lc i d j |−α ≥

∧
rthdj ,

where
∧
rthci = exp(rthci ) − 1,

∧
rthdj = exp(rthdj ) − 1. Thus, we can

obtain the following inequality conditions:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

pci ≥
∧
rthci

(
pdj ·

∣
∣Ldj B

∣
∣−α + n0

)
· |Lci B |α ,

∣
∣Lci dj

∣
∣ ≥

⎛

⎝ pd j ·|Ld j |−α −n0

∧
r t hd j

∧
r t hd j

·pc i

⎞

⎠

−1/α

.

Put pci into
∣
∣Lci dj

∣
∣:

∣
∣Lci dj

∣
∣≥

⎛

⎜
⎝

pdj ·
∣
∣Ldj

∣
∣−α − n0

∧
rthdj

∧
rthdj ·

∧
rthci

(
pdj ·

∣
∣Ldj B

∣
∣−α + n0

)
· |Lci B |α

⎞

⎟
⎠

−1/α

≥

⎡

⎢
⎣

(∣
∣Ldj

∣
∣−α

ψ

)
⎛

⎜
⎝1 −

φ · ∣∣Ldj
∣
∣−α + n0 · ψ ·

∧
rthdj

ψ · ∣∣Ldj
∣
∣−α · pdj + φ · ∣∣Ldj

∣
∣−α

⎞

⎟
⎠

⎤

⎥
⎦

−1/α

where ψ represents
∧
rthdj ·

∧
rthci ·|Ldj B |−α ·|Lci B |α , φ is

∧
rthdj ·

∧
rthci ·

|Lci B |α · n0. As illustrated by the above inequality function,
if the EH-DP dj can reuse the CU ci’s spectrum resource to
transmit, we can obtain the minimum reusing distance between
the matched CU ci and EH-DP dj . Obviously, the value ofLci dj
is proportional to Lci B and inversely proportional to Ldj B and
pdj . In order to let as many EH-DPs as possible can multiplex
CU’s spectrum resource, we must consider the worst case. Ac-
cording to the relationship of Lci dj between the other variables,
the EH-DP

∼
d(

∼
d ∈ ΦD ), which owns the minimum available

transmission power and the worst channel quality (minimum
distance from base station), is chosen. Furthermore, the CU∼
c(

∼
c ∈ ΦC ) which is farthest away from BS is chosen. Hence,

the minimum matching radius dEH , which ensures as many
EH-DPs as possible can multiplex cellular spectrum resources,

is shown as follow:

dEH =
∣
∣
∣L∼

c
∼
d

∣
∣
∣

≥

⎛

⎜
⎜
⎝

p∼
d
·
∣
∣
∣L∼

d

∣
∣
∣
−α

− n0

∧
rth∼
d

∧
rth∼
d

·
∧
rth∼
c

(
p∼
d
·
∣
∣
∣L∼

dB

∣
∣
∣
−α

+ n0

)
· ∣∣L∼

cB

∣
∣α

⎞

⎟
⎟
⎠

−1/α

.
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