
Received August 25, 2017, accepted October 7, 2017, date of publication October 11, 2017, date of current version February 1, 2018.

Digital Object Identifier 10.1109/ACCESS.2017.2762091

Energy Harvesting Aided Device-to-Device
Communication in the Over-Sailing
Heterogeneous Two-Tier Downlink
SHRUTI GUPTA, RONG ZHANG, (Member, IEEE), AND LAJOS HANZO , (Fellow, IEEE)
School of Electronics and Computer Science, University of Southampton, Southampton SO17 1BJ, U.K.

Corresponding author: Lajos Hanzo (lh@ecs.soton.ac.uk)

This work was supported in part by EPSRC under Project EP/N004558/1, Project EP/N023862/1, and Project EP/L018659/1, in part by the
European Research Council’s Advanced Fellow Grant through the Beam-Me-Up Project, and in part by the Royal Society’s Wolfson
Research Merit Award. The data for the paper can be obtained from the University of Southampton ePrints research repository:
10.5258/SOTON/D0287.

ABSTRACT Device-to-Device (D2D) communication and heterogeneous networks have been considered
as promising techniques for alleviating the demand both for increased spectral resources and for additional
infrastructure required for meeting the increased tele-traffic. For the sake of improving both the bandwidth
efficiency and the network capacity of heterogeneous cellular networks constituted by multiple tiers, a direct
D2D communication is arranged between a pair of nearby devices without involving the base station (BS),
whilst reusing the cellular resources.We aim formaximising the sum-rate of the energy harvesting (EH) aided
D2D links in a two-tier heterogeneous network by superimposing their messages on the downlink resources
of mobile users (MUs), which is achieved without unduly degrading MU’s throughput. Specifically, our
optimization problem relies on the objective function of maximising the D2D sum-rate based on the joint
assignment of both the resource blocks (RBs) and of the transmission power for both the EH aided D2D
links and the MUs. This non-convex optimization problem, which is intractable in its original form, is then
converted to a tractable convex problem, which is then analyzed by invoking the method of Lagrange
multipliers of constrained optimization. As a result, an algorithmic solution defined as joint optimization
of RB and power allocation (JORPA) is proposed, which jointly allocates the RBs and power for the D2D
links, whilst relying on the results of Lagrangian constrained optimization, when the base stations (BSs)
of different tiers obey one of the following regimes: (a) orthogonal; (b) co-channel; and (c) the proposed
co-orthogonal channel deployments. We also propose low complexity heuristic methods for optimizing the
D2D transmit power, while defining the D2D-MU matching heuristically and vice versa. The performance
of both the JORPA algorithm as well as of the low-complexity heuristic algorithms is quantitatively
analyzed using our simulation results for different channel deployments relying on diverse network parameter
settings. As expected, orthogonal deployment performs best, followed by the co-orthogonal and co-channel
deployments. Moreover, the throughput experienced by the MUs in presence of D2D communication is
guaranteed by our co-orthogonal scheme as well as orthogonal scheme, while co-channel suffers a marginal
degradation when compared with throughput threshold.We also demonstrate that our equal power allocation
heuristic method is capable of achieving 96% of the sum-rate achieved by JORPA while other heuristic
methods perform less well, implying that the optimization of the D2D-MU matching is indeed crucial for
the system considered.

INDEX TERMS Energy harvesting, D2D communication, heterogeneous network, resource reuse,
optimization.

I. INTRODUCTION
The evolution of mobile communication networks has always
been motivated by the quest for increasing the capacity
in order to meet the continuing upsurge of data traffic

spurred by the proliferation of wireless services. However,
there is limit to the capacity that can be achieved by the
current cellular infrastructure. Hence, future cellular wire-
less networks are expected to accommodate infrastructural
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changes for supporting the escalating tele-traffic demands.
In order to efficiently exploit both the spectrum as well as
the infrastructural investments of mobile network operators,
both device-to-device (D2D) communication and heteroge-
neous networks (HetNets) have been considered as promising
techniques for future wireless systems [1].

On one hand, D2D communication enables a pair of mobile
users in each other’s proximity to establish a direct link
for bypassing the base stations, while reusing the spectrum
allocated for traditional cellular communication, thereby
offloading the backhaul traffic and enhancing the spectral
efficiency [2], [3]. On the other hand, in HetNets, various
low-powermicro-, pico- and femto-BSs are distributed across
the traditional macro cell network for improving both the
coverage and capacity of conventional systems [4]. Hence,
it is natural to amalgamate the benefits of both techniques
in order to achieve an increased design flexibility. However,
D2D communication underlaying HetNets will bring about
many new challenges, including sophisticated interference
management due to the co-existence of different traffic pat-
terns, different spectral bands and diverse user densities in
the network etc. Hence, recent research activities have been
devoted to investigating the potential of D2D-based hetero-
geneous networks [5]–[8].

Along with spectral efficiency, another key design objec-
tive in future wireless networks is the improvement of
energy efficiency, especially that of battery-powered wireless
devices. For optimising the device’s operation and prolonging
the lifetime of devices and networks, energy harvesting (EH)
technology is widely considered as an appealing solution that
can scavenge energy from the ambient energy resources (e.g.
solar, wind, thermal, RF energy etc.) [9]. This energy harvest-
ing process results in the random arrival of energy, and hence
the devices have to store this energy to be used later [10].
Hence, different EH network models have been investi-
gated, ranging from point to point communication [11]–[13],
to cooperative networks [14]–[19] and to heterogeneous net-
works [20]–[22].

Specifically, Yang and Ulukus [11] as well as Tutuncuoglu
and Yener [12] conceived optimal policies for minimising
the transmission completion time, where a transmitter node
having either an idealized infinite or a realistic finite stor-
age capacity, harvest energy. He et al. [13] introduced geo-
metric water filling for their power allocation problem with
the objective of maximizing the data rate as well as min-
imizing the transmission completion time of the EH aided
communication. In the context of cooperative communica-
tion, Medepally and Mehta [14] investigated a system that
uses energy harvesting relays, where it is observed that the
energy usage at the relay node and its availability for relay-
ing depends not only on the energy harvesting rate, but
also on the transmit power settings as well as on the total
number of relay nodes in the system. On the other hand in
Ahmed et al. [15] considered optimal power allocation both
for a conventional and for a buffer aided link-adaptive energy
harvesting relay-aided system. In our previous work of [16],

we considered a diamond-topology relay network, where the
EH source and the EH-aided relay nodes invoke a successive
relaying scheme in conjunction with finite buffers for max-
imising the system throughput. In [23], Tutuncuoglu et al.
derived the optimal achievable rates for an EH system in
the context of two-way relaying employing sophisticated
relaying strategies, while in [18], Ding et al. investigated the
outage performance of different power allocation strategies,
in which multiple source-destination pairs communicate via
EH-aided relays. Roseveare and Natrajan [19] formulated a
new algorithm for constrained utility maximisation prob-
lems encountered in a cooperative network of wireless sen-
sor nodes. By contrast, Zhu et al. [20] derived the average
harvested energy as well as the uplink rate of a massive
MIMO-assisted HetNet. The joint optimization of user asso-
ciation and energy allocation was invoked for minimizing
the power-grid-assisted energy consumption in HetNet [21].
Finally, Ghazanfari et al. [22] provided an overview of RF
based ambient energy harvesting demonstrating the potential
trade-offs in ultra-dense small cell networks.

However, the research of HetNets incorporating EH aided
underlay D2D links, is still in its infancy, despite the promis-
ing early studies [24]. Yang et. al. [24] considered a HetNet
environment, where the energy is harvested from the access
points by the mobile users which can also act as relays once
they have stored sufficient harvested energy. These mobile
relays then utilise their harvested energy in D2D transmission
mode for relaying the downlink transmission from access
points. Specifically, Yang et. al. [24], investigated the effects
of energy harvesting related parameters, as well as those of
for the access point density and of the user density on the
outage probability.

Against the above background, we consider a two-tier Het-
Net supporting multiple MUs that are associated either with
macro-BS (MBS) or with pico-BSs (PBSs) under various
spectrum sharing arrangements as well as multiple underlay-
ing D2D links relying on energy harvesting and reusing the
downlink cellular resources for their communication. At the
current state-of-the-art, most existing contributions advocate
uplink resource reuse for the D2D links [25]–[28]. However,
when the D2D links are close to the BS, the near-far effects
may impose strong interference on the MU’s transmission.
Despite this limitation, there is a paucity of contributions on
downlink resource reuse at the D2D links, even though this
is also important, especially, because it also reflects the worst
case interference scenario. Hence this problem is considered
in our treatise.1 Our resource allocation is formulated as an
optimization problem maximizing the D2D sum-rate, which
is achieved by invoking the joint optimization of the D2D-
MUmatching, and the power allocation of both the D2D links
as well as of the MUs, without violating the throughput con-
straints of the MUs and without exceeding the power budget

1The methodologies developed in this work can be readily extended
to uplink resource reuse scenarios by simply considering the throughput
guarantee at the BS.
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constraints as well as the EH constraints of the D2D links.
There are typically two types of spectrum sharing strategies
among the BSs of different tiers in HetNets, namely orthogo-
nal spectrum sharing and co-channel spectrum sharing. In this
paper, we also propose a spectrum sharing strategy, termed
as Co-orthogonal spectrum sharing, which subsumes both
of the above arrangements. The major contributions of this
treatise are as follows:

• Co-orthogonal spectrum sharing: In the proposed
arrangement, N sub-channels are shared amongst the
MBS and PBSs, while the remaining (M −N ) channels
are orthogonally shared among theMBS and PBSs. This
means that for N sub-channels, the system operates in
co-channel deployment, while for the remaining (M−N )
channels, the system operates in orthogonal deployment.
This arrangement reduces the interference imposed,
when compared to the classic co-channel deployment
associated with N = M and improves the spectrum
exploitation of orthogonal deployment having N = 0.

• The sum-rate maximization problem of energy harvest-
ing D2D links reusing the downlink resources of a two-
tier HetNet is formulated as a mixed integer non-linear
program, which is transformed into a more tractable
form and its solution is obtained using the classic
Lagrangian method of multipliers.

• Based on the theoretical analysis of the optimization
problem, we proposed an algorithmic solution termed
as the Joint Optimization of Resource Block and Power
Allocation(JORPA) for D2D links.

• We also propose the following heuristic methods:

1) Equal Power Allocation (EPA): In this method,
the power consumption of the D2D links relies on
the harvesting and dissipation strategy associated
with equally sharing the power over all the reused
RBs, while using optimal D2D-MU matching.

2) RandomD2D-MUMatching (RM): In this method,
the D2D-MUmatching is random, while the power
consumption is optimized based on the EH and the
maximum power budget constraints.

3) Maximum Distance D2D-MU Matching (MDM):
In this method, D2D-MU matching is based on
the maximum distance between the D2D link and
MU, while the power consumption is optimized
under the EH and on the maximum power budget
constraints.

• The proposed JORPA algorithm and the heuristic meth-
ods were analysed in the context of different parametric
settings. Our performance results reveal that the pro-
posed heuristic EPA method is capable of achieving
approximately 96% of the sum-rate attained by our
JORPA algorithm at a much lower complexity, while our
other two heuristic methods perform less well compared
to the JORPA solution, indicating that the D2D-MU
matching parameters constitute a more crucial set of
variables in our problem formulation. Hence, we have to

FIGURE 1. An illustration of the relevant transmission and interference
patterns in our heterogeneous cellular network, when HetNet supports
co-channel spectrum sharing. The D2D links share the MU’s downlink
resources for their transmission. Here the D2D1 link reuses the RB of
MU1 associated with the MBS, hence this D2D link imposes interference
on the MUs communicating within the same RB (MU2) operating under
co-channel deployment, as depicted in the figure. Also other D2D links
and MUs will have similar interference patterns depending on their
spectrum sharing, however it is not highlighted in the figure for clarity.

achieve optimized D2D-MU matching, while the power
can be heuristically assigned.

• The impact of the presence of D2D communication in
two-tier HetNet was evaluated in terms of the MU’s
throughput associated with either the MBS or the
PBSs. Our proposed co-orthogonal scheme is capable of
achieving 50% higher than the required throughput of
MUs associated with the MBS while 24% higher than
that required by the MUs served by the PBSs.

To the best of our knowledge, the optimization and analysis
of EH aided D2D communication in the downlink of HetNets
is a relatively unexplored research area in the context of both
the radio resource and power allocation of the D2D links as
well as of the MUs. Hence exploring this interesting area is
the motivation behind this work.

The rest of the paper is organized as follows. In Section II,
our system model is presented, followed by the formulation
of the optimization problem. The optimization problem is
then analysed and an algorithmic solution relying on the
Lagrangian method of multipliers is proposed in Section III,
followed by our heuristic methods in Section IV. The pro-
posed algorithms are then quantitatively analysed and dis-
cussed in Section V. Finally we conclude this treatise in
Section VI.

II. THE HETEROGENEOUS DOWNLINK MODEL AND
PROBLEM FORMULATION
We consider a hybrid single cell environment comprising a
macro-BS (MBS) covering a cell of radius R overlaid by
P randomly located pico-BSs (PBSs). In this HetNet set-
ting, there are D energy harvesting D2D links reusing the
downlink (DL) resources of C MUs, as shown in Fig. 1. The
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FIGURE 2. An illustration of the different spectrum sharing regimes when
there are M sub-channels for distribution among the single MBS and
P PBSs with M = 10, N = 4 and P = 2. Note that equal sharing among
PBSs is just an example fpr explaining the spectrum sharing schemes,
while the allocation of sub-channels is dependent on the traffic load of
the PBSs. (a) Co-channel Spectrum sharing. (b) Orthogonal Spectrum
sharing. (c) Co-orthogonal Spectrum sharing.

power budget of the MBS is denoted by PmaxC , while that of
each PBS is PmaxP , where the DL transmit power allocated
for each MU associated with either the MBS or one of the
PBSs is obtained through optimization, as described later in
this section. We assume that the DL transmission of each BS
activates all of its allocated sub-channels all the time. The two
well-known spectrum sharing schemes that have been richly
documented in the literature [29] are described below along
with our proposed strategy:

1) Co-Channel Spectrum Sharing: Each tier transmits on
all the sub-channels of Fig. 2(a). In this figure, theMBS
and PBSs share a pool of M DL channels, where each
of the P PBSs has M

P orthogonal sub-channels. Hence,
the MUs DL reception associated with the MBS is
contaminated by one of the PBSs transmitting in the
DL to the MUs associated with it, while all the PBSs
DL transmissions suffer from the interference inflicted
by the MBS’s DL transmission on all the channels.
Moreover, the D2D communications reusing the DL
RBs of the MUs experience interference both from the
MBS and PBSs present in the system. For example,
if we have P = 2 PBSs and M = 10 sub-channels,
then these 10 sub-channels are used for the co-channel
sub-band. Thus, the MBS will use all 10 sub-channels
and each of the P = 2 PBSs will use 5 sub-channels
orthogonally in this co-channel sub-band, as shown in
Fig. 2(a).

2) Orthogonal Spectrum Sharing: Both the MBS and the
PBSs are allocated a dedicated set of sub-channels,
which are orthogonal to each other. If there are M
channels, then the set of PBSs is exclusively supported
by N sub-channels, while the remaining (M − N ) sub-
channels are allocated to the MBS. Then each PBS is
allocated a dedicated set of orthogonal sub-channels
by partitioning the N sub-channels among P PBSs,

as shown in Fig. 2(b). This arrangement reduces the co-
channel interference imposed by the MBS and PBSs
on the D2D links, which is achieved at the expense
of granting only a reduced bandwidth for each MBS
and PBSs. For example, if we have P = 2 PBSs,
M = 10 and N = 4 sub-channels, then these 4 sub-
channels are earmarked for pool of PBSs for orthog-
onal deployment. Thus, the MBS will use remaining
6 sub-channels and each of the P = 2 PBSs will use
2 sub-channels orthogonally.

3) Co-orthogonal spectrum sharing: The proposed strat-
egy is a unification of the pair of richly investigated
channel allocation strategies mentioned above. In our
hybrid deployment, M sub-channels are allocated for
ensuring that N sub-channels are used by the MBS and
by all the PBSs in a co-channel interfering fashion,
while the remaining (M −N ) sub-channels are orthog-
onally distributed among the MBS and PBSs in the
system. This is shown in Fig. 2(c).2 Thus, this channel
allocation deployment caters for a reduced interference
at the D2D links, when it reuses the RBs ofMUs served
in orthogonal spectrum sharing, while it efficiently
exploits the bandwidth at each BS by relying on co-
channel deployment as well. For example, if we have
P = 2 PBSs, M = 10 and N = 4 sub-channels, then
these 4 sub-channels are used for the co-channel sub-
band, while the remaining 6 are earmarked for orthog-
onal reuse. Thus, the MBS will use all 4 sub-channels
and each of the P = 2 PBSs will use 2 sub-channels
orthogonally in this co-channel sub-band. Furthermore,
from the orthogonal set of sub-bands, each of the BSs
will use 2 additional sub-channels, which are orthogo-
nally distributed between the two tiers.

In case of our co-orthogonal sharing, the D2D links can
reuse any of the sub-bands and for the sake of intelligently
reducing the interference experienced by the D2D links,
we invoke an interference-threshold ITh for the D2D link. The
threshold is used in order to decide, whether the D2D link
should reuse the RB of the MUs served by an orthogonal
sub-band or whether it should opt for using a co-channel
sub-band. When implementing this flexible spectrum sharing
scheme, we denote the total interference imposed on the d th

D2D link by all the BSs as Id , ∀d ∈ D. If the total interference
at the d th D2D link is higher than the threshold ITh (Id ≥ ITh),
then the d th D2D link reuses the RBs of those specific MUs
that are served by the orthogonal spectral sub-band allocated
to their serving BSs. Otherwise it reuses that the RBs of the
MUs served by the co-channel sub-band allocated by their
serving BSs. This is clearly depicted in Fig. 3, where the
interference experienced by the d th D2D links from the DL

2Note that our co-orthogonal scheme is different from soft frequency
reuse (SFR) scheme because SFR is an inter-cell interference management
scheme that depends on physical location of MUs for the allocation of
frequency reuse, while the proposed co-orthogonal scheme is also an interfer-
ence management scheme, however it does not depend on explicit physical
restriction of D2D links.
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FIGURE 3. Interference experienced by the d th D2D link on each of the
M sub-channels distributed amongst MBS and PBSs. Here
M=10 sub-channels, N=4 sub-channels, P=2 PBSs.

transmission of both the MBS and PBSs is shown for all the
M sub-channels available for the DL transmission of MUs.
It can be seen in Fig. 3 that the d th D2D link experiences
interference below the threshold ITh on the sub-channels 1, 3,
7 and 9 indicating that when these sub-channels are reused
at the d th D2D link, it opts for using a co-channel sub-band,
while on all other sub-channels it reuses an orthogonal sub-
band. This interference-based switching is introduced for the
reduction of the overall interference on the D2D links, which
is comprised of that emanating from the MBS and/or PBS
depending on the spectrum sharing scheme adopted. On the
other hand, theMUs are randomly associated with the orthog-
onal or co-channel sub-bands available at their associated
BSs. Furthermore, if we have ITh = 0dBm, then all the D2D
links will aim for reusing the co-channel sub-band, resulting
in a co-channel spectrum sharing scenario. By contrast, for
ITh >= (PmaxC + Pmaxp ) the system relies on orthogonal
spectrum sharing and for ITh ∈ (0, {PmaxC + Pmaxp }) it defines
the proposed co-orthogonal spectrum sharing scenario.

We study the downlink and assume that each MU can
be served by only a single BS. This MU-BS association
(xc ∈ {0, 1}) is defined on the basis of signal strength experi-
enced by the MU from all the BSs. Each MU is associated
with the specific BS that provides the maximum received
signal power to the MU. If the signal strength received at
cth MU from the MBS is higher than that received from the
PBSs, this MU is served by the MBS (xc = 1), otherwise
it is served by the PBSs (xc = 0). Moreover, since the
power budget of the MBS is higher than that of the PBS,
we introduce biasing at PBSs in order to support traffic off-
loading from the MBS to the PBSs. This in turn means that
for calculating the signal strength from the PBSs, we will take
into account the biasing factorB for theMU’s association. For
the sake of convenient exposition, we define another binary
parameter xpc ∈ {0, 1}, which denotes the association of the
MUs with their respective PBSs, implying that xpc = 1 if

MU c is associated with the pth PBS and 0 otherwise. Each
MU is served by a single dedicated downlink RB obtained
from the pool of sub-channels allocated to its associated BS
and it is assumed that each MU’s downlink RB can be reused
by only a single D2D link.3 This constitutes a one-to-many
mapping, where a single D2D link can be mapped to multiple
RBs of different MUs [30], [31]. Let ydc ∈ {0, 1} represent
the D2D-MU matching. Then, if the RB of the cth MU is
reused by the D2D link d, we have ydc = 1, otherwise ydc is
set to zero. Hence, for the sake of satisfying this assumption,
we have

∑D
d=1 ydc = 1 ∀ c. Moreover, for the co-channel

spectrum sharing scenario we also have an additional con-
straint that prevents the D2D links from reusing the same RB
of different MUs that are served by BSs of different tiers and
are in a co-channel scenario with each other, as facilitated by∑

c∈Cco

∑D
d=1 ydc = 1.4

We also assume to have an energy harvesting capability at
the D2D transmitter (TX), and as a consequence, the energy
causality constraint is imposed on the transmit power of the
D2D link, which implies that during the communication pro-
cess, the device’s total energy expenditure should not exceed
its total energy harvested upto that time instant. The amount
of energy harvested at the time instant ti is denoted as Ed,i
units for i ∈ [0,K − 1], where the harvesting process starts
at t0 = 0 and its deadline is tK = T . We define an epoch
as the time interval between two consecutive energy arrival
events, whose length is defined as τi = (ti − ti−1). We stipu-
late the idealised simplifying assumption that the transmitter
knows both the arrival instant and the amount of energy non-
causally, i.e. in advance. Throughout this treatise, all the chan-
nels in the network obey independent and identical Rayleigh
distribution.We define gc (or gpc) as the transmission channel
gain between the MBS (or pth PBS) and cth MU. Similarly,
gdc represents the gain of the channel traversing from the
D2D TX to the receiver (RX) of the d th D2D link reusing the
RB of MU c. Furthermore, the interference channel’s gain
spanning from the MBS (or pth PBS) to the d th D2D link
on the cth MU’s RB is denoted by gIcd (or gIpd ). Similarly,
gIdc represents the gain of the interference channel spanning
from the D2D link d to the cth MU. Based on the channel
allocations at the BS as well asMU-BS association, we define
gIc and g

I
pc as another set of interference channel gains of the

links spanning from the MBS to the MUs associated with the
PBSs and that from the pth PBS to the MUs associated with
the MBS, respectively. Fig. 1 clearly illustrates all the above-
mentioned channels gains.

For an energy arrival instant ti, the d th D2D link’s data
rate can be expressed in Eq. (1) (given at top of next page),5

where Pdc,i ≥ 0 denotes the transmit power of the d th

3Note there might exists a scenario where the PBSs might be allocated
a large number of RBs, which restricts the interference margin for D2D
links resulting in lower D2D sum-rate, however our optimization algorithm
presented in this treatise will be still applicable in this rare scenario.

4Cco refers to the set of MUs served on the downlink RB in co-channel
by their respective BSs.

5Here ydc,i refers to D2D-MU matching for the ith epoch of EH.
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rd,i =
C∑
c=1

ydc,ilog2

(
1+

Pdc,igdc
(βcxc + (1− βc))PcgIcd +

∑P
p=1(1− βcxc)xpcPpg

I
pd )+ N0

)
∀i, d (1)

D2D link on the cth MU’s RB at time instant ti, which is
constrained by our energy causality as well as power budget,
while Pc ≥ 0 and Pp ≥ 0 are the allocated transmit power
of the MBS and that of the pth PBS to the associated MU c
under their power budgets, respectively, while N0 is the noise
power density. Furthermore, βc denotes the spectrum sharing
strategy employed by the BS in the downlink for the cth MU,
where βc = 1 represents perfect orthogonality while βc = 0
corresponds to co-channel spectrum sharing.

Since the existing cellular communication is comple-
mented by D2D communication for the sake of improving
both the bandwidth efficiency and network capacity, the MUs
have a higher priority than the D2D links. Thus, we introduce
a QoS target for each MU associated with the MBS or PBSs
in terms of their minimum required throughput of Rc or Rp,
respectively, for preventing the undue degradation of the
cellular communication,

∑D

d=1
ydc,ixclog2

×

(
1+

Pcgc
N0 + gIdcPdc,i + (1− βcxc)IP

)
≥ Rc ∀i, c (2)

and

∑D

d=1
ydc,i(1− xc)

log2

(
1+

∑P
p=1 xpcPpgpc

N0 + gIdcPdc,i + (βcxc + (1− βc))IM

)
≥ Rp

∀i, c (3)

where IP =
∑P

p=1 xpcp
I
pg
I
pc is the interference arriving from

the active PBSs, while IM = pIcg
I
c is the interference emanat-

ing from the MBS that is active, when the system operates
either in co-channel or co-orthogonal spectrum sharing envi-
ronments. Note that the transmit power of the serving PBSs
is formulated as a summation for ensuring that the expression
accounts for the power of the pth transmitting PBS for the cth

MU, since xp would be 1 only for the transmitting PBS and
0 for others.

We aim to maximize the sum-rate of EH aided D2D links
achieved by the deadline of T , while satisfying the energy
causality constraints at the D2D links as well as meeting
the throughput constraints of the cellular communication
by appropriately matching each D2D link with the MU for
resource reuse and assigning the optimal power for both the
D2D transmission and for the downlink transmission of MUs
associated with the BSs under their respective power budgets.
Explicitly, this resource allocation problem can be formally

stated as an optimization over ydcydcydc, PdcPdcPdc, PcPcPc and PpPpPp6:

maximize
{ydc,Pdc,Pc,Pp}

:

∑K

i=1

∑D

d=1
rd,i (4a)

subject to:∑D

d=1
ydc,i ≤ 1 ∀i ∈ K , c ∈ C; (4b)∑

c∈Cco

∑D

d=1
(1− βc)ydc,i ≤ 1 ∀i ∈ K ; (4c)∑C

c=1
ydc,iPdc,i ≤ PmaxD ∀i ∈ K , d ∈ D; (4d)∑i

κ=1

∑C

c=1
ydc,κPdc,κτκ ≤

∑i−1

κ=0
Ed,κ (4e)

∀i ∈ K , d ∈ D;∑C

c=1
(1− xc)xpPp ≤ PmaxP ∀i ∈ K ,∀p ∈ P; (4f)∑C

c=1
xcPc ≤ PmaxC ∀i ∈ K ; (4g)∑D

d=1
ydc,ixclog2

×

(
1+

Pcgc
N0 + gIdcPdc,i + (1− βcxc)IP

)
≥ Rc

∀i ∈ K , c ∈ C; (4h)∑D

d=1
ydc,i(1− xc) (4i)

× log2

×

(
1+

∑P
p=1 xpcPpgpc

N0 + gIdcPdc,i + (βcxc + (1− βc))IM

)
≥ Rp

∀i ∈ K , c ∈ C;

ydc,i ∈ {0, 1}; Pdc,i ≥ 0;

Pc ≥ 0; Pp ≥ 0 ∀i ∈ K , c ∈ C, d ∈ D. (4j)

where the objective function (OF) of Eq. (4a) is a non-
convex function. Eq. (4b) represents the constraint imposed
on the D2D-MU matching, which implies that each RB of
MU can only be reused by at most one D2D link. By contrast,
in case of co-channel spectrum sharing we have an additional
constraint in terms of D2D-MU matching given by Eq. (4c)
that avoids the multiple reuse of the same RB by D2D links.
The power budget constraint of each D2D link d reusing the
cellular RBs is stated by Eq. (4d), while the amount of energy
consumed by each D2D link’s transmission is constrained by
the amount of energy harvested, as demonstrated in Eq. (4e).
Furthermore, the MBS and PBSs maintain reliable connec-
tions with their associated MUs under the power budget
PmaxC and PmaxP given in Eq. (4g) and Eq. (4f) respectively.
This is followed by the throughput constraints of the MUs
associated with either the MBS or with one of the P PBSs,

6Bold letters represent vectors

250 VOLUME 6, 2018



S. Gupta et al.: Energy Harvesting Aided D2D Communication

as formulated in Eq. (4h) and Eq. (4i), respectively. Finally,
Eq. (4j) represent the feasibility constraints.

III. JOINT OPTIMIZATION OF RESOURCE BLOCK AND
POWER ALLOCATION FOR D2D LINKS
Since the OF and the throughput constraints in Eq. (4) are
non-convex and the variables are either binary or continuous,
we are faced with a non-convex mixed integer non-linear pro-
gramming problem, which is a challenging one in its original
form. In this section, we will first transform the problem of
Eq. (4) to a more tractable form according to Proposition 1,
followed by the analysis of this problem.
Proposition 1: The problem of Eq. (4) is equivalent to the

following optimization problem:

maximize
{ydc,pdc}

∑K

i=1

∑D

d=1
r̃d,i (5a)

subject to:∑D

d=1
ydc,i ≤ 1 ∀i ∈ K , c ∈ C; (5b)∑

c∈Cco

∑D

d=1
(1− βc)ydc,i ≤ 1 ∀i ∈ K ; (5c)∑C

c=1
ydc,iPdc,i ≤ PmaxD ∀i ∈ K , d ∈ D; (5d)∑i

κ=1

∑C

c=1
ydc,κPdc,κτκ ≤

∑i−1

κ=0
Ed,κ (5e)

∀i ∈ K , d ∈ D;∑D

d=1

∑C

c=1
(1− xc)xpc

αp

gpc
ydc,iPdc,igIdc ≤ P

max
P (5f)

−

C∑
c=1

(1− xc)xpc
αp

gpc
[(βcxc + (1− βc))IM + N0]

∀i ∈ K , p ∈ P;∑D

d=1

∑C

c=1
xc
αc

gc
ydc,iPdc,igIdc ≤ P

max
C (5g)

−

C∑
c=1

xc
αc

gc
[(1− βcxc)IP + N0] ∀i ∈ K ;

ydc,i ∈ {0, 1}; Pdc,i ≥ 0; ∀i ∈ K , c ∈ C, d ∈ D.

(5h)

where αc = 2Rc − 1, αp = 2Rp − 1 and,

r̃d,i =
C∑
c=1

ydc,ilog2

(
1+

gdcPdc,i
edcN0 + fdcPdc,i + Idc

)
,

edc = 1+ (βcxc + (1− βc))
αc

gc
gIcd

+ (1− βcxc)
P∑
p=1

xpcαpgIpd
gpc

∀d ∈ D, c ∈ C;

fdc = (βcxc + (1− βc))
αc

gc
gIcdg

I
dc

+ (1− βcxc)
P∑
p=1

xpcαpgIpd
gpc

gIdc ∀d ∈ D, c ∈ C;

Idc = (1− βc)

αc
gc
gIcd IP +

P∑
p=1

xpcαpgIpd
gpc

IM


∀d ∈ D, c ∈ C . (6)

Proof: Refer to Appendix A for the proof. �
Note that the optimization variables have been reduced

to {ydc,Pdc}∀d ∈ D, c ∈ C in the equivalent problem
of Eq. (5). Consequently, the feasibility of Eq. (4) is now
explicitly revealed by Eq. (5f) and Eq. (5g), which implies
that the interference power generated by the D2D links should
not exceed the remaining power of the BSs. Although the
problem is still a mixed integer non-linear problem, it is
more readily solvable in this form, which we will see by
first investigating the convexity of the transformed problem
of Eq. (5) in Lemma 1.
Lemma 1: The equivalent maximization problem in

Eq. (5) preserves convexity with respect to the variables
{ydc,Pdc}∀d ∈ D, c ∈ C.

Proof: Let us re-write the equivalent rate for the D2D
link of Eq. (6), r̃d,i as:

r̃d,i =
∑C

c=1
ydc,ilog2[1+ w(Pdc,i)],

where w(Pdc,i) =
gdcPdc,i

edcN0+fdcPdc,i+Idc
. By evaluating the second

order derivative of r̃d,i, we get

r̃
′′

d,i =
w
′′

(Pdc,i)[1+ w(Pdc,i))]− [(w′(Pdc,i))2]
ln(2)[1+ w(Pdc,i)]2

, (7)

where we have w
′′

(Pdc,i) = −
2 gdcfdc(edcN0+Idc)

(edcN0+fdcPdc,i+Idc)3
≤ 0.

Upon substitutingw(Pdc,i) into Eq. (7), we find that the sec-
ond derivative of r̃d,i is negative and hence r̃d,i is a concave
function of Pdc,i. Following the composition rule of [32],
which states that the sum of monotonically increasing and
concave functions is also a concave function, we can now
deduce that the OF of Eq. (5a) is concave in Pdc,i. Note that
since r̃d,i relies on another variable ydc,i, which is binary,
we temporarily consider ydc,i to be a continuous variable lying
within the interval [0, 1] and replace Pdc,i by a new variable
zdc,i = ydc,iPdc,i. Using this temporary relaxation on ydc,i,
the constraints in Eq. (5) are seen to be convex in {ydc,i, zdc,i},
while r̃d,i(zdc,i) is concave, since r̃d,i(ydc,i, zdc,i) is the per-
spective function of r̃d,i(zdc,i) [32]. Therefore, Eq. (5) pre-
serves the convexity of the problem, since r̃d,i is concave with
respect to both ydc,i and zdc,i. �

Based on this analysis, we invoke the classic Lagrangian
constrained optimization method and analytically charac-
terise both the transmit power Pdc as well as the D2D-MU
matching ydc in following proposition.
Proposition 2: Assuming that the d th D2D link reuses the

RB of the cth MU, the power allocation P∗dc,i for the D2D link
is formulated as Eq. (8), as shown at the top of the next page,
where [a]+ denotes max{0, a} and λλλ,µµµ,ωωω, γγγ are Lagrangian
multipliers associated with Eq. (5d)-Eq. (5g) respectively.
The D2D-MU matching y∗dc,i for a given power allocation of
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P∗dc,i =


√√√√( s(1)dc

2 s(0)dc

)2

−
s(2)dc (λdc,i, µdc,i, ωi, γi)

s0dc
−

(
s(1)dc
2 s(0)dc

)
+

,

s(0)dc = (fdc + gdc)fdc;

s(1)dc = (2 fdc + gdc)(Idc + edcN0);

s(2)dc (λd,i, µd,i, ωi, γi) = (Idc + edcN0)2 −
gdc(Idc + edcN0)gc

ln(2)
[
λd,i + µd,iτi + γixc

αc
gc
gIdc + ωi(1− xc)

∑P
p=1

xpαp
gpc

gIdc
] . (8)

Hdc,i = ηdc,i + (1− βc)ψdc,i

= log2

(
1+

gdcPdc,i
edcN0 + fdcPdc,i + Idc

)
−

λd,i + µd,iτi + γixcαcgc gIdc + ωi(1− xc)
P∑
p=1

αpxp
gpc

gIdc

Pdc,i.

(10)

Pdc,i is given by:

y∗dc,i = 1, d = argmax
1≤d̂≤D
1≤c≤Cco

Hd̂c,i; y
∗
dc,i = 0, ∀d̂ 6= d, (9)

where Hdc,i is given in Eq. (10), as shown at the top of the
this page.

Moreover, for orthogonal spectrum sharing (βc = 1), Cco
is an empty set and the constraint of Eq. (5c) is inactive, i.e.
we have ψdc,i = 0. Hence, the above equation reduces to

y∗dc,i = 1, d = argmax
1≤d̂≤D

Hd̂c,i; y
∗
dc,i = 0, ∀d̂ 6= d . (11)

Proof: See Appendix B for proof. �
Remark 1: We can observe both from Eq. (9) as well as

from Eq. (11) that the cth MU’s RB corresponding to the
highest value of Hdc,i will be reused by the d th D2D link.
According to Eq. (10), Hdc,i depends on the different inde-
pendent and identically distributed random channel gains.
Therefore, practically speaking, the probability of having
Hd̂c,i = Hd̃c,i where d̃ 6= d is infinitesimally low. Hence,
the temporary relaxation imposed on ydc,i to be continuous
variables lying in [0, 1] still produces a binary solution.
Based on the above analysis, we propose an iterative algo-

rithm termed as the joint optimization of the RB and of the
power allocation (JORPA). This algorithm simultaneously
derives the optimized transmit power of both the D2D links
and that of theMUs alongwith D2D-MUmatching relying on
the idealistic setting of an off-line EH process, where the D2D
links are perfectly aware of the energy arrival instants. This is
formally stated in Algorithm 1. For a given power allocation
of the D2D links obtained from Eq. (8) defined in line 31 of
Algorithm 1, it allocates the adequate-quality cellular RBs to
the D2D links according to Eq. (11) and/or Eq. (9), depend-
ing upon the specific spectrum sharing scenario considered,
as given in lines 33-37. This algorithm minimises the dual
problem of Eq. (5) by finding the optimal values of λd,iλd,iλd,i,µd,iµd,iµd,i,
γiγiγi and ωiωiωi using the popular bisection based search method

employed for updating these multipliers in each of the four
nested loops.

The Lagrangian multipliers γiγiγi and ωiωiωi are updated accord-
ing to the maximum tolerable interference inflicted by the
D2D links upon the MUs associated with the MBS (lines 19-
25) or PBSs (Lines 11-17), respectively, which are then fed
into the sub-algorithm. This sub-algorithm is constituted by a
pair of nested loops, each updating the Lagrangianmultipliers
λd,iλd,iλd,i and µd,iµd,iµd,i according to both the power budget and to
the energy causality constraints of Eq. (5d) and Eq. (5e)
at the D2D links, in lines 38-43 and 45-50 of Algorithm 1
respectively. Finally, the power allocation of the MUs asso-
ciated with the MBS or PBSs is obtained using Eq. (15)
and Eq. (16), respectively. The termination condition of this
algorithm ensures that the assignment of the RBs to the D2D
links and the power allocated both to the D2D links and
to the MUs become sufficiently accurate by initializing the
accuracy threshold ε to a small value at line 3 of Algorithm 1.
Now, according to Eq. (8) and Eq. (10), P∗dc,i and H∗dc,i

are functions of the Lagrangian multipliers as well as
the proposed JORPA algorithm requires upper bounds for
Lagrangian multipliers (lines 6, 8, 27, 29) for initiating the
optimization for our resource allocation problem. Hence, for
the sake of achieving a faster convergence, we define the
bounds of these multipliers in lemma 2.
Lemma 2: The optimal Lagrangian Multipliers λ∗d,iλ∗d,iλ∗d,i, µ

∗
d,iµ∗d,iµ∗d,i,

γ ∗iγ
∗
iγ
∗
i andω

∗
iω
∗
iω
∗
i lie in the interval [0, λ

max
d,i ],[0, µ

max
d,i ],[0, γ

max
i ] and

[0, ωmaxi ], respectively, where upper bounds are given by,

λmaxd,i = argmax
1≤c≤C

(
gdc

ln(2)(Idc + edcN0)

)
, (12a)

µmaxd,i = argmax
1≤c≤C

(
gdc

ln(2)τi (Idc + edcN0)

)
, (12b)

γmaxi = argmax
1≤c≤C
1≤d≤D

(
gdcgc

ln(2)(Idc + edcN0)xcαcgIdc

)
, (12c)
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Algorithm 1 Algorithm for Joint Optimization of RB and
Power Allocation (JORPA)

1: Input: PmaxC , PmaxP , PmaxD ∀d , Rc, gc, gIc, xc, βc ∀c; xpc
∀ MUs associated with PBS; gdc, gIdc, g

I
cd , gpc, g

I
pc, g

I
pd

∀ c, d, p; Ed,i ∀ d, i, ti ∀i Tmax , K , N0, Cco.
2: Output: P∗dc,i, y

∗
dc,i ∀ c, d, i, P

∗
c , P
∗
p ∀ c ∀p.

3: Initialize: Set accuracy ε, i = 1, PIc =
PmaxC∑C
c=1 xc

and PIp =
Pmaxp∑C
c=1 xpc

for calculating IM and IP.

4: Let Psur = PmaxC −∑C
c=1 xc

αc
gc

[∑P
p=1((1− βcxc)IP)+ N0

]
and

Psur,P = PmaxP −
∑C

c=1(1 −

xc)
xpcαp
gpc

[(βcxc + (1− βc))IM + N0].
5: for (i = 1 : K ) do
6: Set γa = 0, γb = γmaxi ; n = 1, γi(n) =

(γa+γb)
2 .

7: while |γa − γb| > ε do
8: Set ωa = 0, ωb = ωmaxi ; o = 1, ωi(o) =

(ωa+ωb)
2 .

9: while |ωa − ωb| > ε do
10: Find µ∗d,i, λ

∗
d,i, P

∗
dc,i, y

∗
dc,i ∀ d, c for a given

γi(n) and ωi(o) using Sub-Algorithm below.
11: Let P′sur,P =

∑D
d=1

∑C
c=1(1 −

xc)
xpαp
gpc

ydc,iPdc,igIdc
12: if P′sur,P ≤ Psur,P then
13: ωb = ωi(o);
14: else
15: ωa = ωi(o);
16: end if
17: Update o = o+ 1, ωi(o) =

(ωa+ωb)
2 .

18: end while
19: Let P′sur =

∑D
d=1

∑C
c=1 xc

αc
gc
ydc,iPdc,igIdc

20: if P′sur ≤ Psur then
21: γb = γi(n);
22: else
23: γa = γi(n);
24: end if
25: Update n = n+ 1, γi(n) =

(γa+γb)
2 .

26: end while
Sub Algorithm:

27: Initialize: m = 1, µa = 0, µb = µmaxd,i , µd,i(m) =
(µa+µb)

2 .
28: while |µa − µb| > ε do
29: Initialize: l = 1, λa = 0, λb = λmaxd,i , λd,i(l) =

(λa+λb)
2 , τi = ti − ti−1 ∀i.

30: repeat
31: Calculate P∗dc,i ∀ d, c, i with the given γi(n),

ωi(o), µd,i(m) and λd,i(l) via Eq. (8).
32: Compute Hdc,i for any d, c via Eq. (10).
33: if βc = 0 then
34: Match d th D2D link with cth MU using

to Eq. (9)
35: else
36: Match d th D2D link with cth MU using

to Eq. (11)

Algorithm 1 (Continued.) Algorithm for Joint Optimization
of RB and Power Allocation (JORPA)
37: end if
38: if (

∑C
c=1 ydc,iPdc,i ≤ P

max
D ) then

39: λb = λd,i(l);
40: else
41: λa = λd,i(l);
42: end if
43: Update l = l + 1, λd,i(l) =

(λa+λb)
2 .

44: until |λa − λb| < ε ∀d, i
45: if

∑i
κ=1

∑C
c=1 ydc,κPdc,κτκ >

∑i−1
κ=0 Ed,κ then

46: µb = µd,i(m);
47: else
48: µa = µd,i(m);
49: end if
50: Update m = m+ 1, µd,i(m) =

(µa+µb)
2 .

51: end while
52: end for
53: Finally obtain P∗c ∀ ydc,i = 1 and xc = 1 using Eq. (15)

and P∗p ∀ ydc,i = 1 and xc = 0 using Eq. (16).

ωmaxi = argmax
1≤c≤C
1≤d≤D

 gdc
ln(2)(Idc+edcN0)(1−xc)

∑P
p=1

xpαp
gpc

gIdc

.
(12d)

Proof: See Appendix C for proof. �
The mathematical proof of convergence of our Algorithm 1

has been omitted from this treatise because our algorithm
invokes the bisection search method for obtaining the opti-
mal values of Lagrangian multipliers, whose convergence
is shown in [33], [34]. However, in Fig. 4, we present the
convergence of our algorithm for each energy harvesting
epoch under all the spectrum sharing strategies considered
in this treatise. This algorithmic convergence is achieved for
each Monte-Carlo run before obtaining the final results by
averaging over the number of Monte-Carlo runs of simula-
tion. It can be observed that as the number of iterations in the
algorithm increases, the sum-rate of the D2D links becomes
constant for all the three spectrum sharing schemes.

IV. HEURISTIC SOLUTIONS
Since the complexity7 of the optimized solution is potentially
excessive owing to the presence of four nested loops in the
proposed JORPA Algorithm 1, we conceived the following
heuristic methods, where the optimization variables of Pdc
and ydc are reduced to a single one, while heuristically obtain-
ing the other variables. The details of the methods are as
follows:
• Equal Power Allocation (EPA): In this method,
we invoke a simple plausible harvesting and dissipation

7The complexity analysis of the JORPA and heuristic algorithms is beyond
the scope of this paper.
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FIGURE 4. Convergence of our algorithm as a sum-rate of D2D links with
respect to the number of iterations. Here P = 1, D = 8, C = 10, B = 20dB,
Rp = 4bps/Hz, and Rc = 8bps/Hz.

strategy for allocating power to the D2D link. In this
harvesting and dissipation strategy, the transmit power
of the D2D links is obtained by equally distributing the
energy harvested to the reused RBs without violating the
maximum power budget of D2D transmission, which
results in satisfying the constraints given in Eq. (5d)
and Eq. (5e) heuristically. Based on this heuristic power
allocation, the D2D-MU matching is then optimized
using the reduced complexity optimization problem
by satisfying the constraints Eq. (5b) and Eq. (5c).
Moreover, the maximum tolerable interference level of
each of the BSs is never exceeded, which is ensured by
disabling the D2D transmissions on the RBs of specific
BSs, when the constraints of Eq. (5f)-Eq. (5g) would
become violated.

• Random D2D-MU Matching (RM): According to this
method, we optimize the power allocation by the ran-
dom mapping of the D2D links to the MU’s resource
blocks, while ensuring that the constraints of Eq. (5b)
and Eq. (5c) are still satisfied. The transmit power is
then optimized under the constraints of Eq. (5d) and
Eq. (5e), where again, the maximum tolerable interfer-
ence constraints of the BSs are never exceeded, which is
guaranteed by setting the D2D-MUmatching to zero for
the specific DL RBs of the BSs when they are about to
be violated.

• Maximum Distance D2D-MU Matching (MDM):
According to this method, we match the D2D links to
that specific MU’s RB, which is at the largest distance
from the D2D link in order to reduce the interference it
inflicts upon the MUs, while satisfying the constraints

TABLE 1. Parametric Settings for our simulations.

of Eq. (5b) and Eq. (5c). The transmit power is then
optimized under the constraints of Eq. (5d) and Eq. (5e),
where again, the maximum tolerable interference con-
straints of the BSs are never exceeded, which is guar-
anteed by setting the D2D-MU matching to zero for the
specific DL RBs of the BSs, when the constraints would
become violated.

V. SIMULATION RESULTS
In this section, we analyse the performance of both our
optimal algorithm as well as of our heuristic methods for the
achievable D2D sum-rate with the deadline of T = 10 sec-
onds, where the D2D links have an energy harvesting capabil-
ity and reuse the radio resources of the MUs associated with
the MBS or PBSs in different spectrum sharing scenarios.
The EH processes of each D2D link are independent and they
are composed of two random processes: the energy arrival
obeys a uniform distribution between [0,Emax] mJoule and
the arrival instants are defined as Poisson-distributed at a
rate of λ mJoule/s. The MBS is located at the origin, while
the PBSs are distributed randomly in the cell of radius R,
where the BSs are assumed to utilise all the radio resources
allocated to them all the time. The parametric settings for
the quantitative analysis of this treatise are given in Table 1.
Based on the difference in the power budgets of the BSs given
in Table 1, the throughput requirements are different for the
MUs associated with the MBS and for those associated with
the PBSs. The system is comprised of uniformly distributed
MUs and D2D links, where the bias B for the MU association
as well as interference-threshold ITh for D2D links, are also
set to those in Table 1, unless otherwise mentioned. The
channels obey i.i.d. Rayleigh distribution and a path-loss
model having different path-loss exponents due to the dif-
ferent propagation environments encountered in the different
scenarios, which are set according to Table 1 [29], [35], [36].
The distance dl between the D2D pair is set to vary in the
interval of [20, 40]m. Our simulation results quantify the
D2D sum-rate for different parameter settings, such as those
of the D2D interference-threshold as well as bias for received
signal strength from PBS, of the throughput threshold of the
MUs associated with either the MBS or PBSs, of the number
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FIGURE 5. Effect of the interference-threshold for D2D links from the PBS
on the D2D sum-rate. Here P = 1, D = 8, C = 10, B = 20dB, Rp = 4bps/Hz,
and Rc = 8bps/Hz.

ofMUs as well as of the number of PBSs for different channel
deployment schemes at the BSs.

Our first aim is to find the optimal threshold of the D2D
linksw.r.t. the interferers for the sum-ratemaximization of the
D2D links in the proposed co-orthogonal spectrum sharing
scenario, where the interference-threshold, ITh, is used for
defining the interference-dependent switching of D2D links
from the ideal scenario of only reusing RBs orthogonally
to the aggressive co-channel reuse. Therefore, in Fig. 5,
we analyse the D2D sum-rate for different values of the
threshold ITh. It can be observed from Fig. 5 that as the
interference-threshold of the D2D links increases, the D2D
sum-rate increases. This is because the system evolves from
operating in completely co-channel fashion towards gradual
orthogonal deployment, where the interference experienced
by the D2D links in the former scenario is higher than in
the latter one owing to the interfering DL transmission from
all the active BSs at a time instant. Hence, for co-channel
deployment the sum-rate of the D2D links is achieved, when
we have ITh = 0 dBm, while in the orthogonal scenario it is
achieved, when we have ITh ≥ (PmaxC + PmaxP ) dBm. More-
over, when ITh ∈ (0,PmaxC +PmaxP ) dBm, upon increasing the
threshold, the number of D2D links reusing the RBs of the
orthogonal sub-band is increased. Hence reduced interference
is imposed, thereby increasing the sum-rate of D2D links.
However, increasing the threshold further, ITh > 40dBm
results in a sum-rate reduction for the D2D links, whichmight
be due to the fact that the number of D2D links reusing the
orthogonal sub-bands has been increased, but the number of
MUs using RBs within this sub-band still remained the same.
This in turn means that there is a reduction in the number of

FIGURE 6. Impact of varying the number of D2D links on the D2D
sum-rate. Here P = 1, C = 10, D = 8, ITh = 40dBm, Rc = 8bps/Hz and
Rp = 4bps/Hz.

orthogonal RBs available for reuse upon increasing the num-
ber of D2D links relying on orthogonal reuse. This results in
a sum-rate reduction for the D2D links. We also analysed our
heuristic methods upon varying the interference-threshold.
We observe in Fig. 5 that the EPA performs similarly to
our proposed JORPA algorithm of Algorithm 1, achieving
approximately 96% of the sum-rate achieved by JORPA at
a substantially lower complexity. On the other hand, the RM
algorithm performs worse than the MDM algorithm, since in
MDM, the D2D-MUmatching is based on the maximum dis-
tance, which tends to reduce the interference imposed on the
MUs, thereby supporting a higher D2D transmission power.
Hence a better sum-rate is observed in Fig. 5 for the latter
scheme. Furthermore, both the MDM and RM algorithm
perform worse than the JORPA algorithm as well as than the
EPA algorithm, which demonstrates the importance of the
optimization discussed in this treatise. It also indicates that
the specific choice of the D2D-MU matching is more crucial
for this sum-rate maximization. Based on the performance
results of Fig. 5, it is reasonable to set ITh = 40 dBm for co-
orthogonal deployment, since this choice supports a higher
sum-rate for the D2D links than other values of the threshold.

We then analyse the impact of varying the biasing factor B
of the PBSs on the D2D sum-rate in Fig. 6. It can be clearly
observed that upon increasing the biasing factor, the D2D
sum-rate is reduced for all the three spectrum sharing strate-
gies. The reason behind this trend is that upon increasing the
biasing factor, the number of MUs associated with PBSs is
increased, which in turn implies that the interference imposed
by the PBSs is reduced. By conrast, the interference inflicted
by the MBS (which has a higher power budget) is increased
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FIGURE 7. Impact of varying the number of Pico Base stations on the D2D
sum-rate. Here D = 8, C = 10, ITh = 40dBm, B = 20dB, Rp = 4bps/Hz and
Rc = 8bps/Hz.

owing to the equal distribution of power, thereby increasing
the overall interference experienced by the D2D links, which
in turn results in their lower sum-rate. However, the orthog-
onal sharing performs best owing to the reduced interference
inflicted upon the D2D links, when compared to the other two
strategies. Moreover, upon comparing the co-channel and co-
orthogonal spectrum sharing, it can be seen from Fig. 6 that
the co-orthogonal regime performs better than the co-channel
solution. This trend is due to the availability of RBs suffering
from lower interference for reuse by the D2D links due to the
resource partitioning into two sub-bands for supporting both
orthogonal and co-channel RBs for DL transmission to the
MUs in the former case. Again, our heuristic methods were
analysed and it was observed that the EPA achieves 96% of
the optimal sum-rate, while the other two heuristic algorithms
performworse than the JORPA algorithm and the EPA, which
in turn shows that it is necessary to carefully optimize the
D2D-MU matching for the sake of sum-rate maximization,
as detailed in this treatise. Based on the performance results
of Fig. 6, it is reasonable to set B = 20 dB, since this supports
a better load balancing between the MBS and the PBSs than
B = 0 or 10 dB, while simultaneously supporting a higher
sum-rate for the D2D links than higher values of the biasing
factor.

Fig. 7 represents the D2D sum-rate versus the number of
PBSs. As the number of PBSs increases, there is a reduction
in the traffic on the MBS, which implies that the MUs associ-
ation with the PBSs increases, hence the transmission power
of the PBSs decreases, which in turn reduces the amount of
interference experienced by the D2D links from the PBSs.
However, the transmit power of the MBS increases owing

to the equal power distribution, as discussed in Section III.
Therefore, the orthogonal channel deployment performs best,
since the D2D links suffer from the interference arriving
either from theMBS or PBSs and given the increased number
of the PBSs, more MUs are associated with PBSs. Hence,
when the D2D links reuse the RBs of MUs associated with
PBSs, the interference is further reduced, thereby increasing
their sum-rate. However, in case of co-channel deployment
the sum-rate decreases, since even though in the presence of
more PBSs the MUs tend to become associated with PBSs,
which results in a reduction of their transmit power, but at
the same time the MBS also shares the spectral resources
with PBSs, which results in an increasedMBS transmit power
owing to its reduced traffic load. Hence, the overall inter-
ference experienced by the D2D links is increased due to
the co-channel sharing, thereby reducing their sum-rate in
the presence of more PBSs. It can also be seen from Fig. 7
that the co-orthogonal deployment follows similar trends of
co-channel deployment owing to the increased interference
suffered by the D2D links reusing the RBs in the co-channel
sub-band. Nonetheless, it has a better performance than co-
channel deployment which is an explicit benefit of partition-
ing the resources into orthogonal and co-channel sub-bands
as well as a benefit of the improved chances of the D2D
links becoming matched with MUs supported in orthogo-
nal sub-bands, which reduces the interference. Here again,
as expected, our heuristic methods exhibit similar trends,
emphasizing the need for optimization, especially that of
the D2D-MU matching parameter. Note that for simplicity,
we will only present results for the EPA and MDM heuristic
algorithms that perform better than the RM heuristic algo-
rithm.

The D2D sum-rate recorded is reduced in Fig. 8 for dif-
ferent values of the throughput requirements of the MUs
associated with the MBS, when the throughput threshold of
the MUs served by PBSs is fixed. As expected, a diminishing
trend is observed upon increasing the throughput threshold of
the MUs associated with the MBS, because the power of the
MBS transmitted to the MUs should be higher for the sake
of increasing the throughput, while a reduced interference
should be inflicted upon the MUs, which in turn implies
that the interference imposed on the D2D links by the MBS
increases, while its transmit power has to be reduced in order
to meet the throughput requirements. Moreover, the orthog-
onal deployment performs better than the other two deploy-
ments, since the D2D links are interfered only by a single
BS at any particular instant, depending on their D2D-MU
matching invoked for resource reuse. On the other hand,
the co-orthogonal regime performs better than the co-channel
deployment, because in the former case the MUs associated
with the MBS can either be deployed in an orthogonal or in a
co-channel sub-band reuse pattern. Hence, in order to maxi-
mize the D2D sum-rate for meeting a higher throughput con-
straint, depending on their threshold ITh, someD2D links tend
to reuse the resources of the MUs supported by orthogonal
sub-band, which in turn improves the over-all sum-rate in the
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FIGURE 8. Impact of the Quality of Service threshold of MU associated
with MBS on the D2D sum-rate. Here P = 1, D = 8, C = 10 ITh = 40dBm,
Rp = 4bps/Hz and B = 20dB.

former case. Again, similar to our previous results seen in
Fig. 5 - Fig. 7, our heuristic methods follow their expected
trend Fig. 8

The achievable D2D sum-rate is analysed in Fig. 9 for
different values of the throughput target of the MUs asso-
ciated with the PBS, when that of the MUs associated with
the MBS is fixed. Interestingly, it can be observed that upon
increasing the throughput requirement of the MUs associated
with the PBSs, we observe that the D2D sum-rate is reduced,
albeit at a slower rate. The reason behind this trend is the
lower power budget of the PBSs in our system setting. This
suggests that for increasing the throughput threshold of the
MUs associated with the PBS, the transmit power of the PBS
should increase, while the interference experienced at these
MUs should be reduced. However, the transmit power of the
PBS is limited by its power budget. Hence, the PBS does
not increase the interference it imposes on the D2D links
beyond a certain limit, which in turn results in a slower rate of
decrease in the sum-rate of D2D links, despite increasing the
throughput of the MUs associated with the PBS. Moreover,
the orthogonal deployment performs better than the other
two deployments owing to transmission only by a single BS
on each RB, while the co-orthogonal assignment performs
better than the co-channel deployment, since it subsumes both
the orthogonal and co-channel regimes. Again, the pair of
heuristic methods that follow similar trends in Fig. 9 to those
of Fig. 5 - Fig. 8, further supporting the fact that using a ben-
eficial D2D-MU matching is important for the maximization
of the D2D sum-rate.

Finally, Fig. 10 characterizes the effect of varying the
number of MUs on the D2D sum-rate. As expected, upon

FIGURE 9. Impact of the Quality of Service threshold of the MU
associated with PBSs on the D2D sum-rate. Here P = 1, D = 8, C = 10
ITh = 40dBm, Rc = 8bps/Hz and B = 20dB.

FIGURE 10. Impact of varying the number of MUs on the D2D sum-rate.
Here P = 1, D = 8, ITh = 40dBm, B = 20dB, Rp = 4bps/Hz and
Rc = 8bps/Hz.

increasing the number of MUs, the sum-rate of D2D links
is increased for all the three channel sharing scenarios. This
trend is observed due to the fact that upon increasing the
number of MUs, the number of RBs available for D2D reuse
is also increased. Hence theD2D links receivemore resources
for transmitting their information, thereby enhancing their
overall sum-rate. The orthogonal channel deployment
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TABLE 2. Throughput achieved for MUs under different spectrum sharing
schemes when JORPA is used for resource allocation on introduction of
D2D links.

performs best, followed by the co-orthogonal and co-channel
deployment owing to the different levels of interference
experienced by the D2D links under the different spectrum
sharing strategies. Bearing in mind the results Fig. 5 - Fig. 9,
our heuristic methods are also expected to follow similar
trends in Fig. 10.

Table 2 shows the throughput achieved for theMUs associ-
ated withMBS or PBSs for the different schemes on the intro-
duction of D2D communication, when JORPA is employed
for resource allocation. The throughput threshold for MUs
associated with MBS is set to Rc = 8 bps/Hz, while that
with PBSs is set to Rp = 4 bpz/Hz. We can observe in
Table 2 that for co-channel deployment, throughput achieved
for MUs is approximately equivalent to the threshold, while
that for the other two deployments surpasses the minimum
required throughput threshold. The reason behind this trend
is the presence of D2D communication that is reusing the
DL resources of MUs imposing additional interference in the
existing infrastructure. This implies that for co-channel sce-
nario that already suffers from higher interference is further
introduced with interference due to D2D transmission and
thus is unable to achieve throughput threshold. Moreover, our
proposed co-orthogonal scheme is capable of achieving 50%
higher than the required throughput threshold for the MUs
associated with theMBS, while only 24% higher than that for
the MUs associated with the PBSs. This is due to the higher
power budget of the MBS than that of the PBSs as well as due
to the interference based switching adopted by the D2D links
for reusing the DL resources in either the co-channel or the
orthogonal sub-band. Table 2 reveals that the presence of
D2D communication reduces the throughput experienced by
theMUs for co-channel spectrum sharing, while our proposed
scheme as well as the orthogonal deployment is still capable
of achieving the throughput threshold.

VI. CONCLUSIONS
Heterogeneous downlink resource reuse solutionswere inves-
tigated, a two-tier scenario, where the D2D links reuse the
downlink cellular RBs. The D2D links are powered by scav-
enging energy from the surroundings. An optimization prob-
lem was constructed with the objective of maximizing the
D2D sum-rate, without unduly degrading the throughput of
the cellular communication. In order to solve the resultant
non-convex problem, it was first transformed to the corre-
sponding convex problem by defining the optimal down-
link transmit power of each MU for satisfying the through-
put constraints. We then invoked the classic Lagrangian

constrained optimization method for analytically deriving the
resource reuse and power allocation for both the D2D links
as well as for the MUs, which was achieved by relaxing the
D2D-MU matching variables for our non-causal EH process.
An algorithm termed as Joint optimization of RB and power
allocation (JORPA) for D2D links was then proposed, rely-
ing on the analytical results of the joint optimization of the
three spectrum sharing schemes. In order to circumvent the
potentially excessive complexity of our proposed algorithm,
we also conceived three heuristic methods, where either the
D2D power allocation or the D2D-MU matching was opti-
mized, while other one of the two parameters was heuris-
tically defined. Our simulation results reveal that the D2D
sum-rate is the highest for the orthogonal spectrum sharing
and the lowest for the co-channel arrangement, as determined
by the amount of interference experienced by the D2D links.
The presence of D2D communication effects the throughput
experienced by MUs due to increased interference which is
observed most in co-channel sharing followed by orthogonal
sharing while our proposed co-orthogonal regime is capable
of achieving substantially higher throughput for the MUs
than the threshold. Furthermore, our proposed co-orthogonal
spectrum sharing scheme strikes a balance between these two
richly investigated spectrum sharing scenarios by adopting
the best features of these two schemes. This is an explicit
benefit of the reduction in interference by the orthogonal
sharing, while improving the bandwidth exploitation with the
aid of co-channel spectrum sharing. Finally, our analysis of
the heuristic methods underlined the importance of optimiza-
tion in the system. Specifically, optimization of the D2D-MU
matching variable is crucial for the maximization of the D2D
sum-rate, as revealed by our EPA Algorithm, which achieves
96% of the sum-rate attained by our JORPA algorithm at a
fraction of its complexity.

APPENDIX A
Since, the transmit powers of the MBS and PBSs are opti-
mized using the problem given in Eq. (4) are unknown, it is
necessary to consider a reasonable value for the interferences
IM and IP for the sake of transforming the problem into a
more tractable form. Therefore, we consider an equal power
distribution8 at all the BSs. Hence we arrive at the interfering
powers of the PBSs and MBS in the form of, PIp =

PmaxP∑C
c=1 xpc

and PIc =
PmaxC∑C
c=1 xc

, respectively. Assuming that the RB of the

MU c associated with the MBS is reused by the d th D2D link,
i.e. we have xc = 1, ydc,i = 1, from Eq. (2), we arrive at

Pc ≥
αc

gc

(
N0 + gIdcPdc,i + (1− βcxc)IP

)
, (13)

where αc = 2Rc − 1. Similarly, assuming xc = 0, xpc = 1,
ydc,i = 1, which means that the d th D2D link reuses the cth

MU’s RB that is served by the pth PBS, fromEq. (3), we arrive

8Dynamic power allocation is a reasonable method to allocate power in
downlink at BSs, however, in this work, we consider equal power allocation
for the sake of not over complicating the problem at hand.
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p∗dc,i ≥ 0
√√√√( s(1)dc

2 s(0)dc

)2

−
s(2)dc (λdc,i, µdc,i, γdc,i)

s0dc
−

(
s(1)dc
2 s(0)dc

)
+

≥ 0

(Idc + edcN0)2 −
gdc(Idc + edcN0)gc

ln(2)
[
λdc,i + µdc,iτi + γixc

αc
gc
gIdc + ωi(1− xc)

∑P
p=1

xpαp
gpc

gIdc
] ≤ 0.

at

Pp ≥
αp

gpc

(
N0 + gIdcPdc,i + [βcxc + (1− βc)]IM

)
, (14)

where αp = 2Rp − 1. Since increasing Pc and Pp monoton-
ically decreases the OF value of Eq. (4a) for a fixed Pdc,i,
the optimal value of Pc and Pp maximising the D2D sum-rate
must be attained by satisfying the equality in Eq. (13) and
Eq. (14), i.e. we have,

P∗c =
αc

gc

(
N0 + gIdcPdc,i + (1− βcxc)IP

)
(15)

and,

P∗p =
αp

gpc

(
N0 + gIdcPdc,i + [βcxc + (1− βc)]IM

)
. (16)

Thus, the explicit throughput constraints are eliminated using
the above modifications and substituting P∗c and P∗p into the
OF of Eq. (4a) yields the transformed OF given in Eq. (6).
Similarly, we can substitute P∗c and P∗p into the constraint
of Eq. (4g) and Eq. (4f) to arrive at the modified constraint
of Eq. (5g) and Eq. (5f). Thus the transformed and more
tractable form of the original problem Eq. (4) can be written
as Eq. (5).

APPENDIX B
In order to derive the results of this lemma, the KKT con-
ditions of Eq. (5) were examined. The Lagrangian function
for the optimization of the equivalent problem of Eq. (5) is
defined as follows:

L = −
∑K

i=1

∑D

d=1

∑C

c=1
ydc,i

×log2

(
1+

gdcPdc,i
edcN0 + fdcPdc,i + Idc

)
+

∑K

i=1

∑C

c=1
ηdc,i

(∑D

d=1
ydc,i − 1

)
+

∑K

i=1
ψdc,i

(∑
c=1∈Cco

∑D

d=1
(1− βc)ydc,i − 1

)
+

∑K

i=1

∑D

d=1
λd,i

(∑C

c=1
ydc,iPdc,i − PmaxD

)
+

∑K

i=1

∑D

d=1
µd,i

×

(∑i

κ=1

∑C

c=1
ydc,κPdc,κτκ −

∑i−1

κ=0
Ed,κ

)
+

∑K

i=1

∑P

p=1
ωi

×

(∑D

d=1

∑C

c=1
(1− xc)xpc

αp

gpc
ydc,iPdc,igIdc

−

(
Pmaxp −

∑C

c=1
(1− xc)xpc

αp

gpc
[(βcxc + (1− βc))IM + N0]))

+

∑K

i=1
γi

(∑D

d=1

∑C

c=1
xc
αc

gc
ydc,iPdc,igIdc

−

(
PmaxC −

∑C

c=1
xc
αc

gc
[(1− βcxc)IP)+ N0]

))
,

(17)

where ηdc,i, ψdc,iλd,i, µd,i, γi and ωi are Lagrangian multi-
pliers associated with the constraints of Eq. (5b), Eq. (5c),
Eq. (5d), Eq. (5e), Eq. (5g) and Eq. (5f), respectively. Now,
evaluating the differentiation of Lagrangian function with
respect to ydc,i and equating them to zero, we get:

∂L
∂ydc,i

= 0

−log2

(
1+

gdcPdc,i
edcN0 + fdcPdc,i + Idc

)
+ ηdc,i + (1− βc)ψdc,i

+

(
λd,i + µd,iτi + ωi (1− xc)xpc

αp

gpc
gIdc + γixc

αc

gc
gIdc

)
×Pdc,i = 0

ηdc,i + (1− βc)ψdc,i = log2

(
1+

gdcPdc,i
edcN0 + fdcPdc,i + Idc

)
−

(
λd,i +µd,iτi + ωi (1−xc)xpc

αp

gpc
gIdc+γixc

αc

gc
gIdc

)
Pdc,i.

Here we define Hdc,i = ηdc,i + (1 − βc)ψdc,i as given in
Eq. (10), which is used for obtaining the optimized D2D-CU
matching given in Eq. (9). Similarly, differentiating L with
respect to Pdc,i and equating it to zero, we arrive at:

∂L
∂Pdc,i

= 0

−ydc,igdc(Idc + edcN0)
ln2(Idc + fdcPdc,i + edcN0)(Idc + (fdc + gdc)Pdc,i + edcN0)

+ λd,iydc,i + µd,iydc,iτi + ωi (1− xc)xpc
αp

gpc
ydc,igIdc

+ γixc
αc

gc
ydc,igIdc = 0.

Considering that the d th D2D link reuses the RB of the cth

MU, so that ydc,i = 1, we simplify the above equation and
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obtain the following equation:

s(0)dc P
2
dc,i + s

(1)
dc P

2
dc,i + s

(2)
dc (λdc,i, µdc,i, γdc,i, ωdc,i) = 0.

This equation is quadratic in Pdc,i, which is solved to
obtain P∗dc,i as given in Eq. (8), where s(0)dc , s

1)
dc and

s(2)dc (λdc,i, µdc,i, γdc,i, ωdc,i) are defined in Lemma 2.

APPENDIX C
Using Eq. (8) and the constraints of Eq. (5g) and Eq. (5f),
we surmise that there exists at least one P∗dc,i ≥ 0 in the cth

RB for any d and c, which satisfies the equation can be derived
as shown at the top of the previous page.
For the different combination of λd,i = 0 and/or µd,i = 0
and/or γi = 0 and/or ωi = 0, we obtain λmaxd,i , µ

max
d,i , γ

max
i and

ωmaxi .
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