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ABSTRACT Combining energy harvesting (EH) and device-to-device (D2D) communication underlaying
5G cellular networks is a very promising direction to improve both energy and spectral efficiencies. Unlike
conventional relay-aided D2D communication that assumes one-way relaying (OWR) protocols, this paper
proposes a two-way relaying (TWR) model. It aims to maximize the TWR D2D link rate that shares the
uplink (UL) resources of the conventional cellular user (CU) considering the quality of service (QoS)
constraints of all users. Besides, the relays are considered to harvest renewable energy (RE) from the ambient
environment by relying on an attached solar panel. Also, they can harvest radio frequency (RF) energy
from the received signal based on the power splitting (PS) EH protocol. Assuming that the UL resource
allocation (RA) is already performed, the paper’s objective is to jointly optimize the transmission power of
all users in addition to the PS factor of relays based on the well-known meta-heuristic algorithm particle
swarm optimization (PSO). Also, the best relay is selected by relying on the delimited area (DA) mechanism
and the balanced residual energy (BRE) leading to TWR D2D link rate maximization and better energy
efficiency (EE). The performance of the proposed algorithm is investigated through the results as well as
comparing its performance to two of the most recent relay-aided D2D algorithms.

INDEX TERMS Device-to-device, two-way relaying, energy harvesting, power splitting, particle swarm
optimization, power allocation, decode-and-forward, relay selection.

I. INTRODUCTION AND RELATED WORK

Device-to-device (D2D) communication is one of the most
essential technologies in the 5G networks [1], [2]. It allows
two nearby devices to directly communicate without the
intervention from the base-station (BS) [3]. This direct
communication underlaying conventional cellular network
not only improves the network spectral efficiency (SE)
but also its energy efficiency (EE) [4], [5], [6]. Since the
resource sharing between the D2D and cellular links (CLs)
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imposes a serious mutual interference on both links, effi-
cient resource and power allocation (PA) paradigms should be
considered [7], [8].

Internet of things (IoT) has emerged with ubiquitous sens-
ing and computing capabilities to interconnect thousands of
physical devices to the Internet [9]. To facilitate our daily life,
it comes with various applications such as vehicle-to-vehicle
(V2V) communications, quality control, smart homes, and
logistics and supply chain optimization [10], [11]. In this
regard, machine learning and declustering can play a sig-
nificant role [12], [13], [14], [15], [16], [17], [18], [19].
These applications coincides with new technologies such as
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machine learning, intelligent reconfigurable surface (IRS)
and unmanned aerial vehicle (UAV) [20]. These technologies
require high degree of image denoising for better service
quality. Since the IoT terminals grow rapidly, IoT networks
experience spectrum sharing shortages and EE limitations
with unreliable quality of service (QoS) [21], [22], [23], [24],
[25], [26], [27], [28], [29]. To cope with these problems,
D2D communication appears as a key enabler technology to
facilely realize the IoT application needs in terms of SE and
EE [30], [31], [32].

To facilitate the collaboration among D2D users as well
as utilize the cellular spectrum efficiently, the cooperative
communications (CC) concept was presented [33], [34].
In the CC, two D2D terminals can share their data in
a relay-aided manner through several intermediate coop-
erative relays [35], [36], [37], [38]. The majority of the
literature focused on one-way relaying (OWR) D2D commu-
nication, where four phases are required to exchange mes-
sages between the two terminals. For instance, the authors
in [39] proposed an OWR energy-efficient resource allocation
(RA) scheme with optimal relay selection (RS) to improve
the EE of the D2D communication, while the integration
between OWR D2D communication and Non-orthogonal
multiple access (NOMA) with optimal PA strategy to max-
imize the ergodic sum-rate was presented in [40]. However,
the two-way relaying (TWR) approach needs only two phases
which achieves higher throughput as well as lower power
consumption [41], [42]. The authors in [43] investigated spec-
trum and energy efficiencies assumed amplify-and-forward
(AF) TWR D2D communications underlaying cellular net-
works aimed at maximizing the D2D communication EE
through optimal PA strategy. In [44], the SE of a decode-and-
forward (DF) TWR D2D communication relying on the mas-
sive multiple-input multiple-output (MIMO) technology was
proposed to improve the system SE. In [45], a new resource
allocation scheme for D2D communication overlaying a cel-
lular network was proposed. The scheme allowed the two
terminals to perform D2D communication bidirectionally as
well as assist the two-way communication between the BS
and the cellular user (CU). An analytical approach to evaluate
the TWR D2D communication performance with and with-
out network coding was presented in [46] aimed to enhance
the system throughput and end-to-end packet loss probability
(E2EPLP).

Obviously, the participating relays not only do not get any
individual benefit from participating in the relay-aided D2D
link but also consume their own energy [47], [48]. Therefore,
the energy harvesting (EH) concept can play an important
role to compensate for this energy shortage and motivate the
relays to participate [49], [50]. The relays can harvest energy
either from renewable energy (RE) sources (e.g., solar) or
from radio frequency (RF) signals [51], [52], [53]. The RF
EH is performed based on the simultaneous wireless informa-
tion and power transfer (SWIPT) technology that uses either
time splitting (TS) or power splitting (PS) protocol [54], [55].
An EH relay-aided D2D communication that shares the DL
resources of the conventional CUs considering the system
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QoS requirements was proposed in [49]. The authors pre-
sented a low complexity algorithm that can solve the prob-
lems of optimal RA, PS factor, and RS. In [56], a TWR
D2D communication model underlaying cellular networks
was proposed. The model assumed that the cooperative relays
use the AF relaying protocol and can harvest the RF energy
based on the TS protocol, where data transmission was per-
formed in three time slots. The authors in [57] investigated a
collaborative relay-aided D2D transmission paradigm with an
EH feature for the relays. A rate-energy (R-E) region was also
introduced to formulate a data rate maximization problem of
the D2D pair, where the results showed that the data rate of the
D2D pair was significantly improved. The RS in EH multi-
hop D2D networks with an eavesdropper was investigated
in [58] aimed at improving the secure connectivity perfor-
mance of the relay. To achieve this, a source-to-destination
secrecy connectivity probability (SCP) was derived show-
ing a higher SCP of the proposed scheme than the direct
transmission algorithms and conventional RS schemes in the
simulation results.

A. MOTIVATION AND CONTRIBUTIONS

To the best of our knowledge, most of the previous works paid
attention to a single TWR D2D communication issue such
as EH considerations, PA, and RS. For example, the authors
in [59] investigated the PA of a TWR AF-based D2D commu-
nication to maximize the D2D link rate without considering
the RS and EH. Also, an optimal RS method was proposed
in [60] ignoring PA and EH in their proposal. Accordingly,
we have been motivated to present a TWR D2D commu-
nication model that shares the uplink (UL) spectrum of the
conventional CUs considering a number of hybrid RF/RE-
based EH relays (EHRs). The relays are assumed to harvest
RF energy from the received signal based on the PS EH pro-
tocol. Also, they can harvest RE from the ambient environ-
ment relying on an attached solar panel. Since the EH capa-
bility can compensate for the relays’ energy consumption,
the relays are encouraged to cooperate and participate in the
TWR D2D communication link. This comes with optimal PA,
RS, and the amount of EH by the EHRs. It is worth noting that
the RF harvested energy might not be enough for perform-
ing the D2D communication transmission. However, together
with the RF energy, the RE can support the relay for further
transmission.

This paper aims at maximizing the TWR D2D link rate
while maintaining the required data rate of the CU assuming
the RF/RE EH capabilities at the relays. Accordingly, a max-
imization problem is formulated as a mixed-integer nonlinear
programming (MINLP) problem based on the assumption
that the UL resources are already allocated by the BS. We aim
to jointly optimize the transmission power of all users, the
PS factor of relays, and the best relay to maximize the TWR
D2D link rate. Therefore, a joint optimization algorithm
called the joint PA and RS with EH (JPARS-EH) algorithm is
proposed. The JPARS-EH algorithm optimally performs PA
and PS factor optimization based on the well-known meta-
heuristic algorithm particle swarm optimization (PSO) as
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well as optimal RS. To achieve balanced energy consump-
tion, only relays that lie inside the delimited area (DA) and
their residual energy above the average among the candidates
can be nominated for selection namely the balanced residual
energy (BRE). Besides, the proposed algorithm considers the
power, QoS, and EH constraints.

Furthermore, the behavior of the JPARS-EH algorithm is
investigated with respect to various parameters through the
results. In addition, it is compared to the RPRS-EH algorithm
presented in [49] and UL-max proposed in [61]. In contrast
to the RPRS-EH and UL-max algorithms, the proposed algo-
rithm utilizes the TWR transmission, which gives an advan-
tage in terms of rate maximization. It is worth mentioning
that the OWR model requires four phases for performing data
transmission, while the TWR model needs only two phases.
The proposed algorithm agrees with the UL-max that the
delimited area (DA) mechanism for RS is used to limit the
number of candidate relays. However, the UL-max is still
an OWR model which cannot outperform our TWR model.
Also, the UL-max algorithm aims at maximizing the D2D
link rate ignoring the EE with no EH capabilities. Besides,
the JPARS-EH utilizes the BRE that considers the relays’
residual energy for RS together with the DA mechanism.
This leads to TWR D2D link rate maximization and better
EE.

For the RPRS-EH algorithm, it is an OWR algorithm that
targets the relay-aided D2D link rate maximization by provid-
ing optimal RA, PA, and RS strategies as well as EE enhance-
ment. This comes with assuming the RF/RE EH capability for
the engaged relays. It is worth noting that the EH capability
of OWR models provided by the RPRS-EH protocol cannot
compete with that of the TWR model which is presented by
our proposed model. Moreover, the BRE mechanism pro-
posed in the RS strategy of the JPARS-EH algorithm gives
more advantages in terms of fair energy distribution. The
results show that the data rate and EE, in terms of harvested
power, of our TWR proposal outperform the corresponding
ones of the RPRS-EH algorithm.

In a nutshell, the main contributions of our work are sum-
marized as the following:

o Assuming that the UL resources have been already
allocated by the BS, a TWR D2D link rate MINLP
maximization problem is formulated. This problem rep-
resents optimal PA, PS factor, and RS for the TWR
D2D links underlaying conventional CUs. This comes
with guaranteeing the maximum power limit of the
sub-channels as well as the QoS and EH constraints.

« To solve this nonconvex problem, the JPARS-EH algo-
rithm is proposed divided into two main sub-algorithms,
namely, EHPA and BRMRS. Aiming at maximizing the
TWR D2D link rate, the EHPA performs optimal PA
relying on the PSO algorithm, while the BRMRS selects
the best relay based on the DA mechanism besides the
BRE concept. The BRE concept considers relays for
selection whose residual energy is above the average
among the candidates thus achieving balanced energy
consumption.
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o In the simulation results, the significance of the
JPARS-EH algorithm is investigated showing a high
degree of consistency concerning different parameters.
Besides, the proposed algorithm outperforms both the
two state-of-art OWR algorithms, namely, RPRS-EH
and UL-max, in terms of D2D link rate. Also, the pro-
posed algorithm gives better EE results in terms of har-
vested power when compared to the RPRS-EH scheme.
Last but not least, the proposed algorithm with the
BRMRS strategy shows better residual energy for can-
didate relays.

B. PAPER ORGANIZATION

The rest of this paper is organized as follows. In Section II, the
system model is presented. Section III provides a brief expla-
nation about the PSO algorithm, while the proposed algo-
rithm JPARS-EH is discussed in Section IV. In Section V,
the performance of the proposed algorithm is evaluated and
compared to two of the most recent relay-aided algorithms.
Finally, the conclusions of this paper are shown in Section VI.

Il. SYSTEM MODEL

A cooperative UL resource sharing wireless network is con-
sidered in a single micro-cell, where a BS is geometrically
located at the cell center. We consider two terminals, denoted
by S1 and S, that aim to exchange the information between
each other through the assist of multiple EHRs. These EHRs
are randomly located within the two terminals’ communica-
tion range and each relay is denoted by R;, [ € {1,2,...,L}.
In addition, it is assumed that each EHR is a half-duplex and
self-powered relay with TWR capability.

A number of cellular and D2D links are assumed, which
are denoted by K= {1,2,...,K}and M = {1,2,...., M},
respectively. The communication channels among the links
are independent and identically distributed (i.i.d.) Rayleigh
channels considering the perfect channel state information
(CSI) availability. Due to the communication channels’ rapid
change, the imperfect CSI is more realistic for defining them.
In order to deal with the time variance and frequency selec-
tivity of wireless channels and to minimize the channel esti-
mate error, a channel estimation technique is required [62].
In fact, the resulting channel attenuation from the imperfect
CSI lowers the system data rate and, as a result, lowers the
system EE [63]. To solve this issue, unique resources and PA
algorithms are required. To avoid deviating from the primary
goal of our paper, we make the assumption that the perfect
CSI will postpone the effects of the imperfect CSI for future
work, similar to many earlier publications [49], [64].

Without loss of generality, the subscripts ¢ and b denote the
CU and BS, respectively, while the subscripts s; and s, denote
the first and second terminal, respectively. Also, the EHR [ is
denoted by r;. For example, hy,,, and dy, ,, are used to define
the channel attenuation coefficient and distance between the
terminal S; and the relay R;. Thus the channel gain between
them is:

|hg,r, 12
o = gt g

S171
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FIGURE 1. System model of the TWR D2D communication underlaying
conventional UL cellular network.

where v represents the path loss exponent. In addition, o2 is
used to denote the noise power.

Assuming a TWR communication system, the data trans-
mission time is performed in W time slots. Each time slot
w of duration T, consists of two sub-slots (i.e., §; and &),
where the sub-slot duration is % During &1, which is known
as the multiple access phase (MAP), the CU transmits its
message to the BS, while S; and S> transmit their messages
to the TWR relay R;. During &>, which is called the broadcast
phase (BP), the CU again sends its data to the BS, while R;
broadcasts the signal back to the terminals S; and S> using
the DF strategy [65].

It is worth noting that the relay R; is equipped with two
energy harvesters. One of them is an RF energy harvester
that is capable of harvesting energy from received power.
However, the other harvester can harvest the RE energy from
the ambient environment. In addition, the proposed model
assumes that the TWR links share the same UL spectrum of
the CLs considering a set of N sub-channels that is denoted
as N = {1, 2,....,N}. In this paper, it is assumed that the
UL resources are already allocated to the CUs and utilized by
the TWR links in an underlay mode. Thus, the D2D users
can simultaneously use the resources of the CUs feasibly.
A scenario of selecting a TWR link m € M that contains relay
!l underlying a CL k € K, where both of them share the same
sub-channel n € N is depicted in Figure 1. Besides, all the
considered notations in this paper are illustrated in Table 1.

A. TRANSMISSION MODEL
The proposed model assumes one TWR link m among the
available M links considering the PS protocol for the relays’
RF EH. In the PS protocol, the relay uses a fraction of the
received signal for EH. However, the remaining part is used
for information decoding. It is worth noting that the RF
energy only assists for the relay node’s (RN) transmission,
while the relay mainly depends on the RE due to its large
value when compared to the RF energy. The importance of
the RE for supporting the relay’s transmission is illustrated in
Section I[V-A.

As aforementioned, the data transmission of each time slot
w is performed in two phases, which are the MAP and BP.
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TABLE 1. List of notations.

Symbol Description
K Set of cellular links
M Set of TWR D2D links
N Set of sub-channels
P. Transmit power of cellular user k&
Ps, Transmit power of terminal Sy
Ps, Transmit power of terminal Sa
Py, Transmit power of relay [
ERE Instantaneous RE amount at relay
ERF Instantaneous RF energy amount at relay
E{ll Total energy harvested by relay [
Es‘“ Residual energy of relay [
ESI Energy consumption of relay [
T Time slot duration

hap |Channel attenuation coefficient between node a and b

dap Distance between node a and b
Qgb Channel gain between node a and b
G Channel gain matrix
Tab Transmitted message between node a and b
Yo Received message between node a and b
v Path loss exponent
Ry Two-way EH relay ! (EHR)
Ry Selected EH relay (I = 1)
erl Relay selection binary variable
pry PS ratio of R; (if Ry is selected, | = S)
niF RF conversion efficiency coefficient
N Number of PSO solutions
c1 and c2 PSO acceleration coefficients
Dim Number of dimensions for each PSO solution
Tmaz PSO maximum number of iterations

During the MAP (i.e., §1), the received signal and the signal-
to-interference-noise ratio (SINR) at the BS are respectively
given by:

8 hep,
Ylg,vlv) = Pew C—vwxcb,w
\ dcb,w

hv b

S10,Ww

+v Psl,w—v Xsyry,w
\/dslb,w

hg,p,
+ Psz,w%xszrl,w + npw, )
\V dszb,w
s P wllch,
V[E,vl‘,) — c,wceb,w (3)

9
Psl,waslb,w + Psz,waszb,w + o?

where P, ,, is the CU transmission power, while n ,, is the
AWGN and conversion combined noise at the BS. The Py, ,,
and Py, ,, are the transmission power of terminal S; and S,
respectively.

The received signal at the relay R; can be expressed as
follows:

sy,
Yr(;s,lyg = (1- prl,w)Psl,w%x

S11,W
S1FLW

h ,
++v - prl,w)Psz,w%x

ST, W
21, W

hcn,w (4)

T Xeb,w + My ws
v erpw

++vPew
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where p,, . is the PS factor of R; to be optimized during
time slot w. The part of the received signal that is used for
information decoding is denoted by (1 — ,o,,yw)(Ps LowOsyrw
PSZ,WaSZV,,W). However, the remaining part that is used for
relay I's EHiS oy, (Psy ws; 11w + Py wtsyry,w)- This energy
amount is stored in the relay’s battery to be used during
8y transmission. It is worth noting that the RF harvested
energy might not be enough for performing the BP trans-
mission. However, together with the RF energy, the RE
can support the relay transmission during the second phase.
We assume that the noise power is not considered for harvest-
ing due to its tiny value [49] in addition to the CU interference
due to its far position. The SINR of the S — R; and S2 — R;
links are given respectively as:

6 A= or )Py wllsirw 5)
S1rL,W Pc,wOlcr,,w+62 s

(1 — pryw)Psy wlsyry,
S(zarll),w — ri wll so . wsor,w ] (6)

Pc,wacn,w + o2

During the BC phase (i.e., §2), the received signal and SINR
at the BS are respectively given as the following:

(52) heb,w
Yb’fv =V Pc,w—

> Xeb,w
Y, dcb,w

hyb,
+y/Pr === Y00 o+ b @)
vV drlb,w
¢y Pewoepw ®)
Voo Prl,warlb,w +o?

The received signal at terminal 1 and terminal S, are respec-
tively given as:

h
G2 _ / riS1,w
lesl,w - Prl,W v Xris,w
Vv ris,w

hes
S1,W
+ PC’W—dU Xebw + Mgy ws 9)
cs1,W
h
b2 _ / r$2,w
Yrgsz,w - Pfl,W AV Xriso,w

V Tris2,w

he
++v Pc,w sz,w Xebw + My w- (10)
vV dcsz,w
Furthermore, the SINR at terminal S| and terminal S, are
respectively given as follows:

J,(62) _ Pry wltrsi w ’ (11)
s Pc,wacsl,w + o2
P, o
S ri,wrisy,w
YR, = o (12)

Pc,wacsz,w + o2

B. RELAY ENERGY HARVESTING MODEL

Each relay R; is assumed to be equipped with two energy
harvesters. One of them is an RF energy harvester that is
capable of harvesting energy from the received power based
on the PS protocol. However, the other harvester can harvest
the RE from the ambient environment. Figure 2 shows the
two energy sources that play an important role for charging
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the relay’s battery, where R; is denoted Rg when selected.
Since each selected relay R; (i.e., [ = ) is considered as a
TWR EHR, its transmission power P,, mainly depends on the
RF and RE harvested from the ambient environment. Thus,
we can define the amount of the EH by R; at the beginning of
each time slot w as follows:

Eh — ERF +ERE

rL,w W rL,w
T,
= ,Br(,:?l,w[énRFprl,w(Psl,waslrl,w + Psz,waszr],w)j|
+ERE, (13)

where nRF is the conversion efficiency coefficient of the RF

source, oy, is the PS EH factor, and Efff;w refers to the

amount of RE EH by relay /. The binary variable /3,(,:’,),,“,
refers to the /" relay condition to be selected or non-selected
to participate in the TWR D2D link m transmission during
time slot w using sub-channel n. If R; is selected, ﬂ,(,f’r),,W =
1; otherwise, ﬂf,f'r)l,w = 0. It is clear from (13) that each
relay performs RE harvesting if it is selected or not. This
energy amount supports the relay’s future transmission and
motivates it for participation. Following the real-life data
set of the National Renewable Energy Laboratory (NREL),
the day time mean and variance solar EH are 0.024W =
m? and 4.3W = m?, respectively. These values are the con-
sidered values of our model [49], [66]. Besides, this paper
takes into consideration the harvest-store-use transmission
management paradigm with negligible energy storage and
retrieval from the battery [41]. Furthermore, the EH overflow
and causality constraints are considered [49].

At the end of each time slot w, the relay R; can determine
its residual energy which is obtained from the EH during
the current time slot w in addition to the residual energy of
w — 1 as follows:

1% = min B, (B0 LERS - + B~ S,
+(1— B DIERS |+ Efj,w]> } (14)

where Eg’w denotes the amount of energy that R; consumes
when selected during the current time slot w.

C. D2D RATE FORMULA
From equations (5), (6), (11), and (12), according to the

DF protocol consideration, the following equations can be
obtained [65]:

Ry = %Ing (1 + Vs(;srll),W)’ (15)
Ry, = % log, (1 + Vv(zérll),W)’ (16)
Ry, = %108’2 (1+ 7)), (17)
Rpys, = %logz (1+ 752, (18)
Rya = %(1 + [Vs(larl/),w + Vs(zsrl/),w]>’ (19)
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FIGURE 2. The EH model of an EHR when selected.

where Ry4 denotes the multiple access information transfer
rate as the achievable TWR D2D link rate is the smaller of
the sum of the end-to-end rates and the MA rate. Therefore,
the TWR D2D link rate can be expressed as follows:

RSD’um = Ry + Ryys
= min (R07R19R25R35R4)7 (20)

where R, = Ry, + Ryyr» R1 = Ryyry + Ry Ro = Ry, +
Rs,rs R3 = Ry5) + Ry, and Ry = Rya.

D. PROBLEM FORMULATION

Here, we formulate the problem of TWR D2D communica-
tion links underlaying conventional CLs using the UL spec-
trum sharing with RE/RF EH capability for the participating
relays.

We aim at maximizing the TWR D2D link rate with con-
serving the CL rate requirements. This can be achieved by
optimally allocating the power for the two links such that
the TWR D2D link rate is maximized taking into account
the power constraints. Also, the optimal PS factor for the
relay should be adaptively determined. In addition, the EHR
that maximizes the TWR D2D link data rate is supposed
to be selected based on the DA and BRE mechanisms.
Moreover, the maximum practical transmission power of the
sub-channels should be taken into account. Besides, the EH
and the QoS constraints of both the cellular and TWR D2D
links should be considered. Whereas, the assignment of only
one sub-channel for each CL should be guaranteed. The opti-
mization problem can be formulated as a constrained objec-
tive function as follows:

D
max @ o R (21a)
pry Py Pso . Prp . Pe, Uy ﬂmrl meM

subject to: Z Z Uw ., <1 Va,  (21b)
m=1 k=1
where U\ =1{0,1}, Vk,m,n,
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0<pyw=1, Vi, (21c)
: 1) B2 (¢ )
min v, W Vb, W ys(l rlz)W’ ys(zrll)W’
s s
Vi i) (21d)
= Vmins 0< P,(,nn), < Ppax,
where i €{c, s, 82,11}, vt,l,n,,
(21e)
M L
2D Binw =1
m=1 I=1
where B =101}, Vim,n,
T,
(1) h R
ijz <E, +Ef Q1f)
where je{s1,s2,n}, Vi n, 21g)
Ef < Enax VI, (21h)

where (21a) depicts the main OF that aims at maximizing the
TWR D2D links data rate. Constraint (21b) guarantees that
only one sub-channel # is shared between the TWR D2D and
CLs. Whereas, constraint (21c) shows the interval in which
the PS factor optimal value lies for the participating relay /.
Moreover, constraint (21e) is added to ensure that all the links
achieve a minimum required SINR value y,,;,. In addition,
it is depicted in constraint (21e) that the practical transmit
powers of all links are always within the maximum power
limit P,,y. In constraint (21f), it is shown that each TWR
D2D link includes only one relay R; that shares a single
sub-channel n. Constraints (21g) depicts the energy causality
constraint, while constraint (21h) depicts the energy overflow
constraint.

Since (21a) represents an MINLP problem that includes
(21a) which is a non-convex OF, the problem is considered
as an NP-hard problem that cannot be solved in a straightfor-
ward manner [49]. As aforementioned, the UL resources are
assumed to be allocated to the CUs and utilized by the TWR
links in an underlay mode, where a novel RA scheme can
be presented in the future work. So, we decompose the main
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problem into two sub-problems and present an efficient algo-
rithm that is able to solve the two sub-problems separately.

Ill. PARTICLE SWARM OPTIMIZATION ALGORITHM

In this section, the basic concepts of the PSO are dis-
cussed [67]. Since the PSO efficiently contributed to solving
many of the PA problems [35], [64], it is the key tool for
jointly optimizing the users’ transmission powers and the
relays’ PS factors. In general, the PSO is a swarm technique
that simulates the social behavior of birds and how they
communicate together. The PSO begins by determining the
position and velocity of each of A/ particles/solutions (i.e.,
x; and v;). The next step is to check the quality of these
solutions by computing the fitness value (F}) and determining
the best position for each particle xf’ @ as well as the global
best position xjgm. Then, the PSO updates the position of each
particle using the following equations:

xl(t-‘rl) — xl(l) + Vl(»t+1), (22)
v§t+l) = wvgt) +cin (xf(t) - xi(l)) + czrz(xf(l) - xl-(t)),
(23)

where ¢ is the current iteration, w represents an inertia weight
that is used to enhance the convergence speed. c; and ¢, are
the acceleration coefficients, while r; and r, represent the
random parameters € [0, 1].

The previous steps are repeated until meeting the terminal
conditions (see Algorithm 1).

Algorithm 1 Particle Swarm Optimization Algorithm (PSO)
Input: A Number of solutions, lower and upper boundaries.
1: Initialize a set of positions and velocities.

2: repeat

3 fori=1:N do

4: Compute the fitness value for x;.

5 Determine the best personal solution xf) @ and global
best x5,

6: Update the velocity using Eq.(22).

7: Update the position Eq.(23).

8: Check the lower and upper boundaries.

9:  end for
10: until stop conditions are met
Output: Return the best solution.

IV. JOINT POWER ALLOCATION AND RELAY SELECTION
WITH ENERGY HARVESTING ALGORITHM (JPARS-EH)

In this section, our problem is divided into two main sub-
problems. The first one is to optimally allocate the power
for each link by determining the optimal PS factor value for
the relays. The second sub-problem is to optimally select
the best RN among the existing based on the DA and BRE
mechanisms. It is worth noting that the two sub-problems
share the same aim, which is maximizing the TWR D2D
data rate. For solving these two sub-problems, the JPARS-EH
algorithm that is divided into two main sub-algorithms is
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presented. Each sub-algorithm can solve one of the aforemen-
tioned sub-problems as follows.

A. ENERGY HARVESTING POWER ALLOCATION
SUB-ALGORITHM (EHPA)
Here, the EHPA sub-algorithm is presented. It can optimally
allocate the transmission powers for all transmitters including
the cellular user (i.e.P;) and D2D users (i.e.Py,, Ps,, Py).
In addition, it determines the optimal value of the PS factor
for each relay (i.e., p,,). These power and PS factor optimiza-
tions are performed based on the PSO algorithm which first
determines the boundaries of its parameters Py, , Py, , P;,, and
pr,;- Then, the PSO selects the best values of these param-
eters that optimize the data rate. Furthermore, the EHPA
sub-algorithm takes into account the QoS constraints repre-
sented by (21e) as well as the EH causality constraints of the
relays as in (21g). Since the CU has the priority in such com-
munication models, it is allocated the maximum power limit
(i.e., Pc = Py4y). This guarantees that the QoS requirements
of the CU are not negatively affected.

Clearly, for fixed sub-channels, the EHPA sub-problem can
be written as:

max RP , 24a
pr[sPslsPszsPr[ %ﬂ sum ( )
subject to (21¢), (21e), (21e), and (21g). (24b)

The solution of the EHPA sub-problem can be achieved
relying on the PSO algorithm in two steps. First, the lower and
upper boundaries of the optimization parameters are deduced
followed by the optimization step as the follows:

1) BOUNDARIES DETERMINATION

The optimization parameters that need to be optimized are
Pr, Ps,, Ps,, and P,,. The lower and upper boundaries of
these parameters should be determined in order to search for
an optimal solution. It is clear that (21c) represents the lower
and upper boundaries of the PS factor. In order to guarantee
the minimum SINR requirements of the S| — R; and S> — R;
links, we substitute in (5) and (6) with y,,;, SO we can obtain
the two power lower boundaries of S; and S, respectively as
follows:

Vmin(Pc,wacrl,w + 02)
(1- prl,w)aslrl,w '

Vmin(Pc,wacrl,w + 02)
(1- prl,w)aszrl,w .

Ps] Low = (25)

(26)

PszLow =

Similarly, by substituting in (3) with y,,;,, we can get the
upper power boundary of §; which is assumed to be equal
to that of S, as follows:

Py High = Ps,High = max {Pmaxs

< 1 ) (Pc,w‘xcb,w _ 02> }’ 27)
s p,w + Csyb,w Ymin

where P, ensures the maximum practical power limit of
Sy and Sp. It is important to note that Py gign and Py, gign

VOLUME 10, 2022



M. M. Salim et al.: Optimal Balanced EH Algorithm for Maximizing TWR D2D Communication Data Rate

IEEE Access

maintain the minimum SINR requirements of the CU during
31.

In order to obtain the lower boundary of the relay power
during 8>, we take the maximum value of the two values that
yield from the substitution of y,;, in (11) and (12). Hence,
the lower boundary of P,, is given by:

Vmin[Pc,wacsl,w + 02]

Py Low = max {
Upysy,w

2
Vmin[Pc,wacsz,w +0°]

} . (28)

Crysy,w

In the same way, we can obtain the upper boundary of the
relay transmission power from (8) as follows:

P lOchw — Vi o2
R c,wch,w — Vmin
1 riHigh = Max {1 max > 1 refw , (29)
1,
Ymin®r;b,w

where P, ensures the maximum practical power limit of
the relay R; at time slot w, while Plfffv = TCEffffv ensures the
causality constraint of the same relay at the same w. It can
be observed that (28) guarantees the minimum SINR require-
ments of R; — S; during &>, while (29) guarantees that of the

CL during 8.

2) PSO Optimization

After the boundaries’ determination, the PSO starts to receive
the input values such as the number of solutions NV in addition
to the lower and the upper boundaries for each parameter.
Since we have four parameters that should be optimized,
the dimension field of each solution is set to four (Dim =
4). The first value of the solution represents p,,, while the
second, third, and fourth value represents Py, , Ps,, and P;,,
respectively. After that, the PSO computes F}, for each solu-
tion using (24a) followed by the step of determining the
best personal solution x” and the global best solution x5.
Next, the current solutions are updated using (22) and (23).
Then, the lower and upper boundaries of each solution are
checked. Clearly, the previous steps are repeated until the
stop conditions are met then the best solution which repre-
sents the values for the parameters p,, Py, Py,, and P, is
returned. The details of the EHPA strategy are illustrated in
Sub-algorithm 2.

B. BALANCED RATE MAXIMIZATION RS SUB-ALGORITHM
(BRMRS)

In this subsection, an RS sub-algorithm namely the BRMRS
is presented. The BRMRS sub-algorithm is capable of select-
ing the optimal relay that maximizes the TWR D2D link rate.
As explained in the EHPA sub-algorithm, the optimal powers
are allocated for each TWR D2D link m so each link can
decide which relay to be selected for its rate maximization.
Obviously, the optimal relay should lie in the area that is
located between S; and S>. Thus, the BRMRS scheme per-
forms the optimal RS relying on the DA mechanism [61].
To reduce the number of nominated relays, two circles with
radius ds,s, are formed, which centers are S and S. The
intersection between the two circles is called the DA, which
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Sub-Algorithm 2 Energy Harvesting Power Allocation Sub-
Algorithm (EHPA)

IHPUt: YIRF, Piax, Ymin> Priw € [Oa 1]’ G, Tonax -
Output: p;/,, P, Poyy, P, VL
1: Inmitialize: P, ,, = Ppax, t = 1.
2: Step 1:Boundaries Determination
3: Determine the lower and upper boundaries of the param-
eters Py, v, Ps, w, Pr,w according to (25) to (29).
Step 2: PSO Optimization
Set the initial value for N solutions.
while ¢ < T, do
Check the boundaries of each solution x; using (25) to
(29).
Compute the fitness value F}, as defined in (21a).
9:  Determine the best personal solution x” and the global
solution x8.
10:  Update the solutions using (22) and (23).
1:  t=t+1.
12: end while
13: Return the optimal solution.

Nk

®

—— dsisr—
| : Delimited Area

FIGURE 3. Optimal RS in the BRMRS sub-algorithm.

is the area used for RS (see Figure 3). Utilizing the DA
mechanism limits the number of candidate relays for optimal
relay selection, which reduces the algorithm complexity. The
BRMRS not only considers the data rate maximization but
also considers the energy consumption fairness among the
candidate relays to achieve high EE. This can be achieved
by selecting the best relay among the candidates lying inside
the DA with residual energies above the average, obeying the
BRE concept, thus achieving balanced energy consumption.

For fixed sub-channels and optimally allocated powers, the
RS sub-problem can be written as:

Ry =max Y RD,. (30a)
MY meM
subject to (21f) and (21h), (30b)

where Ry denotes the selected relay that achieves the max-
imum TWR D2D data rate among the others with residual
energy above the average. After the RS process, the residual
energy is calculated according to (14) considering the over-
flow constraint represented by (21h). The detailed steps of
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the BRMRS strategy are depicted in Sub-algorithm 3. It starts
with step 1 to first calculate the D2D rates for each candidate
relay lying inside the DA. Then, the result is stored in the
relay rate matrix U,,. After that, the best relay is determined
based on the maximum achieved rate. In step 2, the harvested
and residual energies of the TWR D2D Links are determined.

Sub-Algorithm 3 Rate Maximization RS Sub-Algorithm
(BRMRS)
Input: Py, P?{],tm P?§,IW7 P;(f/p,tWaURF7 pi?ﬁiw Enax, G.
Output: Ry, Relays rate matrix Uy, EZ’W, Effefv

: Initialization: [ = 1

: Step 1: Determine R

: for each relay / inside the DA do

Calculate RP2P achieved by R;.

SUum

1
2
3
4
5. Uy < (LRPZD),
6
7
8
9

sum
: end for
: for each relay / inside the DA do
Calculate average residual energy by all relays E, Zﬁz,
: end for
10: if Effffv > E,y, then
11:  Find R; in Uy that achieves maximum TWR D2D link
rate following (30a).
122 Ry <R,
13: end if
14: Step 2: Determine harvested and residual energies of
the TWR D2D Links
15: while [ < L inside DA do

16:  if / equals to S then

17: Calculate EJ! |, and ER¢ following (13) and (14),
respectively, for ,B,(,:',),,W =1

18:  else

19: Calculate Efl’w and Eﬁfejv following (13) and (14),
respectively, for ,3,(,fr)l,w =0.

20:  end if

21 I=1+1

22: end while

C. THE JPARS-EH ALGORITHM

Here, we combine the two aforementioned sub-algorithms,
EHPA and BRMRS, into the JPARS-EH algorithm that is
capable of maximizing the TWR D2D link data rate. The
details of the proposed algorithm are shown in Algorithm 4.
This algorithm assumes that the UL resources are already
allocated by the BS assuming the channel gain matrix G. The
algorithm starts with solving the PA sub-problem in Step 1.
In this step, the transmission power of the two D2D terminals
Py, and Py,, the relay transmit power P,,, and the PS factor
pr,; are optimally determined relying on the PSO algorithm.
This is achieved following the QoS constraints and the EH
causality constraints of the relays as well as the maximum
practical transmit power. During Step 2, the best relay that
lies in the DA with residual energy above the average is
selected. This is performed taking into account the residual
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energy condition relying on constraint (14) with the overflow
constraint represented by (21h).

On one side, the PA of the conventional users is performed
in a centralized way by the BS. On the other side, the TWR
D2D links take are responsible for their PA strategy relying
on the PSO algorithm distributively. This can be done relying
on the relays’ remaining energy following the EH ability of
the TWR links. Besides, the JPARS-EH algorithm provides
a feasible switching between the partially network-aided and
fully network-aided peer discovery mechanisms [68], [69].

1) Big O Notation Analysis: Here, we aim at investigat-
ing the computational complexity of the proposed algorithm
concerning the big O notation. It is worth mentioning that we
consider M TWR D2D links, where the JPARS-EH algorithm
performs the PA and RS processes for each link resulting
in two major sub-algorithms namely EHPA and BRMRS,
respectively. The EHPA sub-algorithm aims to utilize the
PSO algorithm to allocate the optimal transmission power of
the M links. It is well known that the number of PSO solu-
tions N/, the maximum number of iterations T},y,, and the
dimension of each solution Dim represent the computational
complexity of any algorithm that relies on the PSO [67].
Accordingly, the computational complexity of the EHPA
sub-algorithm can be defined as O|M s T)yax (Dimx N +N?)|
for M links, which can be rewritten as O|M * Tpax * N2)|
since Dim < N.

Sub-algorithm 3 defines the BRMRS strategy that selects
the optimal relay that maximizes the TWR D2D link rate
among the candidates, which lie in the DA. In step 1, it is
required to calculate the data rate for every relay [ inside the
DA with complexity O|Lpy|, while the complexity of 0|L% Al
is needed to perform quick-sorting for these rates. Thus, the
big O notation for step 1 is 0|L12) |- The harvested and residual
energy is calculated in step 2 resulting in a complexity of
O|Lpa|. Accordingly, for M links, the overall computation
complexity of Sub-algorithm 3 is O|M * LLZ) 4|- In a nutshell,
the worst-case computational complexity of the JPARS-EH
algorithm is O|M * (Tyuax * N + L},)|, while its best-case
big O notation complexity is O|M % (Tyax * N log(N) +
Lpa log(Lpa))|.

V. NUMERICAL ANALYSIS

In this section, the performance of the JPARS-EH algo-
rithm is investigated concerning various parameters. Besides,
it is compared to one of the most recent EH-aided OWR
algorithms namely RPRS-EH in addition to the UL-max
algorithm. The comparison shows the impact of the TWR
technology on the EH D2D communication performance
underlaying conventional cellular networks when compared
to that of the OWR. In Table 2, the main simulation param-
eters used for our results are shown unless otherwise stated.
It is important to note that all the next results show the per-
formance of one TWR D2D link m sharing the resources of
one CU k at time slot w. Furthermore, it is assumed that there
is no direct link between S; and S> due to the high channel
attenuation between them. Also, the EH data is acquired from
the solar EH real-life data set available at the NREL. The data
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Algorithm 4 JPARS-EH

Input: P, Yiins Emax 77RFa G.
Output: Uy, Ry, E!  ERe ol P, P, P
1: Inmitialization: P.,, = P, UL resource sharing is
assumed to be performed.
2: Step 1: Power allocation sub-algorithm EHPA
3: Select the PSO parameters (i.e., Py,, Ps,, Py, and p;,).
4: Determine the lower and upper boundaries of the selected
parameters from (5), (6), (3), (11), (12), (8), and (21c)
considering the maximum power limit in (21e) and the
causality constraint in (21g).
5: Determine the optimal PA allocation parameters relying
on Step 2 in Sub-algorithm 2.
6: Step 2: Relay selection sub-algorithm (BRMRS)
7: for each relay / that lies in the DA with residual energy
above the average do
8:  Select R; that maximizes the TWR D2D link rate and
then assign it as Ry < R;.
9:  Calculate Ef’,w according to (13).
10:  Calculate E ), according to (14) taking into account
the overflow constraint in (21h).
11: end for

TABLE 2. Simulation parameters.

Parameter Value
Cell radius 500 m
Number of cellular users (K) 10
Number of D2D links (M) 5
Number of relays (L) 100
Sub-channel max. power (Ppq4) 24 dBm
Minimum SINR value (Vyin) 5dB
Path loss exponent (1) 3.5
Distance between S1 and S2 (D) 100 m
Max. EH amount of relays (Emaz) 100 mJ
Time slot duration(7%) 1s
RF conversion efficiency(n ") 0.7
Noise power (o2) -174 dBm/Hz
Number of Iterations 20
Number of solutions (N) 20
Initial inertia weight 0.5
The acceleration coefficients 1.4

is captured in Los Angeles city during June. Furthermore,
each RN is supported with a small solar cell of 90mm x 25mm
(LxW) dimensions.

The impact of varying the distance between the TWR D2D
link m and CL k (i.e., D) on the TWR D2D link rate of the
JPARS-EH algorithm is investigated in Figure 4. Besides, the
performance of the proposed algorithm is compared to the
RPRS-EH and UL-max algorithms. It is clear from the figure
that the more the Dy, the less the interference imposed from
CL k on D2D link m, and the more the D2D link rate. Also, the
results depict the D2D link rate advantage of the JPARS-EH
algorithm over the two other algorithms. This is because of
the use of the TWR model in our proposal instead of using
the OWR model. In Figure 5, the impact of changing P,
on the TWR D2D link rate of the JPARS-EH, RPRS-EH,
and UL-max algorithms is shown. When P,,,, increases, the
chance to compensate for the power loss due to the traveling
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FIGURE 5. The impact of varying the maximum D2D link allowed
transmission power on the TWR D2D link rate.

distance increases. Hence, the TWR D2D link rate increases
with increasing P,y for the three curves keeping better per-
formance for the JPARS-EH algorithm.

The relation between the summation of S and S, transmis-
sion powers (i.e., Py, and Py, ) and distance variation between
the two terminals for the proposed algorithm is depicted in
Figure 6. Clearly, the more the distance between the two ter-
minals, the more the transmission power of S and S, to com-
pensate for the power degradation due to distance increase.
Thus, the TWR D2D link rate maximization is guaranteed
considering the maximum power limit and energy constraints.
Here, the RPRS-EH and UL-max are not considered for com-
parison since they are OWR models and their terminals S; and
S> can not transmit simultaneously.

Figure 7 shows the relation between the RF EH amount
of Ry and the distance between the two terminals D
for the JPARS-EH and RPRS-EH algorithms. Since the
UL-max does not support the EH capability, it is not con-
sidered for comparison in this figure. The figure illustrates
that the amount of energy harvested by Ry, decreases upon
increasing the distance between S and S>. This is because
the received power at Ry, attenuates proportionally with the
traveled distance. However, the proposed algorithm shows
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more EH amount by Ry, when compared to the RPRS-EH.
This is due to the EH advantage of the TWR paradigm over
that of the OWR model. Thus, the TWR D2D communication
achieves better EE.

Figure 8 illustrates the impact of the number of the EHRs
on the TWR D2D link rate for the JPARS-EH, RPRS-EH, and
UL-max at D = 100. Indeed, increasing the number of relays
gives more chances for selecting an EHR with better channel
and position conditions that achieve a higher TWR D2D link
rate. Thus, the D2D link rate increases when increasing L as
depicted in Figure 8. Again, our TWR proposal with its DA
mechanism gives better performance when compared to the
two others.

In Figure 9, the JPARS-EH algorithm is compared to the
RPRS-EH and UL-max algorithms investigating the impact
of varying the distance between S; and S on the D2D link
rate. The results depict that the D2D link rate decays with
the distance increase for the three algorithms. Indeed, the
proposed algorithm shows better D2D link rate than the
RPRS-EH and UL-max algorithms as it exploits the TWR fea-
ture, which performs data transmission in two phases instead
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of four like the OWR technology. This comes with better EH
for the relays capabilities as shown in Figure 7.

Figure 10 depicts the impact of the BRMRS strategy on the
average residual energy of the candidate relays inside the DA
for the JPARS-EH algorithm. The results show a comparison
between the JPARS-EH, RPRS-EH, and UL-max algorithms
for different transmission times and D =100 m. In the case
of the JPARS-EH algorithm, it is shown that the average
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residual energy of the candidate relays is always higher than
that of the two other algorithms. In the BRMRS strategy of
the JPARS-EH, only relays with residual energy above the
average and lie inside the DA are considered as candidates.
This balances the energy consumption among the candidates
and increases their average residual energy. Thus, the overall
D2D communication EE is improved. Also, the JPARS-EH
algorithm gives more significance in terms of the average
residual energy due to the TWR EH capability when com-
pared RPRS-EH and UL-max algorithm (see Figure 7). It is
worth mentioning that the RPRS-EH has an OWR EH capa-
bility, while the UL-max has no EH capability. Therefore, this
gives more advantages to our proposal.

VI. CONCLUSION

In this paper, we study the problem of joint PA and RS
for the EH TWR D2D communication links that share the
UL spectrum of the cellular network. In addition, the par-
ticipated relays are considered hybrid RF/RE-based EHRs.
To maximize the TWR D2D links rate, the JPARS-EH algo-
rithm is developed to jointly optimize the transmission power
of all users and the PS factor of relays based on the well-
known meta-heuristic algorithm PSO. Besides, the best relay
is selected based on the DA mechanism taking the balanced
energy consumption of the relays into account. The numerical
results show the consistent behavior of the JPARS-EH algo-
rithm concerning different simulation parameters. Further-
more, the proposed algorithm is compared to two of the most
recent EH OWR D2D communication algorithms called the
RPRS-EH and UL-max. It is clearly shown in the results that
the JPARS-EH algorithm outperforms the RPRS-EH algo-
rithm in terms of the D2D link rate and EE. As a part of
the future work, it is expected to integrate the IRS and UAV
technologies with our model so the D2D performance can
be boosted. Last but not least, future work should take into
account the imperfect CSI assuming the channel gain varia-
tion at each time slot.
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