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Abstract

Providing an achievable throughput performance with optimal resource allocation in energy constrained device-to-
device (D2D) wireless communication via Energy harvesting (EH) scheme with sustainable lifetime extension is of curial
concern. However, existing resource allocation methods used to achieve throughput performance is limited due to the
impractical characteristic behaviour experienced in conventional EH models and the intractable complex characteristic
of the non-linear model. These limitations have hindered the performance of simultaneous wireless information and
power transfer (SWIPT) enabled D2D networks in attaining its optimal throughput performances. In this paper, the
performance of Time Switching (TS) scheme on D2D relaying network using the piecewise linear EH model for Amplify-
and-Forward (AF) protocol was performed. An achievable throughput maximization problem was formulated based on
available instantaneous channel state information (CSl) and the solution was derived in terms of optimal TS ratio and
allocated power. A resource allocation algorithm was proposed for the management of the derived solution. Simulation
results obtained revealed that the developed resource allocation algorithm achieved a better throughput performance
than the existing linear and non-linear EH models.
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1. Introduction Simultaneous Wireless Information and Power Transfer

. . . (SWIPT) has become a key research focus. SWIPT can
As wireless communication systems develop rapidly,

the projected growth to over 8 trillion mobile users by extend network lifetime [6] and is uniquely available for

2030 [1] will place significant strain on Internet of mobile D2D devices, even when tradlt.lonal enerey
sources are not [7, 8]. Importantly, various research
shows that SWIPT can satisfy Quality of Service (QoS)

and security requirements in critical, energy-

Things (loT) networks to satisfy increasingly demanding
throughput needs. loT applications are expanding in

scale across diverse sectors such as residential,

. . . . . constrained scenarios, including in cognitive radio
industrial, and financial domains. Although numerous ! g g

. . L. . k , wirel i ks [10,11],
wireless technologies which include Bluetooth, ZigBee, networks [9], wireless cooperative networks [10,11]

and Wi-Fi have been developed for 10T, many rely on and non-orthogonal multiple access (NOMA) systems
[12]. The two fundamental schemes for SWIPT are Time
Switching (TS) and Power Splitting (PS) [13, 14]. TS

operates in the time domain, switching between

unlicensed frequency bands, which often cannot
guarantee consistent quality of service (QoS) [2, 3]. To

address this, Device-to-Device (D2D) communication H ) d inf ’ t' |
L . t .

which is one of the key components of 5G technology is enhergy harvesting ?n information recep' |(?n n
. contrast, PS operates in the power domain, dividing the
expected to support many loT systems by offloading ) ) oal § dinf )
. . t t

traffic from cellular networks [4]. By enabling nearby incoming signatfor concurrent energy and information

. . . . rocessing.
devices to communicate directly, D2D improves cellular P J
throughput, reuses licensed spectrum efficiently, and In addition, SWIPT can also categorized according to
reduces reliance on base station routing [1]. linear or nonlinear model based on the rectifier's

. . . . characteristics [15]. The linear model, extensively
Mobile devices are energy-constrained, creating a

" . L explored in earlier literature, assumes a direct,
critical need for reliable power at communication

. . . . . roportional relationshi between input radio
terminals. While studies have considered conventional prop P P

i D
sources like solar and wind energy, these are hindered frequency (RF) power and harvested direct current (DC)

by the mobility of D2D nodes [S]. Consequently, power. However, this simplification fails to capture the
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impracticalities of actual EH circuitry. As a result, recent
research interest prioritizes the nonlinear model, which
incorporates the essential nonlinear dynamics of
rectifying components such as diodes and capacitors.
The design of SWIPT schemes for cooperative relaying
networks has been extensively explored and are
reviewed therein. In the work of [11], the closed form
expressions for the optimal TS and PS ratios were
derived to optimize the ergodic throughput and outage
probability in AF relaying networks using the linear EH
model.

Salim et al. [16] studied EH in cooperative D2D
networks using a linear EH model with PS. The paper
examined how the distance between the D2D
transmitter and receiver affects both the network data
rate and the energy harvested at the relay node.
However, the linear model overestimated the
harvested energy and misrepresent the data rate
relative to network parameters leading to inefficient
resource allocation. Boshkovska et al. [17] analyzed
resource allocation using a logistic nonlinear EH model,
formulating an algorithm to maximize harvested power
under Signal to Interference Noise Ratio (SINR)
constraints. The results showed the logistic model
surpasses a linear EH model in performance. However,
the logistic nonlinear model's harvested energy curve
remains an approximation, failing to fully capture
actual circuit behavior due to the complexity of the
optimization problem.

Bai et al. [18] examined the performance of logistic
nonlinear and fractional EH models for AF relaying with
a direct link. The paper analyzed resource allocation for
both models using the PS scheme based on system
capacity.  Although both nonlinear  models
outperformed the linear EH model, they introduced
significant computational complexity in achieving the
optimal system capacity. The author in [19] studied
linear and logistic nonlinear EH models in concurrent
cellular and D2D communications over Rayleigh fading
channels. The work analyzed the total throughput and
harvested energy under both TS and PS schemes for
each model. The authors derived closed-form
expressions for achievable throughput under both EH
models for cellular and D2D links. Results indicated that
the logistic nonlinear model provides a much closer
approximation to practical EH circuit behaviour and
achieves higher throughput compared to the linear
model. However, the logistic nonlinear model's
analytical complexity makes it less tractable for
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optimization. Lu et al. [20] optimized throughput in a
HD, AF relaying network using PS and TS EH schemes
under a piecewise linear EH model at the relay. The
throughput under each scheme was analyzed and
compared with traditional linear EH for resource
allocation. Results indicated that the piecewise linear
model outperforms the linear model, with PS
surpassing TS under low noise conditions and TS
performing better under relatively high noise.
However, the study did not consider the effect of
interference on network performance.

Babaei et al. [21] analyzed the performance of dual-hop
AF relaying in HD mode, comparing realistic nonlinear
and conventional linear EH models. Their study
evaluated bit error rate, outage probability, and
throughput, finding shows that both models behave
similarly and provide realistic results at low harvested
energy levels. The analysis did not consider the effect
of interference signals on network performance. Pan &
Zhu [22] investigated energy-efficient power allocation
in a non-linear EH two-hop multi-relay DF cooperative
system. The work evaluated the energy efficiency and
harvested energy using the piecewise linear EH model
under PS scheme. The results obtained showed that the
piecewise linear model outperforms the conventional
linear model. However, the study did not account for
the impact of interfering signals on the network. The
reviewed literature revealed a trade-off between
tractability and accuracy in EH modelling. While the
linear models are simple but lead to resource allocation
mismatch, the logistic nonlinear models are analytically
complex and intractable. Furthermore, prior
adaptations of piecewise linear models neglect the
impact of interference. This paper bridges these gaps
by proposing an enhanced piecewise linear EH model
that maintains tractability while incorporating
interference for greater practical accuracy.

Therefore, the contributions of this work are presented
as follows:

i Proposed an enhanced piecewise linear EH model
for HD AF cooperative D2D TS systems, bridging
the tractability-accuracy trade-off by avoiding the
overestimation of linear models and the
intractability of logistic nonlinear models.

ii.  Unlike prior adaptations, the proposed model
explicitly accounts for the impact of interference
on the formulated throughput optimization
problem for AF relay assisted D2D communication
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network, leading to greater practical relevance
and accuracy in resource allocation.

iii. The optimization problem was solved using the
Lagrange dual decomposition method and a
matching resource allocation algorithm was
developed.

The remainder of the paper are presented as follows. In

Section 2, the method used in the proposed model was

presented while Section 3 gives the result and

discussion. Section 4 concludes.

2. Methodology

A. System Model

This paper investigates an amplify-and-forward (AF)
relaying network, where the relay node employs a
piecewise linear time-switching (TS) scheme. In the
system model, a D2D transmitter, S, communicates
with a D2D receiver, D, via a relay node, R. The
transmission is subject to interference from a cellular
user equipment (CUE), as illustrated in Fig. 1. Due to
severe fading, the direct link between S and D is
considered unavailable and is thus omitted from the
analysis.

RIS
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— — > energy harvesting
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— — % Information Link

Fig.1: System model

The path loss is modeled as d™V, where d denotes the
distance between corresponding nodes and v is the
path loss exponent. Each wireless link experiences
frequency non-selective Rayleigh block fading. It is
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assumed that the relay has access to instantaneous
channel state information (CSl), enabled by advanced
channel estimation techniques [19,23]. All nodes are
equipped with a single antenna and operate in half-
duplex mode. The relay is energy-constrained and
harvests energy from both the D2D transmitter’s signal
and the interfering signal from the CUE to power its
transmission. The energy consumed by relay circuitry is
considered negligible compared to the energy required
for D2D transmission and is therefore ignored in the
analysis [24, 25].

B. Piecewise Linear Time Switching Scheme

This work studies a piecewise linear time-switching (TS)
scheme to enhance the achievable throughput of a D2D
network employing AF (amplify-and-forward) relaying.
The protocol divides each transmission block of
duration T into two phases. In the initial phase of
duration aT, the D2D transmitter sends a signal,
enabling the selected relay R; to harvest energy. The
remaining block time (1 —a)Tis dedicated to
information transmission. This second phase is further
split equally: the first half, (1 — a)T /2, is used for the
source-to-relay link, and the second half for the relay-
to-destination link. This frame structure is illustrated in
Fig.2.

by *

Energy Hanvesting at < R R )

§ - Information Tramsmission
Information Transmission

Fig.2: Time switching frame for energy harvesting and
Information processing at the relay.

During the energy harvesting phase, the received signal
at the ith selected relay, is given as:

Vri =\ PE hsrXs +4/PE hp 1y, (1)

where P7 and Pf are the respective transmit power of
the D2D transmitter and CUE, respectively, hg,, and h¢,,
are the channel responses of the D2D transmitter to the
ith relay and the interference link from the CUE to the
D2D link, respectively. x, is the normalised signal from
D2D transmitter such that E{|x,(t)|?} = 1 and
n,,~CN (0, 02) is the AWGN caused by the receiving
antenna at the relay. The channel responses are
obtained as:
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hSri :gSr,-d.sTry,- (2)
hCri= gCridE;,,- (3)

where gg,, and g¢,, are the Rayleigh fading channel
coefficients accordingly, v is the path loss exponent
corresponding to large scale fading of the transmission
channel, dg,, is the distance between the D2D
transmitter and the relay node, d,, is the distance
between the CUE and the relay node. The amount of
energy harvested at the ith relay during aT using
piecewise linear EH model is obtained as:

0, Pgi < P,
ETS — (arPRi +b)aT, Pgi € [P, P51, (4)
hi k=1,..,N—1.
Pno;T P > P

The practical transmit power of the ith relay is
obtained as:

( 0' ng < Ptlh
2(axPRE+bi) TS k pk+1
——=—— Ppy € |P/},P )
p = 1-a; RF [ thr F'th ] (5)
‘ k=1,.,N—1.
2Ppa;

T Pl > Pl
where Py,= {Pgﬁlll <k < N} are thresholds on Pgp,
for N+1 linear segments, a; and b, are slope and
intercept for linear function in the k" segment,
respectively. B, denote the maximum harvestable
power when the EH circuit is saturated. The input
power to the energy harvester denoted by ng given
as:

ng = Pts hST'i + V PtC hCTi + nri (6)

In the second phase, the D2D transmitter transmits its
signal to the relays. The signal received at the it" relay,
which includes interference from the CUE and
baseband conversion noise, is given by

xri = Pts hSrl-xs t Ptc hCri + nri t+n (7)

Here, n, ~ CV'(0, 62) represents the complex additive
white Gaussian noise introduced during the RF-to-
baseband conversion at the it" relay within the CUE
band. In the subsequent information transmission
phase, which occupies half of the remaining time
slot (1 —a;)T/2, the relay amplifies the received
signal. This amplified signal is then forwarded to the
destination using the energy harvested by the relay
node. Consequently, the signal received at the D2D
receiver can be expressed as:

Ya = hypBxr +ng (8)
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Where h,p = grpp drp is the channel response
between the selected relay node and D2D receiver and
Jr;p is the complex channel coefficient, d,.p is the
distance between the relay node and the D2D receiver.
The amplifier gain of the AF relay denoted by S is
obtained as:

Py,
B = - (9)

2 2
S C 2 2
P |h5ri| +Pg |hCri| +o¢+ oy

Substituting equations (7) and (9) into equation (8)
gives:

Ya = r ~hep (\/P_ts hsr x5 +

2 2
S C 2
PP |h5ri| +Pg |h(;ri| +oi+ of

\/P? h’CTi) + Pri hTiD X

2 2
P |nsry| +PE|nery| +o2+ o

(ny, + ne) + ng (10)

The instantaneous signal-to-interference-noise ratio
(SINR) at the D2D receiver from equation (10) is
obtained as:
Yeze
2 2
PTszlhTibl |h57’i|

" Pl (72 + 0+ PEl ") + & (RSl + el + 2 + o2)

(11)

The achievable throughput of the cooperative network
in TS scheme is given as:

_ (1-a)T
- 2

T lo.gz(l + Yeze ) (12)

C. Relay selection for TS scheme in AF

relaying protocol
For the AF relaying protocol using the TS scheme, the
optimal relay was selected according to an end-to-end
SINR criterion at the destination. This selection,
leverage on full CSI to reduce the outage performance
as in [17], yields the relay index i for the TS scheme as:
i = arg max  Veae (13)

Jj1=1,2,...

D. Problem formulation for throughput for TS
scheme in AF protocol

Based on the non-linearity of practical energy
harvester, an optimal dynamic TS scheme is designed to
maximize the achievable throughput 7, which is
obtained as:
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max T
S

a,Py 20
s.t.Cl:0<; <1
C2:0 < Pf < Piman 14)
€3:0 < Pf< Plman
C4: PS> P},
C5: Pt < PIS < pk+?

P1:

where C1 sets the range of the TS ratio, C2 denotes the
maximum transmission power of the D2D transmitter,
C3 denotes the maximum transmission power of the
interference from the CUE, C4 denotes the minimum
received power required for the selected relay to
activate its EH circuit, which implies the EH circuit
sensitivity, C5 implies that the energy harvester of the
threlay, works in the k'* linear segment in the
piecewise linear EH model.

According to the harvested energy in equation (5),
three cases for the optimization problem is considered
as follow:

Case 1:If P < P}, ,then P. =0. Thus, in this case for
any value of al, T, = 0.

Case II: If PL§ € [P, PEY'], Yk €{1,., N—1}, the
energy harvester operates in the k-th Ilnear regions

2(agPrp+br)a
where P, % .Then 1y, is obtained as:
i

Viai

_ (Q=a)T
- Wya+Z(1—-a;)

log,(1+ ) (15)
where V. = 2P (@ PES + by o | s, |

We=2|hyp|* (acz + of + PE|hC,i|2) (axPE + by)

2 2
Z =03 (PP |hsy|” + P|her|” + 02 + of)

ZPmIZl

Case ll: if PYS > PN, PB. = , then Ty is obtained

as:

oy =2 1og, (1+—2% ) (16)

Wya+Z(1-a;)
where Vy = 2P |hrD| |hsr, | Py
Wy = 2|hyp|” (02 + 07 + PE|hcy,|”) P
E. Solution to the Formulated Problem

Consider the three cases from the problem
formulation, the solution is obtained as follows:

Case 1: Since T = 0, substituting for 7 into problem P1,
the solution to problem P1 gives zero for any value of
a; and PS.

Case II: Based on equations (15) and (16) when PL3 >

Ptlh, then 1 in the k-th, V k € {1,..., N} linear region is

Vol 47 No.01
January 2026

same as in equation (15) assume that T = 1s, then the
problem can be written as:
max ‘) log, (1 + L)

P2: q;p; Wiai+Z(1-a;)
s.t. C1-C5

(17)

Employing Lagrange dual decomposition to solve P2,
the Lagrange function is given by:

L (Ptslai'ﬁl'alr D1, €1) = T — Pr(a; — 1) — 51(Pts -
Ptsimax)) - Q)l (Ptc - P&max)) + El(ng - Ptlh) (18)

where $;, 8;, @, and €, are Lagrange multipliers for C1-
C4, respectively. Then the dual optimization problem is
obtained as:
P3: L (P, a;, B, 61,01,
(B0 Gy - (P 0 P00 01 0)
s.t. C5. (19)

The following proposition is a part devoted to solving
P3.

Proposition 1: Based on equation (19), P3 is convex
with regard to @; when PS is fixed. Similarly, P3 is a
convex problem with respect to P when a; is fixed.
Proof: See Appendix A.

Based on proposition 1, the local optimal «f, can be
determined for a given P?, using Karush-Kuhn-Tucker
(KKT) conditions to obtain the expression for a;, where

OL(P?,i,B1,81,81,
T=1s as (Py,i,B1,81,91.€1)

94, =0.

Obtaining L(P?,a;, By, 8,04, €,) with regards to a;,
using KKT condition gives:

et ) +p=

Wyai+Z(1—-a;)
ViZ(1-ap)logs
2(Wkai+Z(1—ai)+Vkai)(Wkai+Z(1—ai))

%logZ (1 +

(20)

Observation from equation (20), shows that a; can only
be solved numerically. Similarly, to obtain the locally
optimal P7 for the optimized a;, then the first order
derivative of L(P?,a;, 1,81, ®,, €;) with regards to P
is obtained. Equation (18) can be re-written as:

L (Pts: a;, By, 01,01, €1) =

v'p§
Alogz (1 + m) - ,Bl(ai - 1) - 61(P£S -
Pts(max)) ®I(PL' - t(max))+ EI(PIQE P h) (21)
1—a;
where 4 =%, V'=2a;(aPES + bi) || | s |

’ 2
W' =2|hyp|* (02 + 62 + PE|he,|”) (wePEE +bo) i,
2
= a3~ o
=o2(Pf |hc,.l| +02+ o?) (1 - ap).
With W"'=W' + Z’ , therefore equation (21) becomes:
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v'pf
L (Pts! ai;ﬁl, 51, @1, 61) = Alogz (1 + L ) —

w''+BP;
ﬁl(a - 1) - 51(Pts - t(max)) Ql(Pt - t(max))
+ € (PF — Ph) (22)

Therefore, obtaining L (P, a;, fy,081,01,€;) Wwith
regards to P, when q; is fixed, gives the optimal values

of PS, this can be obtained by solving the equation (22)
OL(PE @iB1,81,01,€1)

by applying the KKT condition TS =0.
t
Equation (22) can be obtained in quadratic form as:
ClPtS2 + PS+c3=0 (23)

Therefore, the optimal value of Pts, in P3 is obtained
as:

* — 2_
Pts — Cyty/Cy—4c C3 (24)

2¢q
where ¢, = (-6, + el|hsn.|2)B(B + V")
= (=6, + & |hsy | IW" 2B + V")
5= AV'W"logs + (=6, + €|hsy,|IW"?

Therefore, the solution to equation (24) is based on
two cases as:

Case 1: If ¢2 — 4c,c3 = 0, there exist two equal real
roots.

Case 2: If ¢2 — 4c,c3 > 0 there exist two real roots.
Then gradient method is used to update the values of
the Lagrange multipliers as follows:

Bi(t+1) = {B() +s1(a; — D}
8u(t+1) = {8:(6) + 52(PS = Pman))”
0.(t+ 1) = {0:(0) + 5P — Pomary)}”

e(t+1) = {e(0) — sy (PIE - PL)}

Where sy, S5, 53 and s, are the step sizes for the linked

(25)

constraints and are needed to be adequately initialized
in order to guarantee convergence and optimality. Also,
t is the iteration index. In this paper, the step size for
updating the Lagrange multipliers is set as 10°. An
iterative algorithm given in Algorithm 1 is used to
determine the optimal a; and PS. The segment that
maximizes the throughput of the TS enabled relay aided
D2D link is obtained by k* =
argmax {t,, Ty ... .. ..., Ty}. The algorithm also
performs the relay selection scheme based on full CSI
of the link, where the maximum number of iterations is
denoted by [. The iteration terminates when the
difference between the value of the achieved
throughput and that of the previous throughput in
previous step is smaller than ¢. The maximum number
of linear segments is denoted by N,
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Algorithm 1: Determination of Optimal value of Pts* and
a;* that maximizes the Throughput

1: Begin
2: Set parameters: {P] h}k P2 Pliamaxy 07, 92,
ol {a Nzt (b IR=t, i=123..M,¢,t=0;

3: Input: CS|, h¢,.,, hgy, and by p:

4.0utput: PS", a;*, Ty,

5: Initialize: the maximum number of iterations

6: Compute Prs;

7: if PI3 < P} ,thenP. =0,7 = 0 and flag=0;

8: else

9: flag =1

10:  While P%, < PIS < P};

11: sett=t+1

12: fork = 1: N, do

13: initialize value of P to obtain a;* by
calculating equation (21)

14: whilet <ldo

15: use the achieved value of «;(t) to obtain
PS(t + 1) based on proposition 1 and use
equation (24)

16: use the calculated P7 (t + 1) to obtain
a;(t + 1) based on proposition 1 and use
equation (21)

17: ift,(t+1)— 7,(t) < ¢ then

18: Tt +1D) = E2l0g,(1+ y,,(+1))
19: update Lagrange multipliers using (25)

20: continue

21: else

22: PE=Pi(t+1),a;= a;(t+1), T =T (t + 1)
23:  endif

24: end while
25: end for
26: end while
27: end if

28: while P13 > P},

29: obtain PZHY and decide the maximum number
of segments: Ny,

30: for k=1: N, do

31:  j*=argmax{ty, Ty oo o, Ty}
32:  obtain P§", afand 7,
33:  end for

34: fori=1:M ,k = 1: Ny, do

35: compute the index of the selected relay based on
equation (13)

36: end for

37: end while

38: End

3. Results and Discussion

This section presents simulation results to demonstrate
how optimal throughput is achieved in the proposed
piecewise linear model for an AF relaying network. The
analysis leverages the derived closed-form expressions,
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showing how throughput depends on the TS ratio and
the D2D transmitter's power. Simulation parameters
are listed in Table 1. To obtain the maximum
throughput, the mathematical model formulated in
Equations (18) and (22) was solved using Lagrangian
duality and KKT conditions. The model was then
simulated and averaged over 100 runs in MATLAB
R2021a. The corresponding results are shown in Figures
3to5.

Fig. 3 illustrates the relationship between Input RF
Power and harvested DC power for different EH
models. The Linear model significantly overestimates
harvested power, as it fails to capture the nonlinear
saturation effects of practical rectification, despite its
analytical simplicity.

Table 1. Simulation parameters

Parameter Value
Path loss exponent, v 3
Maximum transmission power, of source 30dBm

s
Pt(max)
Transmission Power, of CUE Ptc(max) 30dBm

Noise power 62, 63, 05, 02 -100dBm

Receiver power segment [0,20, 35, 50] mW

[PS,, P&, P3, P35, withN =3
Coefficient [a,, a; a,, az],
Intercept [ by, by by, bs]
Receiver power segment
[Péhs Péns Péi P P,

with N = 4

Coefficient [a,, a; a,, az, as]

[0.34, 0.553, 0.584, 0]
[0,-4.266, -5.34, 23.8]mW

[0, 20, 35, 40, 50] mW

[0, 0.68, 0.454,
0.463,0]

Intercept [ by, by by, b3 ] [0.3,-6.8,1.11, 7, 24]mW

Circuit Power consumption, P, 20dBm

In contrast, the proposed piecewise linear model with
k=4 demonstrates high accuracy, closely aligning with
the measured data [26], followed by the k=3 variant. As
shown, increasing the number of segments improves
the approximation of the smooth nonlinear curve,
making the piecewise linear approach both accurate
and mathematically tractable for optimization. This
superior fit explains why the resource allocation
algorithm based on the k=4 model achieved higher
throughput in your earlier results. By accurately
representing real-world energy harvesting behavior,
the algorithm can make better decisions—such as
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selecting the optimal TS ratio of 0.29, leading to
improved performance.

—¥— Linear EH (;=0.8)

== Piecewise linear EH Model (N=3)
[ ==s== Piecewise linear EH Model (N=4)
9 Measurment Dala

N — Conventional Non-linear EH Model

40r

[
[t

[
=

ro
(3]

Harvested Power (mWWW)

0 . . . . . .
0 10 20 30 40 50 60 70

Input RF Power (mW)

Fig.3: Harvested power against Input RF power

Fig. 4 shows how average throughput varies with the TS
ratio under different EH models. The proposed
piecewise linear model performs best, with its k=4
variant outperforming the conventional nonlinear and
linear models. At a TS ratio of 0.22, the k=4 model
achieves 1.53 bps/Hz, compared to 1.41 bps/Hz for k=3,
1.10 bps/Hz for conventional nonlinear and 0.98 bps/Hz
for the linear model. While the conventional models
peaked at TS ratio of 0.22, the proposed piecewise
linear models reach maximum throughput at TS ratio of
0.29. This confirms that the resource allocation
optimized for the proposed piecewise linear EH model
is more effective. Moreover, increasing the number of
segments in the model steadily improves allocation
performance.

Fig. 5 compares average throughput versus D2D
transmitter power for different EH models. The
proposed piecewise linear model consistently
outperforms the others, particularly at a TS ratio of 0.2.
Its peak throughput occurs at a TS ratio of 0.29. For
instance, at the transmit power of 18.24 dBm, the
average throughputs obtained were 0.88, 0.84, 0.64,
and 0.55 bps/Hz for k=4, k=3, nonlinear, and linear
models, respectively. The throughput rises with power
for all models, converging near 28.24 dBm for the
optimal transmit power. At this point, the throughputs
reach 1.54, 1.48, 1.13, and 0.98 bps/Hz for k=4, k=3,
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nonlinear, and linear models, respectively. The
proposed piecewise linear model, especially the k=4
variant, maintains a clear advantage due to its refined
segmentation and supporting resource allocation
algorithm.

Average Throughput (bps/Hz)
o
oo

Piecewise linear EH Model (N=4)

—O— Piecewise linear EH Model (N=3)

—%— linear EH Mode!

=== Conventional Non-Linear EH Model

0 L L I I I T I L
0 01 02 03 04 05 06 07 08 09 1

Time Switching Ratio o,

Fig.4: Average Throughput versus TS ratio
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Average Throughput (bps/Hz)
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=

0‘ G £ — I 1 Il 1
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Fig.5: Average throughput versus transmit power of
D2D sources

4. Conclusion

This paper has presented the piecewise linear TS
scheme for an AF relaying protocol in cooperative D2D
network. A throughput optimization problem was
formulated and constrained to instantaneous network
resources. The formulated problem was solved using

Vol 47 No.01
January 2026

the Lagrange dual decomposition method. Simulation
results demonstrated that the proposed piecewise TS
scheme outperforms the conventional linear and non-
linear EH models in terms of throughput performance.
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APPENDIX A

Proof of Proposition 1
In order to obtain the convexity of the optimization
problem in equation (20). The second-order derivative
of the Lagrange function L (P7,a;, By, 81, @, €;) with
regard to a;, with P? regarded as a fixed value, where
T=1s, is derived. The Lagrange function is denoted as L
for simplicity. The second-order derivative is obtained
as:

2L —(Vi2+2VWy)Z2(1—a) —2Wi (Vi 24V W) Za;
a2 2(Z(1-a)+Wra)2(Z(1—a)+(Vi+Wi)a; )2 In 2

(A.1)

Based on equation (A.1), all variables and constants are
%L .
greater than zero, therefore Py <0 will always hold
v

for 0 < a <1, which makes P3 to be convex. Similarly,
when a;is fixed, the second-order derivative of L with
regard to P? is obtained as:

%L _

apst

2 2 2 2
2ABV'W'' " +24B2PFV'W' + AV W' "+ 24BPEV' "W’

2 2 N\2
(W' +2BPSW'"+B2PS +P§ V'W' +BPS V') In2

(A.2)
All variables and constants in equation (A.2) are greater

a%L L .
than zero, —2 < 0, so the optimization problem is
aP;

convex with regard to P when q; is fixed. Therefore,
combining equations (A.1) and (A.2), proposition 1 is
proven.
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