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Abstract: In order to support a massive number of resource-constrained Internet-of-Things (IoT)
devices and machine-type devices, it is crucial to design future beyond 5G/6G wireless networks in
an energy-efficient manner while incorporating suitable network coverage expansion methodolo-
gies. To this end, this invited paper proposes a novel two-hop hybrid active-and-passive relaying
scheme to facilitate simultaneous wireless information and power transfer (SWIPT) considering
both the time-switching (TS) and power-splitting (PS) receiver architectures, while dynamically
modelling the involved dual-hop time-period (TP) metric. An optimization problem is formulated to
jointly optimize the throughput, harvested energy, and transmit power of a SWIPT-enabled system
with the proposed hybrid scheme. In this regard, we provide two distinct ways to obtain suitable
solutions based on the Lagrange dual technique and Dinkelbach method assisted convex program-
ming, respectively, where both the approaches yield an appreciable solution within polynomial
computational-time. The experimental results are obtained by directly solving the primal problem
using a non-linear optimizer. Our numerical results in terms of weighted utility function show
the superior performance of proposed hybrid scheme over passive repeater-only and active relay-
only schemes, while also depicting their individual performance benefits over the corresponding
benchmark SWIPT systems with the xed-TP.

Keywords: 5G and beyond/6G wireless networks; greencom; IoT; passive repeater; relaying systems;
SWIPT.

1. Introduction

The world witnesses the introduction of a novel generation of wireless communica-
tions in approximately every ten years. With the current speedy deployment of hardware
for the fifth-generation (5G) of mobile wireless systems in 2021, we are now at a juncture to
anticipate what lies ahead for the constitution of the sixth generation (6G) mobile cellular
systems [1]. The incoming crucial updates to the hardware equipment for 5G may require
dense infrastructure deployment [2]. In future, it will become important to leverage the 5G
architecture for internet-of-things (IoT) systems, along with the introduction of some meth-
ods to increase the coverage area as well as considering energy harvesting (EH) frameworks
while embracing the concept of Green Communications (Greencom)-IoT systems.

To enhance the network coverage of wireless communications systems, certain well-
known methods such as passive repeater (PR) and/or relaying have shown immense
potential [3]. A PR is a battery-less device used to reflect the transmit signal (with encoded
data) towards the desired user, where it may be utilized to energize the IoT devices as
well as to enable the deployment of battery-free devices in future networks [4]. Noticeably,
traditional backscattering may be considered as a special form of PR. In case of an active
relay (AR), the transmitted signal from the source is received at the relay device and
re-transmitted to the end-user after either a direct amplification according to the amplify-
and-forward (AF) protocol, or a decoding or quantization process before its re-transmission
as a re-encoded signal with message suppression, according to the decode-and-forward
(DF) protocol [5,6]. Regarding the facilitation of EH at the end-user, the simultaneous
wireless information and power transfer (SWIPT) technique seems promising [7,8]. In this
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regard, the power-splitting (PS) [9] and time-switching (TS) [10] schemes have been widely
considered to deploy SWIPT receivers in practice.

Considering the latest trends in relaying methodologies pertaining to the recent ad-
vancements in electromagnetic materials [11–14], the notion of Reconfigurable Intelligent
Surface (RIS) [15] or Intelligent Reflecting Surface (IRS) [16] holds immense potential.
Concretely, an RIS is a two-dimensional surface that interacts with the incoming elec-
tromagnetic waves using several small reflecting elements that are electronically tuned
[17]. More specifically, a transmitted signal intended for an end-user may be more effi-
ciently sent over a wireless medium, where the channel could now be controlled via an
RIS such that a metal plate is rotated or bent to redirect the corresponding incident wave
[18]. The meta-materials considered herein are expected to inherit some extra-ordinary
electromagnetic features that are unnatural [19], such as, adverse refraction [20], flawless
assimilation/absorption, and atypical reflection/scattering [21]. To ensure the possibilities
discussed above, an ideal RIS must be comprised of large number of elements having
controllable properties [22], wherein any alteration to the reflection coefficient (e.g., phase
shift or re-modulation) of the elements can control the beamforming of the incident waves.

However, the above prospect of realizing RIS seems promising, there are still several
challenges associated while considering its practical implementation aspect [23]. In this
vein, three major concerns include: (i) difficulty in providing continuous and uninterrupted
power-supply to the RIS elements given their active nature; (ii) continuous switching meth-
ods to adapt the RIS elements according to the reflection needs, which require additional
computational resources and energy; and (iii) management of thermal noise at the very
RIS small elements (given their designs are more suitable for high frequency operations)
becomes an issue, primarily due to continuous frictional operations and power supply.
Besides, it is extremely difficult to ensure proper supply of energy where power resources
are scarce. Therefore, it becomes natural to seek the PR alternatives as other complemen-
tary methods to the RIS. In this manner, the benefits of employing the reflectors may be
harnessed using the passive means in the instances where the deployment of active-RIS
becomes challenging [24].

Recent developments in the area of PR and AR type of schemes have focused on
important aspects such as cooperation enhancement, however, with the consideration of
a linear EH model [25,26]. In [27], the authors presented an interesting framework for
wireless energy beamforming in the reflector-and-relay based communications system,
wherein a non-linear EH mechanism is considered at the intermediary device but not at the
end-user. Additionally, most related works focus on the maximization of either the signal-
to-noise ratio (SNR) [28], or the throughput [29]. However, it is important to optimize
the joint metrics of data throughput, harvested energy and transmit power of the SWIPT-
enabled 6G systems. On one hand, it is noteworthy that the reflector-only mechanism may
not be suitable for dense deployment scenarios [4,30]. Whereas on the other hand, the
power-dependence of relays is critical in the relaying-only scenarios, wherein a power-
failure may lead to the collapse of the entire wireless system without any backup. In this
regard, the hybrid PR and AR based scheme may ensure a sustainable wireless ecosystem
where both devices may supplement or complement each other accordingly. Moreover, in
the context of the hybrid framework, a comparative study between the PS and TS SWIPT
schemes with non-linear EH model along with the design of dynamic dual-hop time-period
(TP) has not yet been investigated in the literature so far.

In this invited paper, we present a dual-hop system wherein a transmit source transfers
both information and energy to a SWIPT-enabled end-user employing either PS or TS
architecture. We investigate three distinct Greencom systems incorporating a PR node,
an AR node, and a novel hybrid active-and-passive relaying node, respectively; which
either reflects and/or re-transmits the information-and-energy signal to the end-user, in
addition to the weak direct link. The novelty and main contributions of this work are listed
as follows.
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Figure 1. Dual hop system with a PR and/or AR device.

(i) In contrast to the existing reflector-only and relaying-only techniques, we propose
a novel hybrid active-and-passive relaying scheme to facilitate SWIPT to a PS- or TS-
enabled end-user, along with the dynamic designing of dual-hop TP, under certain receive
processing assumptions.

(ii) We formulate a novel problem (incorporating the three systems) to maximize the
weighted utility function comprising data throughput, harvested energy and transmit
power, subjected to some quality-of-service (QoS) constraints. Unlike the other works that
assume equal time-intervals in the two hops (also considered herein as the benchmarks),
we present a framework to dynamically design the TP for the dual-hop link, along with the
computation of the PS or TS factors.

(iii) In order to solve the aforementioned problems, we present two distinct meth-
ods based on the Lagrange dual technique and Dinkelbach method assisted convex pro-
gramming, respectively, where both the approaches yield an appreciable solution within
polynomial computational-time.

(iv) The effectiveness of the proposed hybrid active-and-passive relaying scheme is
shown over the reflector-only and relay-only schemes for both PS and TS SWIPT schemes
via numerical analysis, with individual benefits shown over their respective benchmark
designs having a fixed TP.

The remainder of this paper is organized as follows. Section 2 presents a description of
the system model and Section 3 provides an analysis of the considered Greencom networks.
Section 4 focuses on the joint optimization of data throughput, harvested energy and
transmit power. Section 5 presents the simulation results. Finally, Section 6 concludes the
paper.

2. System Model

We consider three wireless Greencom network scenarios for investigation, with a
single transmit source, a single reflection and/or re-transmission device (i.e., either PR
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or AR or both), and a single user at the receiving end, as represented in Fig. 1. The
transmit source communicates with the end-user via two half-duplex communication links
within a single time-slot. In particular, besides the conventional direct link, we assume the
availability of a couple of intermediary links to assist in the delivery of the desired transmit
signal. The end-user is assumed to be capable of performing both information decoding
(ID) and energy harvesting (EH) simultaneously.

Let us define PT as the transmit power at the source, B as the overall bandwidth, and
T as the TP for further analysis. In each system, the direct link is assumed to be active
throughout the TP, with a pre-defined channel coefficient of h1,D.1 The transmit source
emits the signal intended for the corresponding SWIPT-enabled end-user. The process is
carried out using a direct link through the whole TP, with additional dual-hop assistance
via a reflecting and/or re-transmitting device over the same TP. More specifically, the
source transmits a symbol s ∈ C, which is received by the destination and the reflecting
and/or re-transmitting device. The propagation path of the signal is sufficiently small
due to the short communication distance. In this vein, the destination node is considered
to utilize adequate delay compensation methods to synchronize and coherently process
the received signals from the second hop and the direct link. Without loss of generality,
we assume E[|s|2] = 1, with operation E[·] denoting the expectation value. The signal
received by the end-user via direct link is defined as: y1,D =

√
PT h1,D s + nua , where nua

is the additive white Gaussian noise (AWGN) at the end-user which is an independent
and identically distributed (i.i.d.) complex Gaussian random variable with zero mean and
variance σ2

nua
.

Concerning the SWIPT-enabled receiver device, two different SWIPT schemes namely
PS or TS, respectively, may be adopted. For the PS scheme, an optimal fraction of the
received signal is provided to the information decoder and the remaining part is provided
to the energy harvester. In this case, the PS ratio is denoted by ρ, where 0 ≤ ρ ≤ 1.
Alternatively, when the receiver incorporates the TS scheme, we define a time switching
ratio, τ, where 0 ≤ τ ≤ 1. In particular, for the first fraction of time period, all the received
signal power is used for harvesting energy, whereas during the remaining time, information
decoding from the received signal takes place.

In order to estimate the amount of harvested energy at the end-user, we adopt the
sigmoidal function based non-linear EH model [31,32], defined as

E(x) =
E ′

1− φ
·
( 1

1 + e(−αx+αβ)
− φ

)
, (1)

where x is the input power at the energy harvesting module, φ
∆
= 1

1+exp(αβ)
, the

constant E ′ is obtained by determining the maximum harvested energy on the saturation
of the energy harvesting circuit, and α and β are specific to the capacitor and diode turn-on
voltage metrics at the EH circuit. The harvested energy using the PS and TS schemes are
respectively given by

EPS(x, ρ) =
E ′

1− φ
·
( 1

1 + e(−αρx+αβ)
− φ

)
, (2)

ETS(x, τ) = τ · E
′

1− φ
·
( 1

1 + e(−αx+αβ)
− φ

)
. (3)

The energy harvested at the end-user using the PS and TS schemes via direct link
signal is given by EPS

1,D(E[|y1,D|2], ρ) and ETS
1,D(E[|y1,D|2], τ), computed according to (2) and

(3), respectively. Further, we assume that the normalized time slots use the terms power
and energy interchangeably.

The effective signal-to-noise ratio (SNR) via direct link as seen at the ID branch of the
end-user, respectively for PS and TS schemes, is given by

1 For analytical convenience, we assume that the channel state information (CSI) is known to the intended devices.
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ΥPS
1,D =

(1− ρ) PT |h1,D|2
(1− ρ) σ2

nua
+ σ2

nuID

, and ΥTS
1,D =

PT |h1,D|2
σ2

nua
+ σ2

nuID

, (4)

where nuID ∈ CN(0, σ2
nuID

) is the the noise introduced by the baseband processing
circuit. The effective throughput achieved at the end-user, combining the PS and TS
schemes is given by

R1,D =

{
RPS

1,D = B log2
(
1 + ΥPS

1,D
)

RTS
1,D = (1− τ)B log2

(
1 + ΥTS

1,D
) . (5)

3. Analysis of Greencom network scenarios

In this section, we present the discussion on the considered Greencom network sce-
narios in detail. To proceed, we define the time-splitting factor (TSF) of TP as δ, where
0 < δ < 1, to assist the dual-hop mechanism. It is evident that significant benefits may be
obtained by employing dynamic TSF in contrast to the equal-time period-based splitting in
dual-hop cooperative systems [33,34]. In this vein, it is noteworthy that the phenomenon of
dynamic TSF modelling in the context of AF relaying primarily translates to a better power
optimization and scheduling mechanism at the transmitter, while ensuring an improved
management of the network resources. Specifically, we assume that the first-hop spans over
δT of the TP while in the second hop, the remainder of the TP, i.e., (1− δ)T, is allocated
for successful reflection and/or re-transmission of the intended signal from the PR and/or
AR device(s) to the end-user. Additionally, we assume that the direct and indirect links
are managed via different supervised signalling methods (e.g., use of separate directional
antenna elements). More specifically, the transmission via direct link is assumed to be active
for the whole time duration T, while the transmission through the indirect link remains
active only for the stipulated δT duration. Following this assumption, it is needless to
mention that the interference between the signal via (weaker) direct and (stronger) indirect
links will be negligible, and thus this possible interference aspect is discarded in the further
analysis.

3.1. Traditional passive repeater or active relay-based systems

In this case, we assume the availability of either reflection-antenna equipped PR
device as the reflector node, or a single antenna based AR node as a re-transmission
device, on the second hop. Further, we refer the two above-mentioned systems as PR
device-based Greencom network (PGN) and AR device-based Greencom network (AGN),
respectively. The channel coefficient in the first phase is defined as h1.We represent the
signal seen at the reflecting/re-transmitting device as: r1 =

√
PT h1 s + n1, where n1

is the AWGN introduced due to the reflector/relay, which is an i.i.d. complex Gaussian
random variable with zero mean and variance σ2

n1
. In this context, we express (r1, h1, n1) :=

{(r1,P, h1,P, nP) : for PGN; (r1,R, h1,R, nR) : for AGN}.
The SNR and the effective data throughput expressions are respectively defined as

Υ1 =
PT |h1|2

σ2
n1

, and R1 = δ B log2(1 + Υ1), (6)

where (Υ1, R1, σ2
n1
) := {(Υ1,P, R1,P, σ2

nP
) : for PGN; (Υ1,R, R1,R, σ2

nR
) : for AGN}.

In the second hop, the channel coefficient is defined as h2. In case of PGN, the intended
signal from the PR is reflected to the end-user with the corresponding efficiency coefficient
of
√

η, where 0 <
√

η ≤ 1. Whereas in the case of AGN, the AR re-transmits the signal
after scaling it by a complex amplification coefficient w.2 In order to ensure feasibility

2 It is noteworthy that in the case of AF protocol, the amplification coefficient is a complex number which incorporates the amplitude as well as the
direction/phase components. However, we only consider the constraint on amplitude component and ignore the directional/phase part in this
work for simplifying the further analysis.
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of the AGN system, we impose an upper bound on the total relay power defined by:
0 < |w|2 ≤ PR, where PR = P?−PT

PT |h1,R |2+σ2
nR

is the maximum overall available power at the

relay, with the transmitter-relay system bounded by an overall power of P?, such that
P? > max(PT , PR). To proceed, we define the following metric:

Ξ =

{√
η : PR’s Reflection Coefficient in PGN

w : AR’s Amplification Coefficient in AGN
. (7)

The received signal as seen at the end-user via reflection or re-transmission from the
PR or AR device, respectively, is represented as y2 = Ξ h2 r1 + nua , where (y2, h2, r1) :=
{(y2,P, h2,P, r1,P) : for PGN; (y2,R, h2,R, r1,R) : for AGN}.

We define the SNR obtained at the ID block of the end-user via second hop link,
according to the PS and TS schemes, as

ΥPS
2 =

|Ξ|2 (1− ρ) PT |h1|2 |h2|2
(1− ρ) (|Ξ|2 |h1|2 σ2

n1
+ σ2

nua
) + σ2

nuID

, (8)

ΥTS
2 =

|Ξ|2 PT |h1|2 |h2|2
|Ξ|2 |h1|2 σ2

n1
+ σ2

nua
+ σ2

nuID

, (9)

where (ΥPS
2 , ΥTS

2 , h1, h2, σ2
n1
) := {(ΥPS

2,P, ΥTS
2,P, h1,P, h2,P, σ2

nP
) : for PGN; (ΥPS

2,R, ΥTS
2,R,

h1,R, h2,R, σ2
nR
) : for AGN}. The effective throughput achieved at the end-user, incorporat-

ing the respective PS and TS schemes is defined as

R2 =

{
RPS

2 = (1− δ)B log2
(
1 + ΥPS

2
)

RTS
2 = (1− τ)(1− δ)B log2

(
1 + ΥTS

2
) , (10)

where (R2, RPS
2 , ΥPS

2 , RTS
2 , ΥTS

2 ) := {(R2,P, RPS
2,P, ΥPS

2,P, RTS
2,P, ΥTS

2,P) : for PGN; (R2,R, RPS
2,R,

ΥPS
2,R, RTS

2,R, ΥTS
2,R) : for AGN}.

The PS and TS expressions for harvested energy are denoted as EPS
2 (E[|y2|2], ρ) and

ETS
2 (E[|y2|2], τ), computed according to (2) and (3), respectively, where (EPS

2 , ETS
2 , y2) :=

{(EPS
2,P, ETS

2,P, y2,P) : for PGN; (EPS
2,R, ETS

2,R, y2,R) : for AGN}.
At the end-user, the overall data throughput achieved incorporating the yield from

the second hop and direct link, for respective PS and TS schemes, is defined as

RU =

{
RPS

U = RPS
1,D + RPS

2

RTS
U = RTS

1,D + RTS
2

, (11)

where (RU , RPS
U , RTS

U ) := {(RU,P, RPS
U,P, RTS

U,P) : for PGN; (RU,R, RPS
U,R, RTS

U,R) : for AGN}.3
The effective harvested energy expression incorporating both PS and TS schemes is:

EU =

{
EPS

U = EPS
1,D(E[|y1,D|2], ρ) + (1− δ)EPS

2 (E[|y2|2], ρ)

ETS
U = ETS

1,D(E[|y1,D|2], τ) + (1− δ)ETS
2 (E[|y2|2], τ)

(12)

where (EU , EPS
U , ETS

U ) := {(EU,P, EPS
U,P, ETS

U,P) : for PGN; (EU,R, EPS
U,R, ETS

U,R) : for AGN}.

3.2. Proposed Hybrid Active-and-Passive Relaying Scheme

We present herein the proposed hybrid active-and-passive (HAP) relaying scheme
in Greencom networks to facilitate SWIPT to the end-user over the second hop. In this
case, the HAP relaying node receives the transmit signal on both the PR and AR system

3 Note that due to the involvement of the time related metrics, the expressions in (11) are indicative of the overall data throughput and not the actual
rate. Hence, it is possible to combine the data throughputs from the two links following a proper synchronization process at the receiver. This is not
to be confused with the case of overall rate (traditionally measured in bits per seconds), wherein it is necessary to perform the SNR combining
methods, such as, e.g., maximum ratio combining (MRC) [35].
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equipped with single antenna each, over the above-defined channel coefficients of h1,P and
h1,R, respectively. The dynamic TSF (ratio) definition is same as defined before. The signals,
SNR and throughput expressions seen at the respective PR and the AR nodes are similar to
the ones defined in the previous sections.4

Over the second hop, the PR device uses the coefficient
√

η to reflect the main transmit
signal while the AR employs the AF-protocol to boost the transmit signal with the help of
w and re-transmit the same to the end-user over the second hop. For the remainder of TP,
i.e., (1− δ)T, the re-directed signals from the PR and AR experiences channel coefficients
of h2,P and h2,R, respectively. The corresponding signals, SNR and throughput expressions
are similar as defined before. The overall effective throughput and the harvested energy
expressions achieved at the end-user, incorporating the PS and TS schemes are respectively
given by

RU,PR =

{
RPS

U,PR = RPS
1,D + RPS

2,P + RPS
2,R

RTS
U,PR = RTS

1,D + RTS
2,P + RTS

2,R
,

EU,PR =



EPS
U,PR = EPS

1,D(E[|y1,D|2], ρ)

+(1− δ)EPS
2,P(E[|y2,P|2], ρ)

+(1− δ)EPS
2,R(E[|y2,R|2], ρ)

ETS
U,PR = ETS

1,D(E[|y1,D|2], τ)

+(1− δ)ETS
2,P(E[|y2,P|2], τ)

+(1− δ)ETS
2,R(E[|y2,R|2], τ)

. (13)

4. Problem Formulation and Solution

Herein, we present the problem to jointly optimize the data throughput, harvested
energy and transmit power, subjected to QoS constraints for each considered schemes (viz.,
PGN, AGN, and HAP). Before proceeding to the main hypothesis, we introduce some
variables to simplify the problem representation.

4.1. Variable definitions to assist the problem formulation

In this section, we define some additional parameters corresponding to the overall
transmit power, data throughput and harvested energy expressions obtained at the end-
user, the dynamic TSF ratios, the relay amplification factor and the TS and PS ratios; to refer
to the aforementioned frameworks of PGN, AGN, and HAP altogether. In this context, the
variables are sequentially defined in Table I.

We additionally consider another parameter to assist the PS and TS ratio metrics,
defined as follows.

θ := {ρ : for PS Scheme; τ : for TS Scheme}. (14)

````````````System
Parameter P R1 R2 RU EU

PGN PT R1,P R2,P RU,P EU,P
AGN PT + PR R1,R R2,R RU,R EU,R

HAP PT + PR

[
R1,P
R1,R

] [
R2,P
R2,R

]
RU,PR EU,PR

Table 1: Parameter definitions to assist problem formulation.

4 Note that the PR and AR devices in the proposed HAP scheme may be co-located or not. However, for analytic convenience related to the dynamic
TSF design, we assume a co-located hybrid PR and AR set-up.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 July 2021                   doi:10.20944/preprints202107.0667.v1

https://doi.org/10.20944/preprints202107.0667.v1


8 of 16

It is clear that the newly defined parameters will adopt values according to the type
of scenario chosen. Thus, we mathematically formulate the optimization problem in the
following while incorporating the parameters defined in Table I and (14).

4.2. Optimization problem with weighted utility function

We formulate the problem with weighted utility function to jointly optimize the data
throughput, harvested energy and total transmit power of the source, while ensuring
that the demanded throughput and the harvested power at the destination node are both
individually above the given thresholds. The overall optimization problem incorporating
the PGN, AGN and HAP systems is analytically represented as

(P1) : max
PT ,δ,θ,w

ωRRU + ωEEU
ωPPT

(15)

subject to : (C1) : R1 ≥ R2, (C2) : RU ≥ ς, (16)

(C3) : EU ≥ ξ, (C4) : 0 ≤ δ ≤ 1, (17)

(C5) : 0 ≤ θ ≤ 1, (C6) : 0 < P ≤ P?, (18)

(C7)∗ : 0 ≤ |w|2 ≤ PR, (19)

where ς and ξ are respectively the minimum demanded throughput and harvested
energy by the destination SWIPT-capable user, ωR, ωE and ωP are the constant weighing
factors corresponding to the data throughput, harvested energy and the transmit power,
respectively. We use θ to interchangeably refer to the PS or TS splitting factor ρ or τ,
respectively. In order to ensure feasibility during the second hop transmission, we make
use of (C1) which essentially helps in designing δ and is also an indicator metric used at
the transmitter for better resource management. It is noteworthy that (C1) has a completely
different meaning and purpose in this context and is not to be confused with a similar
constraint used in the case of regenerative relaying (DF). The constraints (C2) and (C3) are
the minimum thresholds on the overall data rate and overall harvested energy, respectively.
The upper and lower bounds of the dynamic TSF fraction and the SWIPT splitting factors
are represented in (C4) and (C5) respectively. The constraint with maximum transmit
power budget of the system is incorporated using (C6). Note that the variable w and
(C7)∗ are considered only during the analysis of AGN and HAP systems. Focusing on the
objective function, it is important to note the aspect of rate-energy (R-E) trade-off in SWIPT
systems [7], which translates to either increase in data throughput at low EH demands, or
vice-versa. Following this trade-off, the optimizer would intend to seek a balance point
between the two metrics, viz., data throughput and harvested energy, such that both the
metrics are maximized according to the stringent demands indicated in the constraints. In
the following, we analyse (P1) and seek a suitable solution.

4.3. Proposed solutions to the above-mentioned problem

In this section, we present a couple of approaches to solve the problem in (P1). First,
we employ a method based on the Lagrange dual approach to seek a close to optimal
solution, without taking the computational complexity into consideration. The second tech-
nique is based on the alternating parameter based optimization, assisted by the Dinkelbach
method. The nature of the latter process opens up the possibility of obtaining a sub-optimal
solution within polynomial time. In this regard, the proposed solutions are discussed
below.

4.3.1. Method to seek an Asymptotically Optimal solution

The problem (P1) is difficult to solve, since it has a non-convex form for both TS and
PS schemes. However, it is clear from our optimization formulation that the dual method
may be employed to seek an asymptotically optimal solution. Therefore, in order to obtain
an analytical solution for the joint objective optimization problem in (P1), we assume D as
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F(PT , δ, θ, w) G(PT , δ, θ, w) H(PT , δ, θ, w) I(PT , δ, θ, w)
ωRRU+ωEEU

ωPPT
R2 − R1 ≤ 0 ς− RU ≤ 0 ξ − EU ≤ 0

Table 2: Definitions to comprise the Lagrangian expression.

the set of all possibilities of PT , δ, θ and w which satisfy the constraints (C4)− (C7). Then
the corresponding Lagrange dual function is written as

J(Λ) , max
{PT ,δ,θ,w}∈D

L(PT , δ, θ, w; Λ), (20)

where the Lagrangian is expressed as

L(PT , δ, θ, w; Λ) = F(PT , δ, θ, w)− λ1G(PT , δ, θ, w)

−λ2H(PT , δ, θ, w)− λ3 I(PT , δ, θ, w), (21)

with Λ = (λ1, λ2, λ3) � 0 denoting the vector of the dual variables associated with
the constraints (C1)− (C3), respectively, while the related functions are as defined in Table
II. The dual optimization problem is hence represented as

(P2) : min
Λ

J(Λ) (22)

subject to : Λ � 0. (23)

Since it is explicit that a dual problem is always convex by definition [36], therefore
the gradient or subgradient-based methods can be used to minimize J(Λ) with guaranteed
convergence. In this regard, an asymptotic technique based on the block-coordinate
descent approach may be employed [32]. Herein, an alternating optimization of the
involved parameters is performed in an iterative manner, until the convergence of the
weighted utility function value. The intermediary closed-form expressions for the involved
parameters in the stage-based optimization may be obtained using the Karush-Kuhn-
Tucker (KKT) conditions [36]. Even though a solution could be obtained within polynomial
time, the computation process of the proposed method is still complex and cumbersome,
as inferred from the analysis in [32]. Therefore, we omit the corresponding derivations
for brevity, and seek an even simpler method to solve (P1) as discussed in the succeeding
section.

4.3.2. Dinkelback Method assisted Convex Programming

As discussed before, the problem (P1) involves a non-linear fractional programming,
which is non-convex and difficult to solve directly. In such instances of non-convex non-
linear fractional optimization, Dinkelbach method comes in handy to address this challenge
[37]. Therefore, we transform the fractional form objective function into a difference of
numerator and quasi-denominator form, using the following proposition.

Proposition 1: The maximum achievable objective can be obtained using the following
transformation, provided that

max
PT ,δ,θ,w,κ?

FN(PT , δ, θ, w)− κ?FD(PT , δ, θ, w)

= FN(P?
T , δ?, θ?, w?)− κ?FD(P?

T , δ?, θ?, w?) = 0, (24)
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Algorithm 1 Dinkelbach-assisted Alternating Parameter Optimization

1: Initialize: κ = 0, any feasible δ, θ, w, and ε̄ : threshold limit;
2: REPEAT (for a given κ, iteration: n)
3: Solve (28)-(32) to obtain PT , for given δ, θ, w;
4: Utilizing PT , solve (28)-(32) to obtain δ, for given θ, w;
5: Using PT and δ , solve (28)-(32) to obtain θ, for given w;
6: Finally compute w by solving (28)-(32) via PT , δ, θ;
7: IF (ωRRU + ωEEU)− κ(ωPPT )≤ ε̄
8: Convergence = TRUE;
9: RETURN {P?

T , δ?, θ?, w?} = {PT , δ, θ, w}, κ? = (ωRRU+ωEEU)
ωPPT

;
10: ELSE
11: Set κ = (ωRRU+ωEEU)

ωPPT
and n = n + 1;

12: Convergence = FALSE;
13: END IF
14: UNTIL Convergence = TRUE.

for FN(PT , δ, θ, w) ≥ 0 and FD(PT , δ, θ, w) ≥ 0, where

FN(PT , δ, θ, w) = ωRRU(PT , δ, θ, w) + ωEEU(PT , δ, θ, w), (25)

FD(PT , δ, θ, w) = ωPPT , (26)

and

κ? =
FN(P?

T , δ?, θ?, w?)

FD(P?
T , δ?, θ?, w?)

. (27)

Proof : Please refer to [37] for a proof of Proposition 1.
It is clear that the adequate and compulsory conditions are provided by Proposition 1

for developing suitable strategy to optimize the intended parameters. Specifically, it should
be possible to transform the primal problem in (P1) having a fractional form-objective
function into an equivalent optimization problem with a difference of numerator and
quasi-denominator form-objective function (e.g. FN(PT , δ, θ, w)− κ?FD(PT , δ, θ, w)). Con-
sequently, the solutions for both the primal and transformed problems will be equivalent
[38].

Herein, it is noteworthy that an optimal solution could be obtained if the equality in
(24) holds [37]. The equality condition may then be correspondingly used to validate the
optimality of the solution. Therefore, instead of directly addressing the problem with a
fractional-form objective, we transform it to another equivalent optimization problem with
subtractive-form objective function whilst meeting the conditions in Proposition 1, whose
solution is summarized in Algorithm I.

In order to understand the working principle of Algorithm I, we first note that the
pivotal stage for the proposed Dinkelbach method-based solution is to develop an interme-
diate parameters’ optimization policy in order to solve the following fixed κ optimization
problem (steps 2-6 in Algorithm I),

(P3) : max
PT ,δ,θ,w

(ωRRU + ωEEU)− κ?(ωPPT ) (28)

subject to : (C1) : R1 ≥ R2, (C2) : RU ≥ ς, (29)

(C3) : EU ≥ ξ, (C4) : 0 ≤ δ ≤ 1, (30)

(C5) : 0 ≤ θ ≤ 1, (C6) : 0 < P ≤ P?, (31)

(C7)∗ : 0 ≤ |w|2 ≤ PR. (32)
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Since the persisting non-convexity of problem in (P3) causes a hindrance in seeking
an optimal solution directly via joint optimization of the intended variable, therefore
it is natural to explore other relevant possibilities for obtaining a suitable solution. In
this vein, we note that the problem can be made more tractable by optimizing a single
parameter while keeping the other parameters fixed since the convexity of the problem
is more probable. Such an alternating parameter based optimization technique has been
found effective for solving various complicated optimization problems [39,40]. Herein,
the optimality of the solution is, however, compromised. Next, we observe that following
an alternating parameter based technique, each corresponding sub-problem belong to
the category of disciplined convex-concave programming (DCCP) [41]. The consistently
occurring convex-concave nature in (C1) essentially contributes towards making (P3)
a DCCP. Therefore, suitable solutions could be obtained using standard optimization
methods, e.g., the DCCP package in CVXPY [42]. Correspondingly, the problem (28)-(32)
can be solved using the proposed Dinkelbach-assisted Alternating Parameter Optimization,
summarized in Algorithm 1.

Regarding the convergence of the proposed Dinkelbach-assisted Alternating Parame-
ter Optimization based solution, we initially prove that the auxiliary variable κ appreciates
in each iteration. Following this, we prove that the value of κ converges to the optimal κ?

for sufficiently large number of iterations, such that the optimality condition in Proposition
1 is satisfied. More specifically, FN(PT , δ, θ, w)− κ?FD(PT , δ, θ, w) = F̂(κ?) = 0. Let us con-
sider {P?

T , δ?, θ?, w?} as the optimized policies in the nth iteration. Suppose κ(n) 6= κ? and
κ(n + 1) 6= κ? represent the relevant values in the nth and (n + 1)th iterations, respectively.
We note from [37] that F̂(κ(n)) > 0 and F̂(κ(n + 1)) > 0 hold. On the other hand, in the
proposed algorithm, κ(n + 1) = FN(PT ,δ,θ,w)

FD(PT ,δ,θ,w)
. Thus, we can express κ(n) as

F̂(κ(n + 1)) = FN(PT , δ, θ, w)− κ(n)FD(PT , δ, θ, w)

= FD(PT , δ, θ, w)
(
κ(n + 1)− κ(n)

)
. (33)

Since FD(PT , δ, θ, w) = ωPPT > 0, we have κ(n + 1) > κ(n). Therefore, we can show that
as long as the number of iterations is large enough, F̂(κ(n)) will eventually approach zero
and satisfy the optimality condition as stated in Proposition 1.

5. Numerical Results

In this section, we present a comparative study among the HAP, AGN and PGN
systems. The three cases are analyzed using the MATLAB R2019b, with optimization
performed via fmincon(·) solver present in the optimization toolbox [43], where the solutions
are obtained with the help of interior point algorithm [36].

5.1. Simulation set-up

We assume an ITU-R outdoor framework (site-general model for propagation within
street canyons) [44] to generate channel realizations with the path-loss exponent:

PL(d, f ) = 10a log10(d) + b + 10c log10( f ) + N(0, σ) dB, (34)

where d is distance between the transmitting and receiving stations (m), f is the
operating frequency (GHz), the coefficients a, b, and c are associated with the increase of
the path loss with distance, the offset value of the path loss, and the increase of the path loss
with frequency, respectively, and N(0, σ) is a zero mean Gaussian random variable with a
standard deviation σ (dB). The channels coefficients for the direct link and the dual-hop
links are generated accordingly. Specifically, we choose: f = 24 GHz, d is randomly chosen
between 8 m and 10 m in case of PR/AR device and randomly between 12 m and 15 m
for the end-user with respect to the transmitter, a = 2.12, b = 29.2, c = 2.11 and σ = 5.06 dB.
The simulation results presented in this section assume an overall bandwidth of B = 50
MHz. We set σ2

nB
= σ2

nR
= σ2

nua
= -150 dBW/Hz, and σ2

nuID
= -110 dBW/Hz. The PR’s
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Figure 2. Performance analysis of the weighted utility function for (a) PS scheme, and (b) TS scheme; versus the maximum limitation
on the total transmit power.

reflection efficiency coefficient is chosen as η = 0.78 (corresponding to 1.1 dB loss [45]).
The constants corresponding to the non-linear EH circuit are chosen as E ′ = 2.8 mJ, α =
1500, and β = 0.0022 [31,32]. The harvested energy demand is assumed to be ξ = -70 dBW,
and the weighing factors are chosen as ωR = 1 units/Gbit, ωE = 1 units/nJ, and ωP = 1
units/W. We use two test cases for the data demands of ς = 1.00 Gbits and ς = 1.05 Gbits.
As a benchmark scheme, we assume equal time distribution for both the hops in all the
cases, i.e., fixed δ = 0.5. Furthermore, an average of 1000 random channel realizations is
presented for each experiment.

5.2. Experimental findings and analysis

In Fig. 2 (a) and Fig. 2 (b), we present the performance analyses of HAP, AGN and
PGN in terms of the weighted utility function for the PS and TS schemes, respectively,
versus the maximum limitation on the total transmit power. We observe that all the con-
sidered schemes can provide appreciable gains over their respective benchmark methods.
The weighted utility function values for both PS and TS increases with growing overall
maximum transmit power budget (P?) of the system. On the other hand, the performance
is adversely affected when the data demand is increased from ς = 1.00 Gbits to ς = 1.05
Gbits, which is due to the joint optimization in the weighted utility function. Particularly,
this effect is due to the well-known rate-energy trade-off incurred because of the joint
maximization of data and harvested energy along with the minimization of total transmit
power. In the case of PS, we notice improvements of 10% and 12.5% for HAP over the AGN
and PGN scenarios, respectively for the data demand of ς = 1.00 Gbits, and improvements
of 2% and 4% respectively for the data demand of ς = 1.05 Gbits, with an average decrement
of 53% for a transition from former to the latter demand. Concerning the TS, we observe
gains of 25% and 28% for HAP over the AGN and PGN scenarios, respectively for the data
demand of ς = 1.00 Gbits, and improvements of 11.5% and 12.5%, respectively for the data
demand of ς = 1.05 Gbits, with an average overall decrement of 80.5% for a transition from
ς = 1.00 Gbits to ς = 1.05 Gbits. Clear benefits for HAP are observed over the AGN and
PGN counterparts, with PS scheme outperforming the TS.

We now investigate the system performance from the perspective of so-called R-E
trade-off in SWIPT systems [7]. Correspondingly, we show in Fig. 3 the effect on harvested
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Figure 3. Analysis of harvested energy for PS and TS schemes versus the demanded data (R-E
trade-off).

energy with varying data demand. It is noteworthy that the considered analysis may
be easily carried out by keeping ωR = 0 in (P1). In this vein, it is also important to
mention that besides the use of ωR and ωE as the cost functions for data and energy
metrics, respectively; their binary forms may be utilized to study the corresponding entities
independently. Herein, we observe the (expected) decreasing nature of the harvested
energy with increasing data demands for all the cases. The HAP system is found to
outperform the AGN and PGN as anticipated, whereas the benefits of employing dynamic
TSF are clearly seen over the fixed TSF (δ). We additionally note that the performance of
the PS mechanism is way superior than the TS counterpart.

In Fig. 4 (a) and Fig. 4 (b), we show the effects on the weighted utility functions
corresponding to the PS and TS, respectively, with varying TSF (i.e., fixed δ at an instance).
Intuitively, when the TSF is small, the second hop reflection/re-transmission is expected to
happen for significantly large amount of time with the considered TP. This would naturally
enable better collection and interpretation of the energy and data, respectively, at the
end-user following the signal synchronization process (as assumed). In other case, when
the TSF is large, the second hop reflection/re-transmission would suffer due to a highly
compact TP, which affects the overall throughput and hence the output at the end-user.
We note from Fig. 4 (a) and Fig. 4 (b) that the above-mentioned intuitive discussion is
validated, wherein the depreciating values of the weighted utility function are observed
with the increasing values of δ. On the other hand, the HAP system is found to outperform
the AGN and PGN counterparts with PS providing significant gains over the TS scheme,
thereby following in-line with the previously reported results.

5.3. General outcomes and trailing discussion

From the results reported in the previous section and following an intuitive analysis,
one important obvious observation is the superior performance of the HAP over the AGN
and PGN systems. The significant benefits observed via the PS scheme over the TS are
also explicit. The proposed framework shows that the existing AGN and PGN type of
standalone systems may be fused together leading to the possibility of reaping maximum
benefits within the system. In contrast, the RIS systems have evolved as the promising
solutions, however, there are still considerable number of challenges involved in relation
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Figure 4. Performance analysis of the weighted utility function for (a) PS scheme, and (b) TS scheme; versus the variation in the (fixed)
TSF (δ), while comparing HAP, AGN and PGN.

to their practical deployment. In this context, the primary concerns revolve around the
ways to achieve flexible reflections and powering/switching mechanisms. Additionally,
the practical implementation of dynamic TSF-enabled relaying may be challenging to
achieve in practice [46], however, we cannot completely rule out this possibility on this
type of AF-based cooperative system deployment. Alternatively, the benefits of equal-TSF
based systems have also been addressed herein, which might be easier to deploy from the
practical viewpoint. Nonetheless, it is needless to mention that an intermediary possibility
of HAP comes in handy where an alternative deployment to RIS may be put into practice
while the relevant active components/mechanisms are under development. The proposed
methodology does not only seem to be a cost and energy efficient approach, but also serves
as a promising solution for harnessing the maximum gains from the transmit signal power
(within the considered wireless communications system).

6. Conclusions

In this invited paper, we investigated a hybrid active-and-passive (HAP) relaying
scheme to not only improve the network coverage, but also to facilitate SWIPT in a 5G
and beyond/6G Greencom environment, where the end-users are capable of decoding
information and harvesting energy simultaneously, according to the PS and TS schemes
while using the non-linear EH device for the latter. We formulated an optimization problem
to jointly address the respective demands of data throughput, harvested energy and total
transmit power, under some QoS constraints. In this context, we provided several polyno-
mial computation-time based solutions which employ the Lagrange dual and Dinkelbach
method assisted convex programming, respectively. We showed significant benefits of
adopting HAP over the AGN and PGN counterpart systems with the help of numerical
results, where the PS scheme was found to outperform the TS concerning SWIPT at the
end-user. Considering significant benefits of the proposed HAP system, this work may be
extended into several interesting directions in future. Some extension possibilities include
the investigation with distinct placement of the reflection and re-transmission elements,
the incorporation of multiple antennas at the concerned devices, and the consideration
of multiple HAP nodes and multiple users whose demands are addressed with the help
of a multi-carrier framework. The examination of cooperative system with DF protocol-
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enabled relays instead of AF (as considered herein) is also another interesting research
prospect. Furthermore, the possibility of precoding/beamforming could also be considered
to enhance the performance of the multiple antenna-enabled HAP systems.
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