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Abstract

Simultaneous Wireless Information and Power Transfer (SWIPT) is an emerging field to transmit
information and power in 10T network through the same RF signal. Time switching (TS) protocol is
more favorable in free space communication than Power Splitting (PS) protocol when the transmitted
RF signal is already weak. This is because, transmitted signal loses its power due to attenuation in free
space, and using PS design receiver circuit (complex), the received weak signal is further split into two
fraction for energy harvesting (EH) and information decoding (ID) simultaneously, that causes
inadequacy in SWIPT system. Whereas, using TS design receiver circuit (simple) insert extra delay in
the network as EH and ID operations are done in two different time domain one by one. Literature on
SWIPT lacks towards cooperation between more energy harvesting in case of free space
communication (TS) and critical information transmission in case of delay constraint communication
(PS). In this context, this paper presents a time-slotted SWIPT (T-SWIPT) focusing on maximization
of energy efficiency in the relay based sensors-enabled 10T network. It enables simultaneous energy
harvesting at receiver and neighboring sensors without adding extra delay in the network. The PS ratio,
transmission power allotment and energy broadcast time are jointly formulated as non-convex energy
efficiency maximization problem. A solution to the problem is presented using Lagrangian dual
decomposition and fractional programming. The performance evaluation shows that T-SWIPT attains
optimum energy efficiency by trading off transmission power allotment, power-splitting ratio and sink
broadcast time slot.
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1. Introduction

Internet of Things (IoT) provides massive connectivity among sensors, smart phones, wearable smart
healthcare devices, smart home devices, smart military equipment and many more [1-2]. In order to
deal with massive terminal device connectivity, wireless networks are extended to next generation 5G-
10T network to provide higher data rate by reducing the energy consumption of network [3]. According
to Statista research, the number of connected devices in 10T network is projected around 75.44 billion
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worldwide by 2025 [4]. Most of these smart devices in the present era are simply ‘linked sensor nodes’
having limited battery capacity. In Green computing, EH emerges as a viable mechanism to increase
the lifetime of the sensors-enabled 10T network uninterrupted, by refilling the batteries of sensors in
an environmentally sound manner [5]. EH mechanism mainly divided into two categories including
harvest energy from the natural resources such as wind, solar, vibration, ambient heat which is termed
as conventional EH technique, and harvest energy from rich-energy sources that emit electromagnetic
waves such as strong magnetic inductive coupling (SMIC) and radio frequency (RF) signals which is
termed as wireless power transfer (WPT) [6, 9].

The conventional EH techniques provide better amount of energy to energy-hungry sensors, but their
availability varies with temperature, time, location and other conditions [7]. In addition, these energy
sources may not always be available for enclosed/indoor environment. Therefore, inherent randomness
feature and lack of reliability makes the resource allocation problem in the wireless sensors-enabled
loT network challenging. Thanks to WPT technique, where RF signals are also capable of carrying
energy in the range of 300 GHz to 3 KHz frequency band that ensure reliable energy source and provide
sufficient amount of energy in controlled, predictable and stable manner to low-powered sensors [8].
SMIC with mobile wireless charging node has attracted more attention from researches [9-10].
However, there are certain limitations such as SMIC is not available in hostile environment (steep
mountains and wild forest) because mobile wireless nodes cannot migrate or travel. On the other hand,
WPT implemented with external charger (high energy-rich sources) to distribute only energy to low-
powered devices put extra cost to the system. In addition, there is another major concern about fast
attenuation problem i.e., loss of power in the energy transfer efficiency over far field communication.
Consequently, these problems put limitations on use of WPT with RF signals for only energy transfer.
Therefore, a new technique has been emerged known as SWIPT, which transfer information and energy
simultaneously in the same RF signals to improve the energy transfer efficiency and remove the cost
of extra charger used by rechargeable batteries in sensors-enabled loT network [6]. In SWIPT, receiver
uses same received RF signal for ID and EH, whereas in conventional WPT, RF signal received by a
node is only used for EH.

For practical implementation of SWIPT technique, the receiving node has two different circuits to
execute the function of EH and ID [11]. There are two different types of protocols namely, time
switching (TS) or power-splitting (PS) used at the receiver to implement SWIPT. In TS design receiver,
total operational time is divided into two time slots, the whole received signal is first sent to EH circuit
for harvesting energy according to TS ratio, and then sent for ID. Whereas in PS design, received signal
splits into two signals according to PS ratio, one part of the received signal is sent for EH and another
part for ID simultaneously for whole operational period [12]. There is a tradeoff between EH and ID
ratio in both of these protocols [13]. If larger splitting ratio (more time spend in TS protocol or greater
portion of received signal in PS protocol) is provided for EH, then receiver is able to harvest greater
amount of energy at the cost of lower data rate, as less amount of information decoded for smaller
splitting ratio. Overall, unbalanced splitting ratio caused in TS or PS protocol decreases the system
energy efficiency. Therefore, there is a need to develop novel algorithm for proper allotment of
resources in SWIPT technique towards improving the system energy efficiency.

SWIPT technique for EH has been the key focus area for the researchers to improve the system
performance [14-20]. Most of them have used either TS protocol or PS protocol such that minimize
power consumption in sending large number of bits and harvest more energy from received RF signals
subject to improve system energy efficiency. In [14], authors have claimed that for higher SINR value,
PS protocol outperforms TS protocol in terms of energy harvesting in multi-hop relay based wireless
sensor network. Moreover, for lower SINR value TS protocol provide higher throughput than PS
protocol. From [25-29], authors have used both TS and PS protocol to develop hybrid model in sensor
network and show that hybrid protocol outperforms the TS or PS enabled SWIPT protocol in terms of
data rate (throughput), energy harvesting and energy efficiency. However, in the above literatures
sensor node has used only the source node’s RF signal for energy harvesting and it left out neighbors’
(unintended transmitters) RF signals, which is a valid source of energy and has a notable impact on
energy efficiency of the system. We argue these points due to the necessity of both PS and TS protocol
to harvest additionally more energy in sink broadcast time and EH from unintended (neighbor node)
transmitted RF signals in the network.
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In this context, this paper proposes a hovel T-SWIPT technique that integrates both TS and PS design
protocol in the sensor node (see Fig. 3 in Section 3.2) in order to enhance the energy efficiency of
sensors-enabled 10T network. In this architecture design, sensor node not only harvests energy from
sink node in TS mode but also harvests energy from its intended received signal working in receiving
mode, and from any unintended transmitters (neighbors) when it is neither transmitting nor receiving
any information at any particular time slot in PS mode. However, integration of TS and PS mode
protocol put extra financial cost on the architecture design of the receiver circuit. In paper [13, 41-42]
researchers have found that energy harvesting and information decoding capability of the sensor node
have been highly enhanced over cost. Further, the studies show that consumption of energy in
integrated receiver circuit architecture is relatively smaller as compared to co-located (TS/PS) receiver
circuit because rectifier integrates the RF-to-baseband conversion for ID with EH circuit into single
chip by minimizing the RF flow form factor, which in turn enhances the energy harvesting capability
in integrated receiver architecture. Further, extra PS circuit dynamically split the received signal into
two signals to gain additional energy (separate from sink or any other unintended transmitter) and
information simultaneously. Thus, hybrid design protocol provides us flexibility to adjust power spend
on information decoding and energy harvesting by adjusting appropriately the PS and TS ratio. Further,
throughput of the network can be improved on increasing the maximum allowed transmitted power
region, as higher transmitted power enhances the SINR value at receiver side, in turn higher number
of bits are successfully decoded.

Motivated by the above mentioned challenges, obtaining optimal transmitted power, power
splitting ratio and time switching ratio is more concerned metrics rather than financial cost of hybrid
design sensor node, subject to energy harvesting and throughput of the network. Thus, this paper
presents a novel T-SWIPT technique to maximize the overall energy efficiency of the network by
jointly selecting the optimal PS ratio, TS ratio and computing the optimal transmit power which as a
result provide optimal throughput between transmitter and receiver.

1.1. Our contributions

Our major contributions of the paper are given as follow-

1) Firstly, T-SWIPT technical architecture is presented for EH by receiving node and other neighbor
nodes from the ambient RF signals and from the broadcasted energy signal by sink.

2) Secondly, we derive the problem of energy efficiency focusing on optimal transmit power, PS ratio
and time slot for the sink energy broadcast as a hon-convex maximization problem. After that, the
formulated problem is converted into a corresponding subtractive convex maximization problem to
find the solution.

3) Thirdly, the maximization problem is solved by utilizing the iterative Lagrangian based
optimization for allotment of optimal transmit power, PS ratio and sink energy broadcast time.

4) Fourthly, the convergence and complexity of the presented algorithm is analyzed. It is proved that
our presented algorithm converges within less number of iterations in polynomial time.

5) Finally, simulations are presented to analyze the performance of the proposed T-SWIPT technique
in optimizing the energy efficiency of the network.

1.2. Organization

We organize the rest of the paper into the following sections. Section 2 describes the related works
on energy harvesting in loT. Section 3 presents the T-SWIPT technique for energy harvesting in 1oT.
In section 4, energy efficiency optimization problem is formulated and solved. Section 5 discusses the
simulation results and its analysis. Finally, the conclusion of the paper is given in section 6. The
notations used in the paper are given in Table 1.

Table 1. Nomenclature

Notation Description

P;; Transmission power used by transmitter i to transmit
data to receiver j

gij Channel power gain between transmitter i and receiver j

Ty = T Power splitting ratio for ID

1-1 =15 Power splitting ratio for EH
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! Lower bound for power splitting ratio for ID

min

Th o Upper bound for power splitting ratio for ID

tEin Lower bound for power splitting ratio for EH

Tk o Upper bound for power splitting ratio for EH

T Information collection period

B Sink energy broadcast slot

t Data transmission slot

% Channel bandwidth

ot Co-channel interference received by receiving node
j while receiving data from transmitting node i

oxi ; Additive white Gaussian noise (AWGN) powers
emerging from receiver j antenna

aﬁi’j Noise power generated by processing of signal at receiver j

Xij Channel’s capacity between transmitting sensor iand

receiving sensor j
a;j Itis a binary indicator, indicates whether sensor j harvest
energy from unintended transmitter i or not.
Data rate between transmitting node i receiving node j
EL, Total amount of EH by the receiver sensor j

1 Ener_gy conversion efficiency between transmitter i and
receiver j

Energy harvesting coefficient of receiver j

Number of sensor nodes that use sensor jas relay node
Priorities of different receiver nodes

Fixed power consumed by the transmitters and the
receivers

Inefficacy of the transmitter’s power amplifier

Minimal sensed information rate requirement

Minimal energy harvesting requirement

Upper bound on the power emitted by the transmitter
Lower bound on the power emitted by the transmitter
Sink broadcast power

Number of sensor nodes

Average system energy efficiency

The number of unintended transmitters from which the
sensor node harvest energy when it is not receiving or
transmitting information.

Total number of slots for information transmission in an
information collection period T.
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2. Related work

In this section, related literature on SWIPT technique for energy harvesting is reviewed [12-26].
SWIPT emerges as a powerful EH technique that has been used in different wireless communication
networks to improve energy efficiency of the network. A routing method with SWIPT has been
considered to increase the lifetime of energy-limited sensor nodes and to minimize the network cost in
a multi-hop energy constrained wireless network [11]. Specifically, the energy consumption
minimization problem has been mathematically formulated in terms of data and energy allocation of
network’s forwarding link and solved by an iterative algorithm. Moreover, PS mode of SWIPT has
been used with optimal PS ratio for minimizing energy consumption. Similarly, a relay based wireless
communication network has been considered with decode and forward relaying technique for both TS
and PS protocol [12]. From the simulation results it has been observed that the TS protocol is better
than the PS protocol for different performance parameters, such as outage probability, bit error rate
and throughput in high data transmission rate. However, in low data transmission rate PS protocol is
better than TS, although overall performance decreases compare to high data transmission rate.

A multi-hop routing algorithm for data forwarding with SWIPT-PS and without SWIPT scheme has
been proposed in order to minimize the energy consumption [15]. Authors have mainly focused on
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choosing either of the data-forwarding schemes based upon link energy cost, towards minimizing the
transmission power regardless of the increasing data rate. Thus, overall energy efficiency and delay in
the network decreases. A downlink TS-SWIPT technique is used to increase the energy efficiency [16-
17]. Authors have mainly focused on minimizing the harvested energy per user in order to increase
transmit power in multiple-input multiple-output (MIMO) network [16]. Whereas in [17], authors have
focused on jointly maximize the total energy harvesting power in the network corresponds to satisfy
the minimum data rate between the base station and the selected single receiver. Somehow, simulation
results lack to show the behavior of network data rate on increasing transmit power, and also the
comparison against TS-SWIPT is missing in both the literatures [16-17].

Energy efficient communication in an orthogonal frequency division multiple access (OFDMA)
system with PS-SWIPT technique has been proposed in terms of optimal resource allotment [18].
However, it has used only PS protocol for simultaneous ID and EH, which has disadvantage when the
received RF signal power is too low in high interference level (multiple receiver) [19, 20]. Because,
high interference further lower down the power of transmitted signal, and weak received signal is
further split into two parts for simultaneous ID and EH. And, less amount of harvested energy is not
enough for further transmission. Thus, overall data rate of the OFDMA system decreases. In addition,
they did not consider the energy harvesting from the transmitted signal of neighbors’ node when it is
neither transmitting nor receiving any data and sensors simply remain idle. A zero-forcing
beamforming and time switching mode for multiple input single output (MISO) SWIPT system has
been used to improve the energy harvesting capability of sensor nodes referred as system sum rate
optimization problem [21]. Authors have considered special scenario when the transmit power of the
base station has been restricted to certain amount and showed that TS based algorithm is better than
PS protocol, but for general scenario where base station is considered as energy-rich source,
comparison between TS and PS protocol is absent in terms of EH and throughput of the network.

Resource allotment optimization problem based on SWIPT technology for continuous or discrete
power splitting ratio has been suggested for mobile energy harvesting WSN [22]. In the suggested
algorithm, only cluster head has used PS mode of SWIPT technique to harvest energy from its member
nodes. However, cluster member nodes do not harvest energy from any other sources. So, overall
system lifetime decreases, and also mobile collector induces extra delay in the network for collecting
data from cluster head. In [23], authors have used PS-SWIPT technique to cooperative clustered WSNs.
Here, authors have optimized the energy efficiency of the system by using optimal value of transmit
power, PS ratio and selecting optimal relay. For selection of relay, cluster head broadcasts data and
energy to all cluster members, then node which provides higher data rate is selected as relay node. In
the selection process, cluster head loses energy and is not compensated by any energy-harvesting
source. However, member nodes can only harvest energy from its intended received signal. Here
problem arises when the received signal power from cluster head is too low and relay doesn’t harvest
enough energy to forward the data. In [24], network efficiency maximization and secure
communication for cognitive radio secondary networks have been considered as an optimization
problem, which has been addressed by using SWIPT technique to optimize the three objectives:
minimizing transmission power, increasing energy harvesting efficiency and minimizing interference-
power-leakage-to-transmit-power ratio. However, the energy harvesting capability of the idle primary
receivers has not been considered in the proposed minimization problem of transmission power and it
has only given attention on the need of secure communication.

In [25], hybrid of TS and PS SWIPT protocol with beamforming technique has been considered in
a full-duplex MIMO system to achieve optimal system throughput by optimizing the transmit power
and TS ratio. Sensors harvest energy only from the signal transmitted by base station and signals
transmitted by neighbor nodes has been neglected for energy harvesting. Whereas in [26], authors have
considered three-node relaying network to forward data to destination using hybrid power-time
switching protocol (HPTSR). Simulation results show that HPTSR is better than both amplify-forward
(AF) relay and decode-forward relay against TS and PS protocol. In [27-28], AF relay is used for data
forwarding by using energy harvested through sources in the proposed hybrid TSR and PSR algorithm.
The optimal value of PS and TS ratio has been obtained to optimize the outage probability and system
throughput. Moreover, the relay node works in half-duplex mode and authors have not compared it
with decode and forward (full duplex mode) relay. In [29], authors have proposed adaptive time-power
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switching relay protocol, where AF relay harvests energy from the received signal and after that uses
the harvested energy to forward the information in remote wireless network. Simulations show that
network throughput in term of low ratios of signal-to-noise and higher packet delivery rate are better
in time switching relaying protocol than power splitting relaying protocol. Further, it has been observed
from [25-29] that hybrid protocol performs better than PS or TS protocol, and enhances network
performance. However, the existing papers on hybrid technique lacks in proper utilization of
unintended transmitters’ signals (neighbor nodes) for energy harvesting, when sensors remain idle
(neither transmitting nor receiving any information). Moreover, the relay node has used only the source
node’s RF signal for energy harvesting and it left out neighbor’s RF signals, which is a valid source of
energy and that have a notable impact on energy efficiency of the system.

3. T-SWIPT Technique for Energy Harvesting

In this section, we present T-SWIPT technique for energy harvesting by using both TS and PS
protocol to increase the energy efficiency of the relay-based 10T network. For simplicity (see Fig. 1),
a transmitting node sends data to sink node via multipath (using other nodes as relay), and other
neighboring sensor nodes (neither transmitting nor receiving data) are able to harvest energy from the
unintended transmitting node in time slotted manner. The harvested energy in current time slot is stored
into rechargeable battery for further use in next time slot (harvest-store-then-cooperate) [30-31]. It is
also assumed that, initially all the sensors are provided with some amount of energy but not fully
charged. It improves the green aspect of sensor-enabled IoT network.

Each sensor node has three types of operation mode (DT/DR/EH) in its own time slot, but at a time,
only one operation mode is activated in its time slot. When the sensor node works in data transmission
(DT) mode (i.e. source node), it is able to transmit both information and energy (RF signal) in its
transmitting slot. When the sensor node works in data receiving (DR) mode (i.e. relay node), it
inherently uses PS protocol to split the received RF signal into two signals for information decoding
and harvesting energy simultaneously in its own time slot. When the sensor node works in energy
harvesting (EH) mode (neither transmitting nor receiving data), it is able to harvest energy from other
neighbor transmitting node (unintended transmitter) in its time slot. Therefore, the proposed T-SWIPT
technique enables the sensors to harvest additional energy from the other transmitting node in the EH
mode rather than harvest energy only in DR mode of conventional PS design sensor node.

External
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Fig. 1. llustration of SWIPT technique in relay-based energy harvesting loT
3.1 System model

We consider a multi-hop relay based WSN architecture that consists of N sensors and a sink node.
Each sensor node works as both a data conveyor (relay) and an energy transmitter to enable T-SWIPT
technique in the network. These sensor nodes are homogeneous in terms of sensing, computation and
transmission, and have a single antenna. The sink serves as a central controller and handles all the
routing and signaling issues. The sink node has not only obligation for gathering data from all the
sensors but also broadcast energy to all sensors. The network is termed as a directed graph G = (v, e),
where the set of vertices v, represents the sensors, and e indicates the set of edges. A directed link
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(i,)) € e exists if v;; < u, where v;; signifies the interspace between sensor i and sensor j and uy
represents the range of transmission of sensor nodes. The transmission range of sensors u;, changes
with the transmission power of sensor nodes i.e. u;, varies along sensor nodes. We suppose that the
channel follows a quasi-static block-fading model with Rayleigh distribution between the transmitting
and the receiving node [13, 29]. However, it is possible to use other channel fading models also, such
as Nakagami, Rice, etc. In this paper, we consider imperfect channel state information (CSI) (due to
noisy channel) motivated by the prior researches [32-33]. The receiver end able to calculate the
distribution of CSI by the received signal and finally transmitted as feedback to transmitter. Thus, both
the transmitter and receiver have information about channel gain. Further, RF signal received by the
receiver is corrupted by an additive white Gaussian noise (AWGN) of receiver’s antenna and received
aggregated co-channel interference because of sharing the same frequency band at same transmission
slot.

3.2 T-SWIPT Technique

LG G |

Fig.2. Time slot (T) assignment

Sink collects the information from sensor nodes dispersed in monitoring area in collection period
(C1Cy, ... Cy ... ). Moreover, each collection period has equal time duration (|C;|= |C,| = |Ck| = T).
The information collection period (T) is divided into two time slots including energy broadcast slot of
duration g from sink, and data transmission slot of duration (T — [3) for the sensor nodes. Further, data
transmission slot is divided into ¢ number of different data transmission time slot having equal time
duration (|t.| = |t3].......=|t¢s| =t) among N sensors to transmit data; such that it holds the
inequality B + ct < T. It means that maximum c¢ number of nodes transmit data simultaneously. In
order to avoid collisions due to data transmission and enhance energy efficiency, we use the scheduling
algorithm proposed in [34] for data collection schedule among sensors. If we use conflict free schedule
then each sensor node requires its own data transmission slot i.e. ¢ = N.
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Fig. 3. Technical architecture of T-SWIPT

A Sensor node is comprised of an energy harvesting unit, a power splitting unit, a traditional signal
processing unit, time switching unit and a rechargeable battery. Because of some hardware constraints
[35], the circuit employed for data processing in the receiving sensor cannot attach with the energy
harvesting circuit in practical operation. Hence, the ID unit is separated from the EH unit. Here, we
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neglect the noise and power loss created by the power splitting unit and time switching unit in signal

processing. In addition, P. is the constant power consumption for overall data sensing and processing

in time slot T for all sensors. As, data receiving require less amount of energy than data transmission.

We neglect the energy consumption in data receiving by sensors. The advantage of the proposed T-

SWIPT technique is that sensor node harvests energy in three ways- (i) from sink; (ii) from received

RF signal (using PS protocol); (iii) from neighboring data transmitting node, overall more harvested

energy improves the network efficiency.

In any time slot t, multiple sensors send their information to receiver as long as these signals are
orthogonal to each other. Hence, it is plausible to have more than one sensor to send sensed information
in the same transmitting slot so long as they do not clash with one another. Synchronization between
transmission slots of multiples nodes in distributed sensor environment achieved by reference
broadcast synchronization protocol [36]. Sink broadcasts reference beacon packet at the beginning of
B time slot and the sensor nodes switch to information decoding mode to decode the reference beacon
packet and put its arrival time as timestamp for comparing their clocks. To achieve synchronization, in
data transmission slot, these receivers exchange their timestamp of beacon packet to calculate their
relative phase offset.

Without loss of generality, we consider three sensor nodes (transmitter, receiver and neighbor) and
one sink to show the working idea of T-SWIPT technique as shown in the Fig. 3. In time slot t, a hode
can work in any one of the three-operation mode (EH/DT/DR). The working steps are as follows:

1) In g time slot, sink node broadcasts the energy signal (shown as dotted green arrow in the Fig. 3),
and all three sensors harvest energy simultaneously and accumulate it into their rechargeable
batteries.

2) In t time slot, for transmitter node (i) , time switcher switches in DT mode, to enable RF signal
transmission to the intended receiver (j) carrying both information and energy simultaneously as
shown in the Fig. 3 as solid red arrow, and in the meantime only energy flows to other neighbour
node (unintended receivers) as shown in the Fig. 3 as dotted green arrow.

3) Meanwhile in the same time slot t, the receiver’s time switcher switches to DR mode and the
received RF signal is given to power splitter circuit, where it splits the received signal into ratio
ri’jand Tfj signals for simultaneous ID and EH respectively, where 0 < T{j <landO0 < rfj <

1 such that Tilj +riEj < 1 defined in section 4.1 as optimization problem constraint A7 . The
harvested energy stored into the rechargeable battery for later use in forwarding the data.

4) In addition, meanwhile (in the same t slot) the neighbour sensor node that is neither transmitting
nor receiving any intended information, its switcher switches to EH mode and only harvest energy
from ambient RF signals transmitted in its surroundings environment (unintended transmitters)
regardless of sink. The harvested energy stored into the rechargeable battery for later use in
forwarding the data.

The working steps as flow chart of the proposed T-SWIPT technique is presented in the Fig. 4. First
the operation in B slot takes place, where all sensors simultaneously harvest energy from the sink
broadcast energy. After that, transmitters, receivers and other nodes work parallel in any particular
slot t. Let us assume a binary indicator a;;, such that a;; = 1 if sensor j cannot harvest power from
sensor i (neighbor sensor, unintended transmitter). When sensor i is conveying sensed information to
its intended receiver (not sensor j) in an information transmission slot, it means that sensor j is itself
either sending information to its intended receiver or receiving information from its other intended
transmitter in the same transmission slot. It is to be noted that a;; = 1.
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The incident RF signal power is absorbed by effective area of antenna and rectified with energy
conversion efficiency, and converted into output DC (direct current) power (transmission power). The
output DC power of senor node depends upon RF-to-DC conversion efficiency coefficient n;; as

dictated by non-linear EH model [37]. The energy conversion coefficient n;; increases with the
increment in incident RF signal power until it reaches to saturation point i.e. n;;** = 0.8 [38]. Then
further increase in the input power RF signal has no effect on n;; . Whereas, initially the transmission
power (output DC power) of node also increases with the increment of n;; and reaches to maximum
transmission power when n;; becomes stable. The maximum transmission power Ppq, is also
restricted due to hardware constraint limitation, which is dictated as constraint (A3) in section 4.1.
And, also the EH circuit triggers the RF-to-DC conversion only if incident input RF signal power is
greater than minimum required power P,,;,, which is also dictated as constraint (A3) in section 4.1.
As, our objective is to maximize the energy efficiency of the network, i.e. achieving the higher data
rate and harvested energy from the same received RF signal power. So, there is a tradeoff between
power splitting ratio and transmit power P;;.

Based on the proposed T-SWIPT technique, we compute the total energy harvested by all the sensors
in the network analytically. The maximal energy harvested in time T by receiving node j from
transmitting node i, denoted by Ej, in Joule, given as:

ED = Z?:l PijgjnijTiEjgijt , de N, (1)

where, d is the set of transmitting sensor node which uses node j as relay, P;; denotes the power used
by transmitter i to transmit data to receiver j (input incident RF signal power at receiver j),
gij represents the power gain of channel, 0 <& < 1 is the energy harvesting coefficient for node
j from node i, which indicates that receiver j doesn’t harvest all of the power emitted by node i. The
reason behind it is that other sensors also harvest power from the transmitting node likewise the
neighbor node, because of the fact that signal dissemination by non-directional antennas is ambient.
n;; represents energy conversion efficiency to convert the received RF signal power to output power
suchas, 0 < n;; < 1, so it can be stored for later use, which depends on the energy harvesting circuitry
and the process of rectification.

Similarly, let E; represents the quantity of harvested energy by receiving node j from antenna noise
and co-channel interference signal in data gathering time T as:

E =X (ot + ok )yt 2
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where aj i stand for AWGN powers emerging from the receiver j antenna, afi ; represents the power

of total co-channel interference received by receiver j.
Similarly, let Eg represents the quantity of energy harvested by receiving node j from the broadcasted
power P; through sink node in B time slot given as:

Eg = Psgin;gi;PB 3)

Similarly, let E, is the harvested energy by sensor j (neither transmitting nor receiving node) from
other ‘m’ unintended transmitting neighboring nodes in data gathering period T given as:

Eo = X% Pjgn;jgijt(l —a;), mEN (4)

Thus, the total energy harvested by the receiver sensor j in an information gathering time T
calculated as:

El,=Ep+ E + Es+ E, (5)

The aggregate power depletion of the network system is used in optimization problem, which is the
primary objective of this paper. In particular, the energy depletion of the network system E;. can be
given as:

Erc =PT+ Z?"j:]_ uPp;;t — Z?’:l Ery (®)

The first term in Eq. (6), i.e., P.T is the total fixed power depleted by the all sensors to sense and
gather information in the network during T independent of harvested energy, the second term is the
total energy depletion in the transmitter’s power amplifier, where u = 1 denotes inefficacy of the
transmitter’s power amplifier. The total harvested energy E7.,, interpreted as remuneration energy of
the network system.

4. Energy Efficiency Optimization of T-SWIPT

In this section, we formulate an optimization problem in terms of energy efficiency and present its
solution using Lagrangian optimization method. The energy efficiency of the network depends on data
rate to the total power consumption. If we increase the S time slot then energy harvesting duration
increases, and data rate of the system decreases on lower transmitting power (P;;). The data rate also
depends upon ID ratio r{j of PS protocol, if lower r{j is used then there is a further decrease in data

rate. Whereas, lower value of 3, and higher value of r{j increases the data rate on increasing
transmitting power but lower down the energy harvesting duration. Therefore, overall energy efficiency

of the network is not maximized because there is coupling of §,7;; and P;;. For optimal energy

efficiency of the network, above parameters needs to be optimized. The received signal power (y) at
receiver of received signal (q) with incident power P;; is given as:

Yy =Pijgijq + ng; +1; (7)
where, n, ; represents the AWGN due to receiver antenna with zero mean and variance aji’j. If
represents the received aggregated co-channel interference on receiver’s channel with zero mean and

variance G,Z_i‘ ;- The Shannon’s channel capacity between transmitting sensor  and receiving sensor j is
given as:

X;i =Vlog,(1+ PiTi0i ) 8
Y whj(ofi+ o) +ody

where, 62;; represents the noise power generated b rocessing of signal at receiverj,
S,ij ]

1
PijTijgij

T2 2 — represents the signal-to-interference-plus-noise ratio (SINR) between transmitting
Tij(o'l,ij+o'A,i,j)+o'S,ij

node i and receiving node j, and V denotes bandwidth of channel. The maximal amount of information
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(data rate) accurately transmitted from transmitting node i to receiving node j in T time slot is given
as:

PijTij9ij
T{]( IU+0AU)+USU
The total number of bits that is successfully received by sink node (bits/second) is defined as

throughput of the network, and it is also valid for any two nodes that are connected and transmit data
to each other and is given as:

(P, 7, B) = IV;-1 6Dy (10)

where P = {P;; > 0,Vi,j € v} is the transmit power allocation policy, T = {TU, 7, = 0,Vi,j € v} is
the policy of power splitting, 8 > 0 is the energy broadcast policy. &;; is a positive weight which
denotes priorities of different receiver nodes to attain fairness in the network system and is prescribed

by the application layer. The total number of bits received by sink node per Joule consumed energy is
interpreted as the average energy efficiency and is given as:

Dij =tV lng(l +

), ts¥,ceN €)

_ o(P1,p)
lp (P’ T’ ﬁ) - ETC(P'TIB) (11)

4.1 The Optimization Problem

In the given section, we formulate the maximization problem of average energy efficiency for the T-
SWIPT technique as non-linear optimization problem and expressed as:

maxp,.p Y(P,7,B) (12)

subject to- A1: DU > Dpins Vi, J; A2 E%H > Epins Vj; A3: Pmm < Py < Prgy Vi, j; A4 B < T —

ct; A5: Typin < Tij < Thnax 3 A6: Ty < Tf5 < Thnaw s A7: T + 105 < 1; A8: >0,

ij = ij = l]—

where A1 specifies that the data rate of transmitted information from node i to node j should be more
than or equal to the minimal data rate requirement D,,,;,,. Although D,,,;,, is not an optimization variable
in this paper, we can balance the energy efficiency of the network by varying the minimum data rate.
The minimal EH constraint A2 indicates that the energy harvested from the RF signals must be greater
than the minimal harvested energy to trigger the harvesting circuit and avoid temporal death problem
[39]. Moreover, minimum transmit power P,,;, is required to satisfy the minimum data rate
requirement D,,,;,. A3 indicates the transmit power limitation of the transmitting sensor, the value of
Prnax and Py, is the upper and lower bound on the power emitted by the transmitting node
respectively which is a constant and controlled by the power amplifier’s hardware constraints. Py,;,
must be greater than zero to avoid the cold-start problem, so that the received RF signal power is
enough for both ID and EH. A4 indicates the energy broadcast time constraint, which should be less
than or equal to information collection period minus total transmission slot time. Boundary constraints
in A5 and A6 denotes the lower bound and upper bound power splitting ratio for ID and EH
respectively. This is due to receiver hardware limitation of computing capability. Such that 7/, +
15 0 = 1and . + £, =1. In other representation, power splitting ratio for information decoding
is denoted as 7;; = r{j and for energy harvesting 1 —t;; = T . Whereas, constraint define in A7
represents that there is no extra power gain during power spllttlng process asserted as passive sensor
node. A8 indicates that the energy broadcast time should be greater than zero.

4.2 The Solution

The main problem in the process of finding optimum solution is the absence of convexity in the
formulated maximization problem as given in Eq. (12). Because the energy efficiency-maximization
problem is the fraction of concave to convex function (for proof see Appendix-A). The denominator
of the fractional problem is positive affine function with respect to transmit power for given power
splitting ratio and sink broadcast time and vice-versa, whereas numerator is the concave function
because of coupling in the variables (P, t, ) under constraint A1,A2, A3 and A4. In addition, the
constraints A5 to A8 are integer constraints (Boolean value) and coupled with A2. Generally, we do
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not have any standard way to solve the non-convex maximization problems. Thus, we instigate an
analogous conversion of the objective function so that it can be solved by applying the nonlinear
fractional programming method. A similar objective function in form of subtraction is given by
transforming the previously given objective function that is in form of fraction so that the problem can
be made tractable. 1°P¢ represents the optimal energy efficiency of the network system and can be

given as
P = s = maxp.op ) (13)
Now, to optimize the problem in (12), the following fundamental theorem is introduced.
Theorem 1. The optimal energy efficiency y°P¢ is attained on condition
maxp.,p [w(P,T,B) — YoP Erc (P, 1, B)] (14)
— w(popt’ropt,ﬁopt) _ lpoptETC(popt’ Topt,ﬁopt) =0 (15)

forw(P,t,B) > 0and Eqc(P,t,B8) >0

Now, an algorithm-1 with iterations based on Dinkelbach method is presented, based on an optimum
solution found by using the objective function in [40]. It can be seen from the algorithm-1 that in each
main loop iteration, the optimization problem in Eq. (16) is solved for given energy efficiency y:

maxp g [w(P,7,B) — YErc(P,T, )] (16)

subject to A1, A2, ... ... A8.
Now, by the following theorem convergence of the algorithm-1 is shown.

Theorem I1. The algorithm-1 converges to optimum energy efficiency on the condition that in each
iteration, the problem (16) should be solved. Its proof can be found in [20, 40].

To obtain a compliant algorithm for optimizing { P, 7, B }, the capacity of channel X;; in Eg. (8) can
be approximated as:

) (17)

I
Pt g
—_ J Il
Xij = Vlog2(r’ (az +o2 )+02
G\"Lij T AL S,ij

That is a compact approximation for excessive signal-to-interference-plus-noise ratio (SINR).
g
Practically a high SINR (= PijTijdij

2 2 2
Tij ("1,ij+"A,ij)+"s,ij

by the system as quality of service (QoS) and faultless transmission.

> 1) is needed to assure minimum data rate D,,;,, satisfy

Algorithm 1. Lagrangian based optimization algorithm

Input:

Imax = Upper bound for iteration number;

e = the maximum tolerance;

= energy efficiency;

k= Iteration index;

Output:

(popt, gopt RoPYY - an optimum strategy for { P, 7,5 }

Pt optimal energy efficiency

Lk=13y =0;

2: Use transmission schedule algorithm [34] for data transmission schedule.
3: while k < 1,4, do {main loop}

4: For given value of i, obtain resource allotment strategies { P, 7, § } by solving the optimization problem in

(16)

5 if ((A)(P, T, ﬁ) - l)bETC(P,T,ﬁ)) < (¢] then

6: return {PPt, 7Pt BoPt} = (P ¢ B} and yort = 2EH
Ercpe,p)

7: else

8: Setyp = 2L and k =k +1

Ercpr,p)
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9: end if

10: end while

The primal energy efficiency problem in the Eq. (16) is solved through dual decomposition method
to obtain an optimal strategy for { P, t, 8 }. Firstly, we require the Lagrangian function to the original
maximization problem, which can be achieve by finding product of the Lagrangian multipliers with
the associated constraints A1, A2, ... ... A7 and A8. The partial Lagrangian function of Eq. (16) is given
as:

L@,9,0,d,v,0,p,P,7,B)
N

N
Pijti;9i; N
tij(ofy + aii) + 0y j=1

L,j=1 Lj=1
N N N
+ Z 9:j(Dij — Dynin) + Z 6;(ELy — Emin) + Z $i(Pij — Pmin)
=1 = =1
N N
E ! T —ct
+ Z Vij(Pmax — Pij) + Z @it +T; -+ P(T - 1)
i,j=1 Lj=1

(18)

For the associated constraints, the Lagrangian multiplier vector 9 = [9;;,i,j = 1, ..... N]T is for QoS

ij

Pi]'T{jgij
oo+ 4,)
multiplier vector 6 =[0;,j =1, 2,..N]Tcorresponds to inequality constraint A2 for minimum
harvesting energy to avoid temporal death problem. Lagarangian multiplier vector ¢ =
[bij ij =1, ...N]T is for individuals minimum transmit power in constraint A3 to satisfy the
minimum data rate of system for QoS. Lagarangian multiplier vector y = [yy;,i,j = 1, ... N7 is for
individuals transmit power limited to maximum transmit power (hardware limitation) in constraint A3.
Lagarangian multiplier p is for balancing the information collection period (T) between sink broadcast
duration for EH (B) and total data transmission period (ct) for sensors in constraint A4. The Lagrangian
multiplier vector ¢ = [, i,j = 1, .... N]T for power splitting ratio constraint A7 . On the other hand,
A5, A6 and A8 are the boundary condition constraints in integer form, which makes the maximization
problem as non-linear maximization problem due to coupling of variable (P,t,8) in
constraints A1,A2,A3,A4 and A7. To find the solution of maximization problem, we relax the integer
constraints A5 and A6 into real value between 0 < T{j <land0 < TLE]- <1 and A8: f > 0 in time-
sharing manner that is caught through the Karush-Kuhn-Tucker (KKT) conditions. We use these non-
negative constraints A5,A6 and A8 to find the solution of Lagarangian multiplier function in
successive iteration.

requirement related to higher SINR < oz > 1> of the system in A1l. Lagarangian
0s,ij

4.2.1 Dual Decomposition method
By using the method of duality, the dual problem of the original problem in Eq. (16) is given by

min§,9,¢'y'(p'p>0 maxp,f,ﬁL(ll), 19; 6; cl)i )/P §0; ,0; PP T, ,8) (19)

By using Lagrange dual decomposition the optimum strategy for { P, t, 8 } is obtained. Precisely,
the method of Lagrange dual decomposition is applied to fragment the dual problem in Eq. (19) into a
two-level hierarchy. The inner maximization in Eq. (19) is the first level, which is divided into three
separate sub-problems at the network’s physical layer: (i) transmission power assignment; (ii) power
splitting ratio; and (iii) energy broadcast time slot, and solved simultaneously. The outer minimization
is the second level, which predominantly upgrades the Lagrangian multipliers. We can iteratively solve
the dual problem. Precisely, for a definite value of Lagrange multipliers, sub problems are solved in
each main loop iteration by using the KKT conditions. We use the sub gradient technique to upgrade
the Lagrange multipliers by using the solutions of the sub problems.

4.2.1.1 First level (Sub problem Solution)
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In this level, first order partial differentiation is used in three different sub-problems to find the
optimal solution for transmission power assignment, power-splitting ratio and energy broadcast time
slot of sink using KKT conditions under constrains A5 A6 and A8, since the optimization variables
(P,t,B) are positive.

(1) Transmit power assignment (P;;) - For the given value of 7;; and 8 , the optimum policy for

transmit power assignment is calculated by obtaining first order partial derivative of inner
maximization Lagrangian problem with respect to transmit power P;; and equate it to zero as follow:

oL (Vts;;) 0, VT
ap. =~ by — vy T+ (Pylog2) | Pylog2 +(6; +¥)(1 = ay)me;gimy;t

3]
- (9] + w)dé']g”n”t(l - Tij)' Vl,] EN

(20)
Now, after solving the Eq. (20) for P;; by equating % = 0, we get the solution for optimal transmit
power assignment as:
Py = (z:% Oy + 6/ (vij — by + puth — meignt(1 — ag)(0; + ) — dejgymyt(1 —
;) (6, + ) (21)

(ii) Power spitting ratio (z;;) — For the given value of transmit power P;; and energy broadcast time

slot of sink 3, the optimal power-splitting ratio is calculated by obtaining first order partial derivative
of inner maximization Lagrangian problem with respect to 7;; and equate it to zero as follow:

;TLU = W;Vt(ad; + 1ij(0fj + 080 ;))((Pijgip)/(0di; + Tij(0fij + 04:;)) — (Tij9i;(0fsj +
ori N/ (08 + Tij(ofi; + Oﬁ,i,j)z))/(fijpijgij log 2) — of; jdn;;ty — (6; +
Y)Pydeni gyt — 007y dnyt + (Vedy (05 + 7(0f; + 045, * (o _+Tﬁi(jjzi{.+o_z 3

S,i,j U\"Li,j Alj
(ti;Pigij(0fsj + 04 D)/ (085 + Tij(0fs; + Oﬁ,i,j)z))/(fijpijgij log2), Vi,j €N (22)

Now, after solving the Eq. (22) for z;; by equating % = 0 we get the solution for optimal power-splitting ratio
ij
as expressed in Eq. (23).

Tij = — (lOg 2 d9j0,2'l-'j052'i'j1‘|1j - (\/log 2 do—.Sg,L,jnl](BJ + 111)(0'12’i,j + PUSJgU) X

(@i +6i) (ot + 0fi;)4V) + (log 2 doi; jof; mij(6; +¥)) +
(log 2 dPjog; jemi;gii(6; + ll’))

log 2 dP;;ad; jgni;9i;(6; +¥))/2Uog 2 d(afy; + a4 )0t (6 + ) + log 2 d(ofy; +
a4 i) Piemi;gii(6; +¥)))

)+ log?2 dafi,j, Usz,i,jrlijlp +

(23)

(iif) Energy broadcast time slot for sink (B) - For fixed transmit power P;; and power splitting ratio
7;; of sensor node, the optimal policy for energy broadcast time slot is calculated as follow:

oL (T—ct)
g = OiFsEnijgij - Bzc + Pgn;jgij (24)

Now, after solving the Eq. (24) for 8 by equating g—; to zero, we get the solution for optimal energy

p(T—ct)
— / L2 25
B Psejn;jgij(0+y) (25)

broadcast time slot g as:
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4.2.1.2 Second level (Master problem Solution)

Here, we apply the sub-gradient technique to get a solution for the outer minimization problem in
(19). In other words, to obtain Lagrange multipliers 9;;,6;, &;j,v:j, ¢;; and p for a given values of

P;j, T;;and B. Sensor node j upgrades its Lagrangian multipliers at iteration x as follows:
O3 (x + 1) = [9(x) + 8(x)(Dyj — Dpin)]*, (26)
6;(x + 1) = [6;(0) + 8()(Efyy — Emin)]*, (27)
by (x + 1) = [y (x) + 5 (Pyj — Prin)]™ (28)
Yij(x + 1) = [yi;(x) + 8(0) (Prax — P)I™, (29)
@0+ 1) = [py;(0) + 8C)(xf; + 7l = DI, (30)
plx+1) = [p(x) + 8@ (=~ DI, (31)

where, x > 0 is the index for iteration, 6(x) is the positive step size for each iteration. The upgraded
Lagrange multipliers in (26), (27), (28), (29), (30) and (31) can be utilized for upgrading the strategies
for resource allotment in (21), (23) and (25) by finding solution of the sub problems in (19). For the
reason that the approximated objective function of the original problem is concave w. r. t the
maximization variables P;;, 7;; and g, it is promised that the original optimum solution can be attained
by solving the problem in first level and second level iteratively until convergence is achieved on the
condition that the selected step size, 8(x), is small enough. The convergence of the iterative algorithm
depends upon obtaining zero duality gap between approximated maximization problem and original
maximization problem i.e.(w(P, T, B) — YEr¢p1p)) < ©).

4.2.2 Complexity Analysis

Now, the time complexity of the proposed Algorithm-1 is analyzed. In step-2, linear time complexity
is needed to compute transmission schedule, i.e., O(c). Step-3 composed of two nested loops, outer
loop runs for maximum I,,,,,, number of iteration to update the parameter i (P, t, 8) through step-8.
The inner loop runs to solve the maximization problem, which is a convex problem as defined in Eg.16.
It requires only linear time complexity O(c). Thus, the proposed algorithm has time complexity
of 0(c) + O(I;paxC) = O(ImaxC), Which is a polynomial time complexity. In worst case, if there is
separate transmission slot for each node, then ¢ = N.

5. Simulation and Results

In the given section, simulations are performed to evaluate the performance of the proposed T-
SWIPT technique for relay-based energy harvesting 10T system, focusing on environment setting,
performance metrics and comparative analysis of the results.

5.1 Simulation Scenario

The performance evaluation of the proposed T-SWIPT technique is presented to show the significant
effect towards energy efficiency and system throughput using MATLAB R2017a as simulation tool.
The MATLAB functions used in the simulations are-NetArch(length, width, sink-location, initial
energy) for creating network architecture with given parameters, NodeArch(NetArch, number of
nodes) for distribution of nodes. For distribution of initial energy to each node and to keep track of
total energy consumption of the network, first order radio energy model is used. Moreover, SUPR EH
model is used as EH model. We consider that 60 sensors are uniformly deployed over 100 x 100 m?
area. Similar initial energy 2 mJ is provided to all the sensors in their rechargeable batteries. We also
consider that all the receiving sensors have similar priority §;; = 1,Vi,j € v, for displaying maximum
reachable system energy efficiency. Here we assume that the communication channel experiences
Rayleigh flat fading (small-scale fading). In the result, we consider the main loop iterations (I,,,4,) IiN
the Dinkelbach method as the total number of iterations, but not for the gradient method. Moreover,
for fast convergence, the step size of three sub-problems in Lagrange multiplier is updated through
backtracking line search. The maximum allowance transmit power PB,,,, taken in each case separately
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for simulating results. The minimum harvest energy is set to be 10% of P,,,,. The maximum energy
conversion efficiency
n;; "4 is about to 80% taken for practical wireless loT network [38]. The corresponding simulation
parameters are provided in Table 2.

Table 2. Simulation Parameters

Parameter Value Parameter Value
Gij 1 g 1

Tij [0.2,0.4,0.6,0.8] d 5

T 30 sec, P, 0.001W
P, [0.01,0.04,0.06,0.08,]W u 1

t 1 sec. m 5

v 10% Hz Dpin 200 bps
o,?l-'j [0,5,10,15]dBm c 25

aj_i,j —10dBm Pin 0.005 W
032,1-’ i —10 dBm

5.2 Result Analysis

This section is divided into three subsections to show the effectiveness of the proposed T-SWIPT
technique. (i) Convergence analysis; (ii) Performance test; (iii) Comparison with respect to state-of-
the-art algorithms; (iv) Network wide performance.

5.2.1 Convergence Analysis

This subsection analyzes the convergence rate of the proposed algorithm-1 with respect to humber
of iteration over maximum allowance transmit power of sensors and power spitting ratio in the Fig. 5
and Fig. 6 respectively. The convergent rate of the iterative algorithm defines its effectiveness.

From the Fig. 5, it is evident from the outcomes that as the iteration number increases, there is
increase in network energy efficiency and then it converges within 5 iterations in every considered
situation. This is because the presented algorithm balances the power-splitting ratio for energy
harvesting and information decoding using Lagrangian algorithm to achieve optimal solution. It further
shows that the energy efficiency of the system increases with the increase in the value of maximum
transmit power, such that B,,,,, (W) = {0.01,0.015,0.02,0.03}. The reason behind is higher transmit
power allowance makes the sensor nodes to increase their transmit power, which enhances the SINR
at the receiving node, because of which data rate capacity and harvested energy increases, which is
ultimately responsible for higher energy efficiency.

1000
O -
s | e g /
S 800 e S B eS8 EREY k5
3 400000000000 g
2 . £ 5 600 .
m 2 600 Convergence point I-Yi = Convergence point
2 [}
& S — P =003 53 -
5} E max . e 2 400 —i—Ti.70.2 E
S E 400 —a—P__ =002 =t I,
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< Pmax: 0.01 < —_—— Tij:O‘S
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Fig. 5. Average energy efficiency of the system Fig. 6. Average energy efficiency of the system
with increasing iterations and varying maximum with increasing iterations and varying
transmit power Fyqy information decoding power-splitting ratio z;;

Fig. 6 shows that as the iteration number increases, there is increase in the network energy
efficiency and then it converges within 5 iterations in every considered situation under maximum
transmit power allowance region By, (W) = 0.03. It further shows that the energy efficiency of the
system decreases with increase in the value of information decoding power splitting ratio 7;; = r{j €
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{0.2,0.4, 0.6, 0.8} for higher value of maximum transmit power allowance region. The reason behind
is when value of information decoding ratio 7;; is less; a smaller proportion of the received power is
provided to the system for ID and greater part of the power acquired for EH. Higher energy harvesting
allows the sensors to transmit more information to the next hop node towards the destination with high
power RF signal. Moreover, it is able to compensate the power loss due to transmission of more number
of bits and interference. It improves the SINR at the receiver until the channel capacity (data rate)
saturated in interference-limited regime, after that energy efficiency becomes independent of ID power
splitting ratio and now it depends upon energy harvesting capacity of node. Thus, higher power
splitting ratio for energy harvesting ultimately improves the energy efficiency of the overall system
until the channel capacity is stable. We consider the minimum information decoding ratio r{j =0.2to

meet the constraint Al: D;; = Dyyn. When r{j = 0.1, receiver is not able to decode enough
information successfully (lower SINR value) and fails to keep the constraint A1 , and then higher
harvested energy is of no use if receiver does not received any useful information. Therefore, overall
energy efficiency of the system is very low. For the next simulation results, maximum number of

iteration is set to be five.
5.2.2 Performance Test

This subsection simulates the average energy efficiency; average throughput and average energy
harvested of the proposed algorithm with respect to maximum allowance transmit power of sensors
over different value of inference level in the following Fig. 7 to Fig. 9. In addition, the system average
energy efficiency with respect to broadcast time slot of sink is also simulated against different transmit
power of sink in the Fig. 10.

Fig. 7 shows that the average energy efficiency of the system is a monotonically increasing function
of maximum transmit power allowance P,,,,. The energy efficiency of the system quickly improves
with increase in maximum transmit power allowance because the larger value of transmit power
improves the SINR at the receiver, and also makes the sensors to harvest more energy and use that
energy to transmit the information to the next hop node towards the destination with high transmit
power. Further, the energy efficiency of the system increases, and reaches the optimal value and keeps
stable when ( By, > 0.03 W). The reason behind is the algorithm-1 achieves a tradeoff among the
power utilization, the system energy efficiency and the average energy harvesting of the system. When
the energy efficiency of the system reaches its optimal value, an additional increase in the value of
transmission power would degrade the efficiency of the system because of high-energy consumption
of the energy-limited sensors. It is also analyzed that even though the interference signals work as a
good source of harvesting energy for the system, but not able to help in increasing the energy efficiency
at all, because the received power is used to compensate the power consumption due to strong co-
channel interference between the nodes and does not provide extra gain in data rate. Therefore, the
energy efficiency of the system decreases.
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energy, which reduces the energy efficiency of the system. In contrast, for higher maximum transmit
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power B, ., region, it allow the receiving sensor to split the desired signal in large fraction for EH until
the quantity of average harvested energy is stable. Because for high allowance of transmit power,
receiver has enough received signal power for simultaneous ID and EH. As soon as the minimum
required energy harvesting constraint at the receiver and minimum system data rate constraint are

satisfied A2: EJ,; = Epin, ¥V j and AL D;j = Dpin, Vi,j;, the transmitting sensors becomes
saturated at P, = 0.03 W, to increase the value of transmission power for maximization of energy
efficiency. In addition, the output transmit power depends upon energy conversion coefficient as well,
which limit the output transmit power up to maximum level as dictated by non-linear EH model. For
the above reasons, further increase in the maximum allowance transmit power ( Py,.x > 0.03 W) does
not increase EH capacity saturation of receiver. Moreover, increasing the value of a,z_i_ j» additionally

turns out to be a viable energy harvesting source for the receiving node. However, it does not increase
the energy efficiency of the system because aggregated co-channel interference impairs the channel
and further harvested energy is not enough to compensate the data rate loss. Overall, the system energy
efficiency is enhanced through harvesting more energy, when the receiving sensor split large fraction
of received power for harvesting energy.
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Fig. 9. Average throughput of the system with Fig. 10. Average energy efficiency of the system
increasing maximum transmit power B,,,,, and with increasing energy broadcast slot 3, and
varying interference power o/ j varying sink broadcasting power P;.

Fig. 9 depicts that the average system throughput is a monotonically non-decreasing function of
maximum transmit power allowance Py, for different value of interference power o/; ;- Larger value
of transmit power increases the SINR value at the receiver, it allows the receiver to simultaneously
decode the received information signal correctly and harvest more energy in balanced power splitting
ratio, which ultimately enhances the overall throughput of the system. The throughput of the system
reaches its optimal value and becomes saturated when maximum allowed transmit power reaches
t0 Ppax = 0.03W. Indeed, the transmit power P;; cannot increase further with respect to increasing
maximum allowance transmit power P, if the sensor is not able to handle the energy consumption
due to higher transmit power in the network. Thus, intensifying the value of the maximum transmit
power after a certain value cannot enhance the throughput of the system. Further, it is analyzed that
even though the signals of interference can be a valid source for harvesting energy in the system, but
high interference decreases the throughput of the system. This is because received signals are corrupted
from the higher aggregated co-channel interference from its other transmitting neighboring node and
the number of bits cannot be decoded correctly by the receiver due to low value of SINR.

Fig. 10 shows that with increase in broadcast time of sink and transmit power of sink, the average
energy efficiency of the network increases because for larger value of 8 and P, , more energy would
be harvested by the sensors from sink. Further, higher energy harvesting allows the sensors to transmit
the information to the next hop node towards the destination with powerful signal. It improves the
SINR at the receiver and the node is able to correctly decode the information signal, which ultimately
improves the energy efficiency of the overall system. The energy efficiency of the system reaches its
optimal value and stays saturated when 8 > 5 sec. The reason behind it is that the given algorithm
attains a balance between the energy harvesting time and data gathering time by sink in order to
maximize the average energy efficiency of the system.
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5.2.3 Comparison with Respect to the State-of-the-Art Algorithms

In this section, T-SWIPT technique is compared with TS driven SWIPT scheme (energy efficiency
optimization (EE-TS) [16]) and PS driven SWIPT scheme (orthogonal frequency division multiple
access based network system (OFDMA\) [18]) in terms of energy efficiency, throughput and harvested
energy of the system.

Fig. 11 shows that throughput of the system increases as the SINR value at the receiver increases in
each of the schemes. Because high SINR value denotes the fairness in received signal, so possibility
of decoding the data correctly increases. However, after a certain value of SINR (18 dB) throughput of
T-SWIPT system becomes stable; this is because of limited computation capability and harvested
energy of sensors. The reason for system throughput becomes stable is twofold, (i) it fulfilled the
constraint A1 and A2; (ii) it also validates the increasing transmission power restriction of non-linear
EH, that means the output power of EH circuit is limited by the factor of energy conversion efficiency
coefficient. T-SWIPT enabled system turns out to be best in terms of throughput, because node harvests
higher amount of energy from both its intended received signal and other unintended transmitting
signals in different time slot using time switcher. Whereas OFDMA (PS) or EE-TS scheme harvest
energy from the intended received RF signal only. Further, in T-SWIPT scheme node transmit data
with high power signal, which increases the SINR value at receiver side that enables the receiver to
correctly decode more amounts of data in limited time.

Furthermore, in EE-TS scheme system throughput is better than OFDMA (PS) scheme because TS
scheme mainly focus on maximizing the transmit power of node in order to increase system throughput
whereas OFDMA (PS) allocates the transmit power to node for fulfilling the minimum data rate in
delay—constraint network. And also, in TS-scheme node harvests energy from complete signal rather
than fraction of received signal as in OFDMS (PS) that helps node to transmit data in EE-TS scheme
with more powerful signal towards receiver node. Therefore, the receiver node experiences high SINR
value in EE-TS scheme than SINR value received by receiver node in OFDMA (PS) scheme. This
helps in decoding more data correctly in EE-TS scheme than OFDMA (PS) scheme. Therefore, TS
scheme has better system throughput than PS scheme. Overall, T-SWIPT improves the average system
throughput by 29% and 66 % over EE-TS and OFDMA (PS) scheme respectively at the stable point.
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transmit power B,

Fig. 12 shows that the proposed T-SWIPT techique outperforms with resepct to OFDMA (PS
enabled) and EE-TS enabled schemes subject to energy efficiency for different maximum transmit
power. The reason for perfroming better (T-SWIPT) than other schemes is mentioned in the above
comparison of system throughput. Further, EE-TS scheme’s average energy efficeincy is better than
OFDMA (PS) scheme. When the received signal is already weak (maximum transmit power region of
transmiter node P, < 0.02 W), and there is again signal division in OFDMA (PS), it causes
inadequacy in information decoding and energy harvesting. Because, most of the power in splitted
signal is consumed only in triggering the EH circuit or 1D circuit, and very low amount of power is left
for energy harvesting and information decoding. Thus, reduces the energy efficiency of the system.
Whereas, in EE-TS enabled protocol for low power received signal, system want to increase the
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transmit power by providing more time to energy harvesting circuit and less time to information
decoding so ultimately average energy efiicency decreases. It is observed that, energy efficiency of all
the three system increases with increase in the value of transmit power till the obtained energy
efficiency acquires its optimal value for the high intensity of transmission power and become stable
for maximum allowance transmit power greater than 0.03W. However, energy efficiency of the
proposed T-SWIPT technique turns out to be better as compared to the existing systems. Because in
T-SWIPT advantages of both PS and TS protocols are considered which allows the network to harvest
more energy and decode more number of data bits successfully, thus overcome the disadvantages of
using only PS or TS protocol. Overall, T-SWIPT improves average energy efficiency by 11% and 21
% over EE-TS and OFDMA (PS) scheme respectively at stable point.
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Fig. 13 illustrates that the average harvested energy of all the three systems increases with the
increment of allocated maximum transmit power utill average harvested energy reaches its optimum
value and become stable for P, > 0.03 W. However, it can be seen that the proposed T-SWIPT
technique harvests more energy as compared to the existing systems. Because in the proposed T-
SWIPT technique both PS and TS protocols for energy harvesting are integrated. Sensor nodes harvest
energy from its intended received signals, sink or other unintended neighboring transmitting node in a
time switching manner. Whereas, Fig. 14 illustrates the comparative analysis of the average throughput
of state-of-the-art-schemes over increasing region of maximum allowed transmit power corresponds
to the Fig .13. It can be clearly observed that average throughput follow almost the same growth rate
as the average harvested energy increases over maximum transmit power and becomes stationary at
0.03W. This is because, higher harvested energy empowers the transmitter to increase its RF
transmission signal strength close to the allowed region P,,.x, and more number of data bits are
successfully transmitted in unit time.

While in OFDMA (PS) and EE-TS energy harvesting is done only through intended received signals
energy. Further, PS protocol has disadvantage when the received signal is too weak. If the received
weak signal power is divided for energy harvesting, it causes inadequacy in energy harvesting in PS
protocol based SWIPT (OFDMA). Because most of the power is consumed in conversion circuit and
very less amount of energy is output as DC power. Ultimately, low powered RF signal is transmitted
and finally throughput of system reduces, as receiver is unable to successfully decode the information
from received signal. Whereas, EE-TS enabled protocol in the case of low power received signal does
not has enough power to trigger the energy harvesting circuit and fails to provide minimum output
power for next hop transmission. In addition to these, dynamic adaptability of transmission power in
the TS or PS schemes is also absent. Thus, the harvested energy and throughput is less in both the
system as compared to the proposed T-SWIPT scheme. Further, overall T-SWIPT harvests more
energy than EE-TS and OFDMA (PS) schemes by 43% and 92 % respectively, and corresponding gain
in the throughput for the T-SWIPT scheme over EE-TS and OFDMA (PS) scheme are by 26 % and 48
% respectively at stable point.

5.2.4 Network-Wide Performance



Cite As:
Jaiswal, A., Kumar, S., Kaiwartya, O., Prasad, M., Kumar, N. and Song, H., 2021. Green computing in |oT: Time slotted simultaneous wireless
information and power transfer. Computer Communications, 168, pp.155-169.

In this subsection, we evaluate the performance of system on increasing/decreasing the observation
area or numbers of sensor nodes dispersed in the environment under maximum allowance transmit

power P, .. = 0.03W subject to average energy efficiency.
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Fig. 15 illustrates that on increasing the area of network with fixed number of sensors, the average
energy efficiency of the network decreases quickly in T-SWIPT technique. It mainly depends upon
two facts- (i) distance between the neighboring nodes increases and then harvested energy from them
decreases; (ii) large distance among nodes causes more power consumption for data transmission and
also effect of attenuation increases on signal, which further decreases the SINR level at receiver side
(data rate decreases). It is also seen from the Fig.15 that with higher number of nodes in the fixed
observation area leads to higher energy efficiency. This is because more number of nodes reduce the
gap between neighboring nodes and energy harvesting from them increases, and also for data
transmission relay-distance decreases as compared to the distribution of lower number of nodes in the
area.

From the Fig. 16, it is observed that on increasing the number of nodes in the fixed area
100 x 100 m? the average energy efficiency increases in all the schemes. The reason behind is- (i)
uniform distribution helps the system to reduce inference level and appropriate selection of relay in
data transmission; (ii) more number of nodes leads to sense and transmit more data to sink, which
increases the data rate of the system; (iii) it also helps to cooperate in energy harvesting. However, on
further increasing the number of nodes (N > 80) in the fixed area, network power consumption rises
tremendously and it does not compensate the data rate loss and interference, and increasing rate of
average energy efficiency slow down. We also analyzed that, the proposed T-SWIPT scheme
outperforms the TS and PS driven scheme. Because, in T-SWIPT advantages of both PS and TS
protocols are considered which allows the network to harvest more energy and decode more number
of data bits successfully.

6. Conclusion and Future work

In this paper, we have proposed a novel T-SWIPT technique for a relay based energy harvesting
I0T. The aim of the paper is to give the optimum strategies for transmit power allotment; decide the
optimum power splitting ratio and the optimum energy broadcast slot for the sink. In order to attain
this aim, the problem of energy efficiency optimization is formulated as a non-convex maximization
problem. Lagrangian based optimization algorithm is used to convert the problem into convex
maximization problem in order to obtain the optimal solution. The outcomes of the simulation prove
that the convergence of algorithm-1 takes place in a few numbers of iterations. In addition, the
simulation results of the proposed technique are better than the state-of-the-art schemes in terms of
energy efficiency, system throughput and energy harvesting. However, SWIPT technique has some
technical issues that must be addressed such as poor energy transfer efficiency, scheduling, security in
data transmission, etc. In the future research work, we will plan to consider the above issues of SWIPT
technique and provide the optimal solution for it. In addition, we will use the concept of virtual
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multiple-input multiple-output with security aspects of SWIPT technique and try to give optimal
solution for providing physical layer security.
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Appendix-A

Proof of Quasi-concavity of the maximization problem with respect to optimization variables
The energy efficiency objective function from Eq. (11) is given as follow:
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P,
maxprp P (P,7,B) = %

It is observed that the maximization problem is a fraction of concave (humerator) to convex
(denominator) function. In the next three cases, we proved that numerator w(P,t,[) is concave
function.

(A.1) Proof of Numerator w(P, T, ) as concave function

Case-1: The first and second order partial derivative of w(P,, §) with respect to transmit power P;;,
for the given 7;; and § are computed as follow :

2
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2 2 2
g5+ Tij(al,i,j+JA,i,j
(A-2)

2w
(opij)°
Case-2: The first and second order partial derivative of w(P,t, ) with respect to power splitting ratio
7;; for the given P;j and f are computed as follow :

Here, 0

dw

Frl (Vt8;;((Pijgij)/(0é:j + Tij(ofij + 041 )) — (Ti;Pijgij (0l + 04 )/ (08 +
Ty (0fj + 02 i N2/ og (@) ((ti;Pijgi) [ (0d:; + Tij(0fij +04:;)) + 1)) (A-3)
= — (Vt6;j((Pj9ij)/ (08 + Tij(0fi; + 05 ))) — (ijPigij (ot + a4/ (05:; +
1ij(0fij + 04 i D/ Qog () (1ijPijgi;(0d:; + Tij(0fij +07:;) + 1)2)2 -
(Vt8;; (2P gij (ot + 0z )/ (081 + wij(0f; + 050 — QuiPiygii(ofi; +04i;) )/
((Usz,i,j + Tij(UIZ,i,j + O_,Z,i,j))3))/(log(2)((TijPijgij)/(o-Sz,i,j + Tij(UIZ,i,j + O-Az,i,j)) + 1) (A4
%w
(07))°
Case-3: The first and second order partial derivative of the w(P, T, 8) with respect to energy broadcast
time slot {8 for sink for the given P;; and 7;; is computed as follow:

]
£= - (V&;;l00((tijPijgi)l(oi; + tij(ofij + 04i;)) + 1))(c*log(2) (A-5)
%w
Here, W =0
Overall, we observe that the second order partial derivative of w(P, t, 8) is non-increasing function
with respect to optimization variables (negative value), thus it is proved that the total data rate of

network w(P, t, B) is concave function under optimization variables.

0%w
(97j)?

Here, <0

(A.2) Proof of denominator E;c(P,t,B) as an affine function, proved as positive convex
function.

An affine function is a function which is composed of a linear function + a constant.

Case-1: Erc(P,7,p) is an affine function (convex) with respect to P;;
Proof:

ETC(Pl]'Tl]'B) =PCT+‘LLPUt—E7]~H (A-6)
Erc = P.T + pPyjt — By Pyjgi(1 — 1ipnygijt — Bikq (07 + 0di)ny (1 — 13t — Pegnyj g8 —
Yiz1 Pijgingjgij t(1 — a;)) (A-7)
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Affine function form:
Erc = Pij(ut — 3, (1 — 1) gijt — ity Pjemyjgij t(1 — ag) ) + (BT =
(ol + 0k )y (1 — 1)t — Pegnyjg4;B) (A-8)
Er is of the form aP;;+b with a and b constant. Thus, it is an affine function. Where,
a=(ut — YL g1 —1)ng;git — X2y Piign;gi t(1— ag))
b=(PT—-3L,(0k;+ 071 — 1))t — Py 9:,8)
Case-2: Erc(P,, ) is an affine function (convex) with respect to 7;;
Proof:
Erc = P.T + pPijt — Y, Pijgi(1 — 1)y 945t — Xiq (074 + 07:)0i; (1 — 7))t — Pogjny; 9B —
Yivq Pijgingjgij t(1 — a;)) (A-9)
Affine function form:
Erc = Tij(ZfizlPijsjrujgijt + Z‘ii:l(afi,j + ajirj)r]ijt) + (P.T + pP;jt—Psgin;giiB —
YT Pyemiigij t(1 — ay) — X Pijgni gt — iy (ol + 04 )nigt)  (A-10)
Erc is of the form at;; + b with a and b constant. Thus, it is an affine function. Where,
a= (T, Pygnygit + Xk, (ofi; + 04,050
b = (P.T + uPyt—Psgjny;gijB — Xi2y Pygnygs t(1 — ay;) — Xy Byggngijt — Bia (o + 04 1)nt)
Case-3: Ep¢(P,t,B) is an affine function (convex) with respect to g
Proof:

T—- T— T—-
Er¢c =FT + #Pij(TB) — XL Pyg(1— Tij)flijgij(TB) =X (afi; + afi)ni; (1 — Tij)(TB) -
T_
Pegin;jgiiB — Xisq Pijgini;gij (Tﬁ)(l — a;j) (A-11)
Affine function form:
Epe = B((ZgzlPl’jgj(l_rij)rlijgij) " Z?=1(012,ij+0i,ij)mj(1—Tij)

Cc C c

— —Fsgin;jgij — (HPU) +

Cc Cc c

d
P Pijfjlujyij(l-aij)) + (PT + uPyT (Z(ii=1 Pijfj(l—fij)ﬂijgijT> _ 2:i=1("12,ij*“’fl,ij)“ii(1‘71'1')T _
C
c

P Pijsjlujgij(l—aij)T) (A-12)

c

Er¢ is of the form a8 + b with a and b constant. Thus, it is an affine function. Where,

a= ((2?=1Pi181'(1—fij)Hij9ij) + St (ofitohui(1-my)

Cc Cc

ﬂ”ij) n Z?llPijfjﬂijgij(l-aij)>

c Cc

— Psginijgij — (

d 2 2
h= <P T+ uPyT (Z?:lPijsj(l—fij)llijgijr> _ Zi=1(‘TI.ij*"TA,iJ‘)“ii(l‘Tij)T XA Pijgjrh'jgij(l_aij)T)
- Cc
C Cc C C

Therefore, the energy efficiency objective function ¥ (P, t, ) is the ratio of a concave function to
an affine function and results in a quasi-concave function.



