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Abstract 
 

This paper adopts the Simultaneous Wireless Information and Power Transfer (SWIPT) concept in designing an adaptive 
optimal resource allocation algorithm for cooperative transmission in hybrid SWIPT-enabled wireless power sensor networks. 
The SWIPT concept enables the sensor nodes to utilize the radio-frequency signals to transmit energy along with their sensed 
data to the cluster heads. We consider having a hybrid access point (HAP) that acts as both power transmitter and a 
communication gateway. Hence, a cluster head that is two-hops away from the HAP sends its aggregated data along with its 
harvested energy to its neighboring cluster head that is one-hop away from the HAP. The presented Adaptive Resource 
allocation scheme (ARCH) for Cooperative transmission in Hybrid simultaneous wireless information and power transfer for 
wireless powered sensor networks algorithm is an energy efficient iterative scheme proposed for energy efficiency 
optimization for cooperative transmission in a hybrid SWIPT-enabled wireless powered sensor network. For the intra-cluster 
and inter-cluster communication, sensor nodes adaptively choose time switching or power splitting mode based on their 
energy dispersed value. Also, we present a frame structure for enabling the hybrid SWIPT operation and we formulate the 
optimization problem by jointly optimizing the transmit powers, the SWIPT ratios, achievable rates, and time for transmission. 
Simulation results show that the proposed ARCH algorithm is superior to benchmark schemes in terms of energy efficiency, 
achievable rate, and dispersed energy. 
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1. Introduction  

One of the main challenges in wireless sensor networks 

(WSNs) is the battery constraint of the sensor nodes. Since 

WSNs typically consist of large number of sensor nodes, it is 

costly and inefficient to replace the sensor nodes' batteries 

regularly. It is also very common that sensing errors and link 

failures often occur when the battery life of a sensor node is 

almost expired. Therefore, a major challenge in WSN is 

improving the network lifetime and maximizing its 

performance.[1] WSNs are used for different purposes such as 

IoT, Robot Operating System (ROS),[2] monitoring purposes,[3] 

routing protocol enhancement,[4] and many more. 

In WSNs, energy harvesting (EH) enables the sensor nodes 

to harvest energy from various environmental resources like 

solar, thermoelectricity, and wind. In literature, different 

works[5,6] adopted the concept of EH in WSNs aiming to extend 

the network lifetime. Authors in Ref. [7] adopted the EH 

concept that enables the sensor nodes to harvest energy from 

solar. The simulations show that their proposed scheme can 

effectively extend the lifetime of WSNs. Authors in Ref. [8], 

proposed an optimized wind-based EH system to sustain the 

operation of sensor nodes. However, these ambient energy 

sources are unstable, and cannot provide sustainable energy 

supply. 

Unlike the EH, wireless power transfer (WPT) is another 
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new approach which provides more stable and reliable energy 

supply to sensor nodes by using radio-frequency (RF) 

signals.[9-11] Simultaneous Wireless Information and Power 

Transfer (SWIPT) is one of the energy harvesting mechanism 

based on radio frequency (RF) in which the receiver captures 

the ambient RF radiation and converts it into a direct current 

voltage through rectennas circuits.[12-14] With the SWIPT 

concept, the same RF received signal supports energy 

harvesting and information decoding at the same time by using 

a specific information energy splitting mechanism. In 

comparison with other energy sources, such as solar energy 

and wind energy, the desired RF is more reliable. Hence, 

SWIPT provides a new alternative for energy-constrained 

wireless devices to harvest energy and prolong the network 

lifetime. SWIPT is valuable in the future development of 

wireless sensor networks in harsh environments. Authors in 

Ref. [15], proposed a WPT-based power allocation and 

optimization strategy, in which the wireless sensor nodes are 

charged through receiving RF signals. Time switching (TS) 

and power splitting (PS) are the two energy information 

mechanisms used to employ SWIPT in practical systems. In 

TS mode, the receiver performs information decoding and 

energy harvesting in different time slots. Whereas, in PS mode, 

the power splitter divides the received power into two parts, 

one part for information decoding and the other for energy 

harvesting. It is envisioned that SWIPT can significantly 

improve the energy efficiency of the WSNs.[16] The hybrid 

access point (HAP) allows wireless information transfer (WIT) 

and the wireless power transfer (WPT) simultaneously. In this 

context, each sensor node harvests energy from the HAP and 

uses this energy for sensing, processing, and sending the data 

back to the HAP. The sensor nodes are usually randomly 

deployed for specific purposes and these nodes harvest energy 

differently from the HAP since the distance between the HAP 

and sensor node is different from the others. The node that is 

close to the HAP harvests more energy than the node that is 

deployed far away; in this case, there exists an energy 

efficiency gap. In this work, a detailed energy efficiency 

optimization problem is discussed.      

In cluster-based WSNs, sensor nodes are grouped into 

several clusters where in each cluster one node is selected as 

the cluster head (CH). The sensor nodes send their sensed data 

to the CH which in turn aggregates the collected data as well 

as its own sensed data to send it to the HAP. As clustering the 

network has positive impact on reducing the total transmission 

cost in WSNs, in this paper, we present an adaptive optimal 

resource allocation algorithm for cooperative transmission in 

hybrid SWIPT-enabled cluster-based wireless power sensor 

networks.  

In our work, we adopt the WPT technology in a WSN that 

uses a controllable RF power source, such as a power beacon 

and HAP. Hence, we consider the presence of the HAP which 

acts as both power transmitter and a communication 

gateway.[17] The network is referred as Wireless Powered 

Sensor Network (WPSN) with a hierarchical structure where 

the sensor nodes in each cluster send their sensed data to the 

CH. The CH in each cluster sends the aggregated data to the 

HAP if it is one-hop away or to the nearest neighbor CH if it 

is two-hops away. In our model, HAP transmits power beacons 

periodically to every sensor node which uses this harvested 

energy for sensing and sending the data to its CH. So the 

allocation of the network resources such as the power, power 

splitting ratio, time switching ratio, achievable rate, etc. can 

be optimized to maximize the network energy efficiency 

which is an important issue in WSNs. It is well known that if 

all sensor nodes perform the same task and thus generate equal 

sized sensed data, the maximum rate of the sensed data 

collected in a WSN will be limited by the worst sensor node 

with low harvesting energy and poor link budget.[18,19] Thus, all 

other sensor nodes need to support the same data rate as the 

worst node so that some sensor nodes may have energy 

remaining after transmitting their sensed data to the CH. On 

the other hand, the CH needs to do more processing for the 

reception and aggregation of multiple sensed data and has to 

transmit the aggregated data to the HAP. Thus, it requires more 

energy in general (i.e., the CH becomes the highest energy 

consuming node in the cluster). Considering this situation, we 

apply the SWIPT technique to the WPSN so that the sensor 

nodes can transfer their remaining energy to the CH while 

transmitting data on the same RF band. This approach can 

increase the sensed data rate in the cluster which boosts the 

network performance. The main objective of our study is to 

maximize the energy efficiency of the network while 

supporting the cooperative transmission in WPSN. To the 

author's best knowledge, this is the first work that considers 

hybrid SWIPT concept for optimizing the energy efficiency in 

a cooperative transmission of a cluster-based WPSN. 

Our main contributions can be summarized as follows: 

• We design a frame structure to operate hybrid SWIPT in the 

hierarchical WPSN configuration. The frame is divided into 

Wireless Power Transfer (WPT) and Wireless Information 

Transfer (WIT) slots, and each sensor node adaptively utilize 

the PS or TS mode in the allocated SWIPT slot based on the 

node's dispersed energy.  

• We numerically express the achievable rate of sensed data in 

the system depending on the use of SWIPT. 

• We develop an algorithm that finds the optimal SWIPT ratio 

in terms of PS and TS to maximize the energy efficiency for 
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cooperative transmission in WPSN. 

• Finally, we propose a CH selection algorithm to maximize 

the energy efficiency of the network 

The rest of this paper is organized as follows. In Section II, 

we survey related previous studies and point out the originality 

of our study. In Section III, we explain the network structure. 

Section IV presents the proposed ARCH algorithm and CH 

selection algorithm. In Section V, the simulation results are 

discussed. Finally, we present the conclusions in Section VI. 

 

2. Literature survey  

Recall that in SWIPT-enabled WPSNs, the sensor nodes can 

simultaneously perform energy harvesting and information 

decoding using the same received RF signal, which can 

improve the network performance. Different studies on 

SWIPT-enabled WPSNs have been presented in literature 

aiming at enhancing the network performance. For instance, 

energy efficiency optimization has been extensively studied in 

WPT communication systems.[15,20,21] Song and Zheng[11] 

studied resource assignment optimization problem to 

maximize energy efficiency in WPSNs with energy beam-

forming. Also, authors in Ref. [22] studied energy efficiency 

maximization problem by jointly optimizing harvesting time 

and transmit power with nonorthogonal multiple access 

(NOMA) based WPSNs.  

Wang et al.[15] proposed a WPT-based power allocation 

optimization strategy, in which the wireless sensor nodes are 

charged through receiving RF signals. Huang et al.[23] studied 

the tradeoff between system energy efficiency and throughput 

to guarantee the minimum transmission rate. Tang et al.[24] 

studied the energy efficiency optimization for SWIPT-based 

MIMO two-way amplify-and-forward (AF) relaying networks 

through efficiently designing the PS ratio, in which the relay 

node forwards the source information by using the energy 

harvested from sources signals. Tang et al.[24] proposed a joint 

spatial switching and antenna selection scheme for QoS-

constrained energy efficiency optimization in a MIMO SWIPT 

system. 

SWIPT has also been applied to WSNs in various ways to 

overcome their energy limitations. Numerous surveys of 

SWIPT in WSNs have been published recently. For instance,[25] 

summarized the current research on SWIPT-based cooperative 

sensor networks, in which SWIPT is applied to WSNs in terms 

of dual-hop and multi-hop relays. Meanwhile, authors of Ref. 

[26] focused on the integral aspects of SWIPT in other 

prominent networks, such as device-to-device networks, 

vehicular ad hoc networks, wireless body area networks, 

WSNs, and so on. They presented open issues and challenges 

in SWIPT applications to such networks. In Ref. [27] an 

overview of SWIPT/WPT-enabled WSNs is provided where 

the network consists of multiple clusters and a sink node, in 

which the CH of each cluster performs SWIPT to give energy 

to relay nodes with low energies. In Ref. [28] a SWIPT-

powered sensor network was considered in which each source 

node operates as both an information and energy transmitter, 

and the destination node works as an information receiver 

while the other nodes work as energy harvesters. Furthermore, 

authors in Ref. [29] and Ref. [30] applied the SWIPT concept 

in their routing algorithms aiming at enhancing the network 

lifetime. Energy efficiency optimization schemes have been 

presented in literature by exploiting the concept of SWIPT. In 

Ref [31] authors presented a smart agriculture based on 

SWIPT technology where energy efficiency optimization 

scheme is presented for green communication. In their scheme, 

the subcarriers' pairing and power allocation are jointly 

optimized using the Lagrangian dual function. Simulations 

showed that the proposed optimization scheme can efficiently 

improve the energy efficiency of the system. In Ref. [32] 

authors considered an orthogonal frequency division multiple 

access (OFDMA) system based on the SWIPT technology. 

Resource allocation algorithm was designed for maximizing 

the energy efficiency of data transmission to the receivers. In 

particular, the algorithm is based on power splitting hybrid 

receivers which are able to split the received signals into two 

power streams for concurrent information decoding and 

energy harvesting. Two scenarios are investigated considering 

different power splitting abilities of the receivers. In the first 

scenario, the receivers can split the received power into a 

continuous set of power streams with arbitrary power splitting 

ratios; whereas, in the second scenario, the receivers can split 

the received power into a discrete set of power streams with 

fixed power splitting ratios. By exploiting fractional 

programming and dual decomposition, suboptimal iterative 

resource allocation algorithms are developed to solve the 

nonconvex problems. Simulation results illustrate that their 

proposed scheme approached the optimal solution within a 

small number of iterations.   

Most state-of-the-art schemes include SWIPT technique in 

EHWSNs focusing on maximizing the energy harvested that 

enhances the network throughout; however, such schemes 

didn’t consider the wastage energy. In other words, in each 

cluster, the rate of transmission is limited to the minimum 

sensing rate of the nodes. Hence, sensor nodes do not need to 

use their whole harvested energy, but only portion of this 

energy to transfer minimum sensing rate and the rest of the 

energy is wasted. This motivated the proposed work study to 

take advantage of this extra energy of each node to send it to 

cluster head in intra-cluster communications as well as inter-
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cluster communications. Also, it is worth noting that in 

previous studies the energy efficiency optimization in SWIPT 

system is studied based on PS or TS mode for intra-cluster 

communication. This has motivated the present work to 

include an adaptive selection of the SWIPT mode for 

cooperative transmission in a cluster-based WPSN, aiming at 

maximizing the energy efficiency.  

 

3. Network structure  

In this paper, we considered a cooperative cluster-based 

SWIPT-enabled wireless power sensor network, where the 

network consists of one hybrid access point (HAP) and k 

clusters, as shown in Fig. 1. The HAP is a power source that 

wirelessly transfers energy to sensor nodes and acts as a 

communication gateway. We assume CHs are either one-hop 

or two-hops away from the HAP. However, in each cluster, 

sensor nodes are considered to be one-hop away from the CH. 

Also, a CH uses cooperative transmission to send the 

aggregated data to the HAP only if it is two-hops away from 

the HAP. Therefore, in each cluster, the CH receives data from 

the cluster members and also might receive data from any 

neighboring CH that is two-hops away from the HAP.  

The HAP periodically broadcasts an RF signal, and the 

nodes in each cluster harvest energy from this RF signal. The 

CH aggregates all of the sensing, and then sends the 

aggregated data along with its sensed data back to the HAP. In 

Fig. 1, we assume CH1 is one-hop away from the HAP, and 

CH2 is two-hops away from the HAP and therefore sends its 

aggregated data to the HAP by cooperating with CH1. 

We assume that sensor nodes adopt the harvest-then-

transmit strategy.[33,34] Also, we assume that sensor nodes are 

hybrid SWIPT-enabled where each node either adopts the 

power splitting (PS) mode or the time switching (TS) mode[19] 

according to a specific condition which is explained in Section 

III. As shown in Fig. 2, each node contains a receiving antenna, 

a hybrid SWIPT unit (PS unit, TS unit), an energy harvester 

(EH) circuit, and an information encoder/decoder circuit. In 

the PS SWIPT mode, the node splits the received power into 

two ratios: ρ, is the power splitting ratio of the information 

decoding unit, and (1- ρ) is the power splitting ratio of the 

energy harvesting unit. In the TS SWIPT mode, the node splits 

the time into two ratios: β, is the time splitting ratio of the 

information encoding unit if it is a cluster member or 

information decoding unit if it is a cluster head, and (1-β) is 

the time splitting ratio of the energy harvesting unit. The 

antenna noise and the signal processing noise are denoted by 

nA and nS, respectively. The signal processing noise at the 

receiver side is modeled as Gaussian random variable with 

zero mean and variance σ2. The harvested energy from a 

cluster member helps the cluster head to transmit with the 

targeted rate of transmission. We assume that sensors perform 

the same sensing task, such as temperature, humidity, or fire 

sensing, so that the bit size of the sensed data transmitted by 

each sensor node is the same. Each sensor node harvests 

different amount of energy depending on its distance from the 

HAP, and the power consumption needed for transmitting the 

data to the CH, as the distance between each sensor node and 

 
Fig. 1 Network structure. 

 
Fig. 2 A hybrid SWIPT-enabled node block diagram. 
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the CH varies. Hence, the maximum rate of the sensed data 

collection in a cluster is limited by the minimum rate of the 

transmission links. Therefore, in each cluster, sensor nodes do 

not need to consume the whole harvested energy. In fact, they 

only need to consume the energy required to support the 

maximum rate of sensed data and the remaining energy is 

unused. Since a CH usually requires extra energy for multiple 

receptions, processing, and transmission to the HAP, SWIPT-

enabled sensor nodes transfer the remaining energy as well as 

their sensed data to the CH by applying the PS-SWIPT mode 

or the TS-SWIPT mode.  

 

3.1 Frame structure 

The proposed hybrid SWIPT frame structure is shown in Fig. 

3 along with the detailed description of the adaptive resource 

allocation scheme for the cooperative transmission in hybrid 

SWIPT-enabled wireless-powered sensor networks is 

presented in this section.  As it can be seen, the frame is based 

on time division multiple access with time division duplexing 

(TDMA/TDD) technology, and for the purpose of avoiding 

transmission conflict, scheduling-based resource allocation is 

adopted. At the beginning, the HAP broadcasts a beacon signal 

for frame synchronization and to provide the frame 

configuration and scheduling information to all of the nodes 

in the network. We assume the entire transmission duration of 

a frame is T seconds which is uniformly distributed among the 

clusters. In compliance with the harvest-then-transmit 

strategy,[34] the HAP transmits RF energy during the WPT slot 

with length Te. We assume that we have two clusters (i.e. k =2): 

cluster1, which is one hop away from HAP, and cluster2 which 

is two-hop away from HAP. The sensor nodes in each cluster 

harvest energy during this WPT slot to use it in the current 

frame. The remainder of the frame is uniformly divided and 

used for each cluster. Hence, the allocated resources consist of 

three main hybrid SWIPT slots: one for intra-cluster 

communication of length δt (i.e. δ×t, where 2δ <1) which is 

equally divided among the N1 sensor nodes in cluster1 and N'2 

in cluster2; i.e., each sensor node is allocated a time slot of 

length δt/N1 in cluster1, and δt/N'2 in cluster2. The second 

hybrid SWIPT slot is also of length δt, it is for the inter-cluster 

communication between CH2 and CH1. That is, the two-hop 

cluster head sends its collected data and remaining power to 

its one-hop cluster head during this second slot.[35] Note that 

during the first δt time slot, sensor nodes in cluster1 and 

cluster2 simultaneously harvest a ratio of power or time 

according to specific condition, then, send the sensed data to 

their cluster heads. In the second time slot, CH2 uses the total 

harvested energy from the HAP and its sensor nodes to send 

its aggregated data to CH1. The last time slot is the WIT slot; 

it is of length (1-2δ)t, and used for transferring the collected 

data at CH1 to the HAP. Each slot is reserved for each sensor 

node through a pre-scheduling mechanism so that access 

collision does not occur.[36] Each sensor node transmits the 

sensed data to its CH in the allocated SWIPT slot, and 

simultaneously transfers any remaining energy to the CH 

using either the PS-SWIPT or TS-SWIPT modes. The SWIPT 

concept is applied in each cluster whenever the sensing rate of 

the corresponding CH is less than the minimum sensing rate 

of cluster members. In such a case, for instance, when looking 

at cluster1 with the PS SWIPT mode, each sensor node i uses 

a portion ρi of power for WIT (i.e. information transfer to CH1), 

and the remaining portion (1- ρi) for WPT (i.e. transferring 

energy to CH1). Whereas each sensor node j in cluster2 which 

is two-hop away from HAP uses αj portion of power for 

information transfer to CH2, and (1- αj) portion for WPT. 

SWIPT concept is also applied for CH2 when sending its 

aggregated data to CH1. In this case, CH2 uses υ portion of 

power for sending its aggregated data and (1-υ) portion for 

WPT. Similarly, in the case of applying the TS mode, each 

sensor node i uses a portion βi of time for WIT, and the 

remaining portion (1- βi) for WPT. Moreover, each sensor 

node j in cluster2 uses j portion of time for WIT, and (1- ωj) 

portion for WPT. Moreover, CH2 uses φ portion of time to send 

its aggregated data to CH1 along with (1-φ) portion for WPT. 

Finally, CH1 aggregates all of the sensing information and 

transmits the aggregated sensed data to the sink in its allocated 

WIT slot. Note that, CH1 uses not only the energy initially 

provided by the HAP but also the energy additionally received 

from its member nodes and neighboring CH2. Applying the 

SWIPT concept, as described above, facilitates an efficient 

energy transfer as well as data transmission. 

In our analysis, we assume that we have two clusters; 

cluster1 and cluster2. Cluster 1 is one-hop away from the HAP 

with N1 number of nodes; and cluster2 is two-hops away from 

the HAP with N2 number of nodes. As seen in Fig. 3, each 

sensor node harvests energy from HAP during the Te WPT slot. 

In cluster1, the harvested energy of sensor node i ≠ CH1, is 

denoted by 𝐸𝑖
ℎ and given by Eq. (1), where hi is the channel 

power gain between the HAP and sensor node i; 𝜁𝑖  is the 

energy harvesting efficiency (0< ζ𝑖 < 1); and P is the power 

transmitted by the HAP during time slot Te. The harvested 

energy in cluster2 is similarly determined as in cluster1, and 

given by Eq. (2). 

E𝑖
h=hi ζ𝑖 PTe, ∀ i ϵ N1, i ≠ CH1                       (1) 

E𝑗
h=hj ζ𝑗 PTe, ∀ j ϵ N2, j ≠ CH2                 (2) 

The transmission power of sensor node j for transmitting 

data to CH2 during its time slot δt/N2 is given by Eq. (3): 
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Fig. 3 The proposed hybrid SWIPT frame structure. 

 

Pj=
𝑁2𝜂𝑗𝐸𝑗

ℎ

𝛿𝑡
 = 

𝑁2𝜂𝑗ζ𝑗ℎ𝑗PTe

𝛿𝑡
 , ∀ j ϵ N2, j ≠ CH2               (3) 

where 0 < η_j< 1 is the energy harvest coefficient of node j.   

According to Shannon’s theorem, the achievable rate of 

transmission in cluster2 from sensor node j to the CH2 is given 

by Eq. (4): 

𝑅𝑗𝐶𝐻2=
𝛿𝑡

𝑁2
log2(1 +

𝑔′𝑗𝐶𝐻2𝑃𝑗

𝜎2
), ∀ j ϵ N2, j ≠ CH2          (4) 

where g'jCH2 is the channel power gain from sensor node j to 

CH2, and 𝜎2 is the noise power at the receiving side. Note that 

the unit of this rate has bits/Hz reflecting the transmission time 
𝛿𝑡

𝑁2
. 

Similarly, the achievable rate of transmission in cluster1 

from sensor node i to the cluster head CH1 is given by Eq. (5): 

𝑅𝑖𝐶𝐻1=
𝛿𝑡

𝑁1
log2(1 +

𝑔𝑖𝐶𝐻1𝑃𝑖
𝜎2

), ∀ i  ϵ N1, i ≠ CH1              (5) 

Case A: No need to apply SWIPT technique. 

In this case, the rate of transmission at a cluster head is greater 

than the minimum rate of transmission from its cluster 

members. 

Case A.1: For inter-communication (CH2 sending to CH1): 

Then, CH2 uses the harvest energy from HAP to send its 

aggregated data to its closest neighbor cluster head CH1. 

Therefore, the transmission power of CH2 at transmission time 

𝛿t is given by Eq. (6):  

P𝐶𝐻2=
ηCH2ECH2

h

δt
 =  

ηCH2hCH2ζCH2PTe

δt
                      (6) 

And, the achievable rate for cooperative transmission from  

CH2 to CH1 is given by Eq. (7): 

𝑅𝐶𝐻2𝐶𝐻1=𝛿t log2(1 +
𝐺𝐶𝐻2𝐶𝐻1𝑃𝐶𝐻2

𝜎2
)               (7) 

Hence, the maximum rate of sensed data for inter-

communication (cluster2→cluster1) is determined by Eq. 

(8):[37] 

R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝐼𝑛𝑡𝑒𝑟  = min[R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡

𝑐𝑙𝑢𝑠𝑡𝑒𝑟2 , R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝑐𝑙𝑢𝑠𝑡𝑒𝑟1  ]      (8) 

Case A.2: For intra-communication inside cluster1: In regards 

to cluster1, the transmission power of 𝐶𝐻1  for transmitting 

data during WIT slot to HAP is given by Eq. (9): 

P𝐶𝐻1=
η𝐶𝐻1E𝐶𝐻1

h

(1−2δ)t
 =  

η𝐶𝐻1h𝐶𝐻1PTe

(1−2δ)t
                (9) 

And, the achievable rate of transmission from CH1 to HAP 

during (1-2δ)t is given by Eq. (10):  

𝑅𝐶𝐻1=(1 − 2𝛿)t log2(1 +
ℎ𝐶𝐻1𝑃𝐶𝐻1

𝜎2
)           (10) 

Also, the maximum rate of sensed data for intra-

communication in cluster1 is limited by the minimum rate of 

the transmission links[19,35,37] and given by Eq. (11): 

R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝐶𝐻1  = min[ min

i ϵ N1,i≠CH1
{RiCH1}, 𝑅𝐶𝐻1]       (11) 

Case A.3: For intra-communication inside cluster2: 

The maximum rate of sensed data that can be collected in 

cluster2 is also limited by the minimum rate of the 

transmission links.[19,35] Therefore, the achievable rate of 

sensed data in cluster2 is determined by Eq. (12): 

R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝑐𝑙𝑢𝑠𝑡𝑒𝑟2  = min[ min

j ϵ N2,j≠CH2
{RjCH2}, 𝑅𝐶𝐻2]      (12) 

Case B: There is a need for applying SWIPT technique. 



Engineered Science                                                                                                                                                                                Research article        

 

© Engineered Science Publisher LLC 2023                                                                                                                                                       Eng. Sci., 2023, 25, 932 | 7  

𝑆 =

{
 
 
 
 

 
 
 
 

𝑇𝑆 𝑖𝑓

{
 
 
 
 

 
 
 
 

𝑃𝑖 −
𝜎2(2

R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝐼𝑛𝑡𝑟𝑎−𝑐𝑙𝑢𝑠𝑡𝑒𝑟1

𝛿𝑡
N1 −1)

𝑔𝑖𝑎
= 0; ∀ iϵ N1, i ≠ CH1OR RCH1 < mini

RiCH1 ∀ iϵ N1, i i ≠ CH1

𝑃𝑗 −
𝜎2(2

R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝑐𝑙𝑢𝑠𝑡𝑒𝑟2

𝛿𝑡/N2 −1)

𝑔′𝑗CH2
= 0; ∀  jϵ  N2, j ≠ CH2OR RCH2 < minj

RjCH2 , ∀ 𝑗 ϵ  N2, j ≠ CH2

PCH1 −
𝜎2(2

R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝐼𝑛𝑡𝑒𝑟

(1−2𝛿)𝑡 −1)

ℎCH1
< PCH2 −

𝜎2(2

R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝐼𝑛𝑡𝑒𝑟

𝛿𝑡 −1)

𝐺CH2CH1
; ∀ CH1 ≠ CH2 

 

  𝑃𝑆    𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                                                                                                     

      (13)  

In this case, the rate of transmission at a cluster head is less 

than the minimum rate of transmission from its members. 

Hence, for a cluster head to be capable of transmitting the 

achieved rate, each cluster member will use either PS ratio or 

TS ratio of its energy harvesting and send this ratio energy 

along with its data to its cluster head. This is valid for all 

clusters. So, the SWIPT mode S is determined as in Eq. (13). 

Therefore, S is either power splitting or time switching, 

based on the value of the dispersed power of a node, which is 

the power difference between the power needed to transmit the 

achievable rate and the harvested one. This work considers the 

harvest-then-transmit protocol to be used by sensor nodes, 

hence, a major challenge lies on the tradeoff between 

achievable throughput and energy harvesting opportunity of 

sensor nodes. Confronting this challenge, proposed scheme 

applies the TS mode when the difference between the achieved 

rate of the CH is less than the minimum achievable rate in the 

cluster for intra communication and when the achievable rate 

at the one-hop CH is less than achievable rate at the two-hop 

CH for inter-communication. Otherwise, PS mode is applied. 

When the SWIPT mode is used then its flag is 1 as in Eq. (14). 

Flag(S)= {
1 𝑖𝑓 𝑆 𝑖𝑠 𝑢𝑠𝑒𝑑                                 
0 Otherwise                                     

(14) 

CaseB.1: Power Splitting (PS) SWIPT mode: 

As shown in Fig. 3 and starting with cluster1, each sensor node 

i uses ρ𝑖 of the harvested power for data encoding in WIT slot 

and sends (1 − ρ𝑖 ) of the harvested power for energy 

harvesting CH1 along with the encoded data in the WPT slot. 

Hence, the achievable rate of transmission in the cluster1 from 

sensor node i to CH1 is given by Eq. (15): 

𝑅𝑖CH1
𝑃𝑆=

𝛿𝑡

N1
log2(1 +

𝑔𝑖CH1 ρ𝑖 𝑃𝑖
𝜎2

), ∀ iϵ N1, i ≠ CH1   (15) 

= 
𝛿𝑡

N1
log2(1 +

𝜂𝑖ζ𝑖𝑔𝑖CH1 ρ𝑖𝑃 h𝑖N1𝑇𝑒

𝛿𝑡𝜎2
) 

Also, the achievable rate of transmission in the cluster 2 from 

sensor node j to CH2 is given by Eq. (16): 

𝑅𝑗CH2
𝑃𝑆=

𝛿𝑡

N2
log2(1 +

𝑔′𝑗CH2𝛼𝑗𝑃𝑗

𝜎2
), jϵ  N2, j ≠ CH2      (16)   

=
𝛿𝑡

N2
log2(1 +

ζ𝑗𝜂𝑗𝑔′𝑗CH2 α𝑗𝑃 h𝑗N′2𝑇𝑒

𝛿𝑡𝜎2
) 

Also, the extra energy obtained at CH2 from its cluster 

members is given by Eq. (17): 

𝐸CH2
𝑃𝑆_𝑒𝑥𝑡𝑟𝑎=∑ ζ𝑗𝑃𝑗𝑔′𝑗CH2(1−𝛼𝑗)

(N2−1)
𝑗=1

𝛿𝑡

N2
            (17)                 

And, the achievable rate for cooperative transmission from 

CH2 to CH1 is given by Eq. (18) and from CH1 to HAP is given 

by Eq. (19): 

𝑅CH2𝐶𝐻1
𝑃𝑆=𝛿t log2(1 +

𝐺
CH2CH1𝜐𝑃CH2

𝑃𝑆

𝜎2
)   (18) 

𝑅CH1
𝑃𝑆=(1 − 2𝛿)t log2(1 +

𝑃CH1
𝑃𝑆ℎCH1
𝜎2

)          (19) 

And, the extra energy obtained at CH1from cluster members 

and CH2 is given by Eq. (20): 

𝐸CH1
𝑃𝑆_𝑒𝑥𝑡𝑟𝑎=∑ ζ𝑖𝑃𝑖𝑔𝑖CH1( 1−ρ𝑖)

(N1−1)
𝑖=1

𝛿𝑡

N1
+δt(1-υ) 𝐸CH2

𝑒𝑥𝑡𝑟𝑎     

(20)                          

Hence, the transmission power at CH2 is given by Eq. (21): 

𝑃CH2
𝑃𝑆=

ηCH2(ECH2
h +𝐸CH2

𝑃𝑆_𝑒𝑥𝑡𝑟𝑎)

δt
   (21) 

And, the transmission power at CH1 is given by Eq. (22):  

𝑃CH1
𝑃𝑆=

ηCH1(ECH1
h +𝐸CH1

𝑃𝑆_𝑒𝑥𝑡𝑟𝑎)

(1−2δ)t
                     (22)          

CaseB.2: Time Switching (TS) SWIPT:  

Each sensor node i uses β𝑖 of the time slot t, as shown in Fig. 

3, for data encoding in WIT slot and uses the remaining time 

(1− β𝑖) t for WPT. Hence, the achievable rate of transmission 

in the cluster1 is given by Eq. (23): 

𝑅𝑖CH1
𝑇𝑆=

 β𝑖𝛿𝑡

N1
log2(1 +

𝑔𝑖CH1 P𝑖
𝜎2

), ∀ iϵ N1, i ≠ CH1      (23) 

= 
 β𝑖𝛿𝑡

N1
log2(1 +

ζ𝑖𝜂𝑖𝑔𝑖CH1𝑃 h𝑖N1𝑇𝑒

𝛿𝑡𝜎2
) 

In cluster2, each sensor node j uses ω𝑗 t time slot, as shown in 

Fig. 3, for data encoding in WIT slot and uses the remaining 

time (1− ω𝑗 ) t for WPT. Hence, the achievable rate of 

transmission in the cluster2 from sensor node j to CH2 is given 

by Eq. (24): 

 𝑅𝑗CH2
𝑇𝑆=

 ω𝑗𝛿𝑡

N2
log2(1 +

𝑔′𝑗CH2 P𝑗

𝜎2
), ∀ jϵ  N2, j ≠ CH2      (24) 

= 
 ω𝑗𝛿𝑡

N2
log2(1 +

𝜂𝑗ζ𝑗𝑔′𝑗CH2𝑃 h𝑗N′2𝑇𝑒

𝛿𝑡𝜎2
) 

and the achievable rate for cooperative transmission from the 

CH2 to CH1 is given by Eq. (25) and from CH1 to HAP is given 

by Eq. (26): 

𝑅CH2CH1
𝑇𝑆=𝜑𝛿t log2(1 +

𝐺
CH2CH1𝑃CH2

𝑇𝑆

𝜎2
)       (25) 

𝑅CH1
𝑇𝑆=(1 − 2𝛿)t log2(1 +

𝑃CH1
𝑇𝑆ℎCH1
𝜎2

)        (26)                                  

Also, the extra energy obtained at CH2 from its cluster 

members is given by Eq. (27): 

𝐸CH2
𝑇𝑆_𝑒𝑥𝑡𝑟𝑎=∑ ζ𝑗𝑃𝑗𝑔′𝑗CH2

(N2−1)
𝑗=1

(1−𝜔𝑗)𝛿𝑡

N2
             (27)                                                   

Similarly, the extra energy obtained at CH1 from its cluster 

members and CH2 is given by Eq. (28): 

𝐸CH1
𝑇𝑆_𝑒𝑥𝑡𝑟𝑎 = ∑ ζ𝑖𝑃𝑖𝑔𝑖CH1

(N1−1)
𝑖=1

(1−𝛽𝑖)𝛿𝑡

N1
+𝐸CH2

𝑇𝑆_𝑒𝑥𝑡𝑟𝑎 
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= ∑ ζ𝑖𝑃𝑖𝑔𝑖CH1
(N1−1)
𝑖=1

(1−𝛽𝑖)𝛿𝑡

N1
 + (∑ ζ𝑗𝑃𝑗𝑔′𝑗CH2

(N2−1)
𝑗=1

(1−𝜔𝑗)𝛿𝑡

N2
) 

(1-υ) 𝛿𝑡                             (28) 

Hence, the transmission power at CH2 is given by Eq. (29): 

𝑃CH2
𝑇𝑆=

ηCH2(ECH2
h +𝐸CH2

𝑇𝑆_𝑒𝑥𝑡𝑟𝑎)

δt
                (29) 

And, the transmission power at CH1 is given by Eq. (30):  

𝑃CH1
𝑇𝑆=

ηCH1(  ECH1
h +𝐸CH1

𝑇𝑆_𝑒𝑥𝑡𝑟𝑎)

(1−2δ)t
                    (30)                                                            

Now, since the maximum rate of sensed data that can be 

collected in cluster2 is also limited by the minimum rate of the 

transmission links; therefore, the achievable rate of sensed 

data in cluster2 under S which is given by Eq. (31): 

R𝑆 
𝑐𝑙𝑢𝑠𝑡𝑒𝑟2 = min[ min

jϵ  N2,j≠CH2
{𝑅𝑗CH2

𝑆}, 𝑅CH2
𝑆] 

= 

{
 
 

 
 min (min(

 ω𝑗𝛿𝑡

N2
log2(1 +

𝑔′𝑗CH2 P𝑗

𝜎2
) , ∀ jϵ  N2, j ≠ CH2) ,𝜑𝛿t log2(1 +

𝐺
CH2CH1𝑃CH2

𝑇𝑆

𝜎2
));  𝑖𝑓 𝑇𝑆 𝑚𝑜𝑑𝑒

min(min(
𝛿𝑡

N2
log2(1 +

𝑔′𝑗CH2𝛼𝑗 P𝑗

𝜎2
), ∀ jϵ  N2, j ≠ CH2), 𝛿t log2(1 +

𝐺
CH2CH1𝜐𝑃CH2

𝑃𝑆

𝜎2
) ;  if PS mode

            (31) 

 

Similarly, the maximum rate of sensed data for intra-

communication in cluster1 is determined by Eq. (32): 
R𝑆
𝑐𝑙𝑢𝑠𝑡𝑒𝑟1 = min[ min

 iϵ N1,i≠CH1
{𝑅𝑖CH1

𝑆}, 𝑅CH1
𝑆] 

= {
min (min (

 β𝑖𝛿𝑡

N1
log2(1 +

𝑔𝑖CH1 P𝑖
𝜎2

), ∀ iϵ N1, i ≠ CH1), (1 − 2𝛿)t log2(1 +
𝑃CH1

𝑇𝑆ℎCH1
𝜎2

));  𝑖𝑓 𝑇𝑆 𝑚𝑜𝑑𝑒

min (min (
𝛿𝑡

N1
log2(1 +

𝑔𝑖CH1 ρ𝑖 𝑃𝑖
𝜎2

), ∀ iϵ N1, i ≠ CH1), (1 − 2𝛿)t log2(1 +
𝑃CH1

𝑃𝑆ℎCH1
𝜎2

) ;  if PS mode
            (32) 

 

If ts = (1 − 2𝛿)/𝛿; then R𝑆
𝑐𝑙𝑢𝑠𝑡𝑒𝑟1 is rewritten as shown in Eq. (33): 

= {
min(min(

 β𝑖

N1
log2(1 +

𝑔𝑖CH1 P𝑖
𝜎2

), ∀  iϵ N1, i ≠ CH1), 𝑡𝑠 log2(1 +
𝑃CH1

𝑇𝑆ℎCH1
𝜎2

));  𝑖𝑓 𝑇𝑆 𝑚𝑜𝑑𝑒 

min(min(
1

N1
log2(1 +

𝑔𝑖CH1 ρ𝑖 𝑃𝑖
𝜎2

), ∀ iϵ N1, i ≠ CH1), 𝑡𝑠 log2(1 +
𝑃CH1

𝑃𝑆ℎCH1
𝜎2

) ;  if PS mode
                        (33) 

 

Hence, the Total system achievable is determined by Eq. (34): 

R…𝑆
𝐼𝑛𝑡𝑒𝑟 = R𝑆

𝑐𝑙𝑢𝑠𝑡𝑒𝑟1 + R𝑆 
𝑐𝑙𝑢𝑠𝑡𝑒𝑟2                (34) 

The energy dissipated CH2 is given by Eq. (35) and that of 

sensor node j in cluster2 is given by Eq. (36): 

𝐸𝑑𝑖𝑠𝑝CH2= 𝑃CH2
𝑆- 

𝜎2

𝐺CH2CH1
(2

R𝑆 
𝑐𝑙𝑢𝑠𝑡𝑒𝑟2

𝛿t  - 1)             (35) 

𝐸𝑑𝑖𝑠𝑝𝑗 = 

{
 

 
0 ;  𝑖𝑓 𝑅CH2 < min𝑗

𝑅𝑗𝐶𝐻2 ∀ jϵ  N2, j ≠ CH2 

𝑃𝑗 − 
𝜎2

𝑔′𝑗CH2
(2

R𝑛𝑜−𝑠𝑤𝑖𝑝𝑡
𝑐𝑙𝑢𝑠𝑡𝑒𝑟2

𝛿𝑡
N2 ); 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

   (36) 

The energy dissipated of cluster2 is given by Eq. (37). 

𝐸𝑑𝑖𝑠𝑝𝑐𝑙𝑢𝑠𝑡𝑒𝑟2= 𝐸𝑑𝑖𝑠𝑝CH2 + ∑ 𝐸𝑑𝑖𝑠𝑝𝑗∀jϵ  N2,j≠CH2       (37) 

The energy dissipated in cluster1 is calculated in the same 

way as in Eq. (37); the energy dissipated in the system is the 

sum of energy dissipated of each cluster in the system. 

 

4. The proposed ARCH algorithm 

4.1 Problem formulation 

Resource allocation optimization for the cooperative 

transmission in the hybrid SWIPT-enabled Wireless Power 

Transfer Sensor Network incorporates different energy 

harvesting parameters that are difficult to solve due to the non-

linearity form of the energy harvester model. Hence, the 

optimization problem becomes non-convex. Therefore, we try 

to convert the optimization problem to convex so that we can 

apply the Dinkelbach method[38] in our proposed iterative 

algorithm to solve the optimization problem. For simplicity, 

we assume the SWIPT ratios of cluster members in all clusters 

are of same value; specifically ρ,α are the same ,and β,ω are 

the same. 

The total transmission throughput in the system is given by Eq. 

(38): 

Ʀ(PA,PB, ρ,β,υ,ω,φ,α,δ)=R𝑆
𝐼𝑛𝑡𝑒𝑟                      (38) 

where S is given by Eq. (13).  

The total consumption power is given by Eq. (39): 

Ʈ(PA,PB, ρ,β,υ,ω,φ,α,δ),∀ i ϵ Ɲ\{a},∀ j ϵ Ɲ′{b} = 

(N1 × Pi ζ𝑖 + N2 × Pj ζ𝑗 + PCH2 ζCH2 +⁄⁄⁄ PCH1 ζCH1⁄ + 

Pctx + (1 − 2𝛿)𝑡Pctx                             (39) 

where ζ   denotes the power amplifier efficiency, Pctx  is the 

circuit power consumption at nodes as transmitters, Pcrx is the 

constant circuit power consumed at the cluster heads CH1 and 

CH2 as receivers. The system energy efficiency (EE) denoted 

by Ƒ and given in Eq. (40), is defined as the ratio of the system 

throughput in bits to the system power consumption in joules. 

Ƒ( PS1,PS2, ρ,β,υ,ω,φ,α,δ)
 = 

Ʀ
(PS1,P

S
2 ρ,β,υ,ω,φ,α,δ)

Ʈ
(PS1,P

S
2 ρ,β,υ,ω,φ,α,δ)

            (40) 

where S can be either power splitting or time switching and PS 
is given in (13). In order to find the maximum energy 

harvesting in the system, we set the maximum energy 

efficiency cost as the optimization problem which is 

formulated as OPT1 in Eq. (41). The optimization variables 

are the power policy ƿ={𝑃𝑆 t ≥ 0, tϵ{N1   N2 ,, the SWIPT 

splitting policy of nodes in cluster1, nodes in cluster2, and 

cluster head CH2, ᶊ ={ ρi,𝛽𝑖  iϵ N1 , αj,ωj, jϵ N2, υ, φ}, and time 

proportion δ.  

OPT1: 

 max(ƿ,ᶊ,δ)Ƒ(ƿ,ᶊ,δ)                               (41) 

s.t. C1: 𝑅𝑆
2 ≥ Rmin;C2: 𝑅𝑆

1 ≥ Rmin; C3: 0 < 𝑃𝑆 t ≤ Pmax, tϵ 
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{N1  N2}; 

C4: E𝑡
h≥0, tϵ {N1  N2,; C5: 0 < 𝛿  < 0.5;C6: 0 <ρi,  < 1 , 

iϵN1,i≠CH1; 

C7: 0 <αj < 1, jϵ N2,j≠CH2; C8: 0< υ< 1;C9: 0< φ< 1;C10: 

0< βi, < 1; iϵN1,i≠CH1; C11: 0 <ωj < 1, jϵ N2,j≠CH2; where 

C1 and C2 are the data transmission rate constraint under 

either PS or TS mode that require the achievable rate should 

be above Rmin, C3 indicates that the transmission power of any 

node should be bounded by maximum transmission power 

denoted by Pmax is, C4 is the harvested energy constraint. C5 

is the time ratio constraint. C6 indicates that the SWIPT 

splitting ratio is bounded for cluster1 and same for cluster2 in 

C7 – C11. We assume ζ has same value for all sensor nodes. 

Since some of the existing constraints are non-convex and 

coupling relationships exist among different optimization 

variables and the non-convex constraints; then, the 

optimization problem is non-convex. Therefore, to deal with 

this coupling relationship, we let ts = 
(1−2𝛿)

𝛿
, so OPT1 can be 

rewritten as shown in Eq. (42): 

OPT2: 

max
(ƿ,ᶊ,

1

ts+2
)∀ iϵ N1,jϵ N2

𝑅′𝑆
2+ 𝑅′𝑆

1

(N1×𝑃
𝑆
i ζ+N2×𝑃

𝑆
j ζ+𝑃

𝑆
b ζ⁄ + 𝑃𝑆a ζ⁄ +Pctx)⁄ +tsPcrx ⁄

(42)                    

s.t. C1-1: 𝑅′𝑆
2
≥ Rmin (ts+2); C2-1: 𝑅′𝑆

1
  ≥ Rmin(ts+2); C5-1: 

ts > 0; C3, C4, C6-C11; Let (Ƥ∗,  ᶊ∗,  ts∗)  be the optimal 

solution to OPT2, so the optimal solution to OPT1 is given by 

(Ƥ∗,  ᶊ∗,  δ∗), where δ∗ = 1/(𝑡𝑠∗ + 2). In order to solve OPT1, 

we apply Dinkelbach method[38] to convert the fraction form of 

the optimization problem into an equivalent subtractive form 

as given by Eq. (43): 

Ɖ(Ƥ, ᶊ,ts) = Ʀ(Ƥ,ᶊ,ts)  – q*Ʈ(Ƥ,ᶊ,ts)    (43) 

where q* is the maximum EE for the cooperative transmission 

given by Eq. (44) and q is given by Eq. (45):  

q*= 
Ʀ(Ƥ

∗,  ᶊ∗,  ts∗)

Ʈ  (Ƥ
∗,  ᶊ∗,  ts∗) = max(Ƥ,ᶊ,ts) q(Ƥ, ᶊ, ts)      (44) 

s.t. C1-1: 𝑅′𝑆
2
≥ Rmin (ts+2); C2-1: 𝑅′𝑆

1
 ≥ Rmin(ts+2);C5-1: 0 

< 𝑡; C3, C4, C6-C11; where  

q = 
𝑅′𝑆

2+  𝑅′𝑆
1

(N1×𝑃
𝑆
i ζ+N2×𝑃

𝑆
j ζ+𝑃

𝑆
b ζ⁄ + 𝑃𝑆a ζ⁄ +Pctx)⁄ +tsPcrx ⁄

       (45) 

Lemma 1: The maximum value of EE q* is achieved iff Eq. 

(43) is satisfied and given by Eq. (46)

 

max(Ƥ,ρ,t)𝑅′CH2
𝑆
+ 𝑅′CH1

𝑆
-q*(N1 × 𝑃

𝑆
i
ζ + N2 × 𝑃

𝑆
j
ζ + 𝑃𝑆CH2 ζ⁄ + 𝑃𝑆CH1 ζ⁄ + Pctx⁄ + tsPcrx) ⁄  

=𝑅′CH2
∗𝑆
+ 𝑅′CH1

∗𝑆
- q*(N1 × 𝑃

𝑆
𝑖
∗
ζ + N2 × 𝑃

𝑆
𝑗
∗
ζ + 𝑃𝑆CH2

∗
ζ⁄ + 𝑃𝑆CH1

∗
ζ⁄ + Pctx⁄ + ts∗Pcrx )⁄ =0             (46)

Proof: 

Based on Eq. (17-39), Ƒ( PS1,PS2, ρ,β,υ,ω,φ,α,δ)
 given by Eq. (40) 

is positive. Moreover, Ɖ(Ƥ, ρ, t) and q* are defined in Eq. (44, 

45); so the rest of the proof can be continued by following 

similar method as in Ref. [39] Thus the problem in OPT2 can 

be transformed by solving the parametric problem of OPT3 as 

in Eq. (47). 

OPT3:

 

max(Ƥ,ᶊ,ts)𝑅′CH2
𝑆
+𝑅′CH1

𝑆
 -q (N1 × 𝑃

𝑆
i
ζ + N2 × 𝑃

𝑆
j
ζ + 𝑃𝑆CH2 ζ⁄ + 𝑃𝑆CH1 ζ⁄ + Pctx⁄ + tsPcrx) ⁄                        (47)

s.t. C1-1, C2-1, C3, C4, C5-1, C6-C11, q is a given 

parameter. Still OPT3 is non-convex due to coupling 

between Ƥ, ᶊ  and the non-convex constraints; therefore, 

we introduce the following variables into the problem: 

rCH1 =𝑅
′
CH1

𝑆
, rCH2=𝑅

′
CH2

𝑆
, xi= {

(1 − 𝜌𝑖)Pi if S=PS in eq.(13)
Pi if S=TS in eq.(13)

; 

iϵN1, xj={
(1 − 𝛼𝑗)Pj if S=PS in eq.(13);,jϵ N2

Pj if S=TS in eq.(13)
, 

xb={
(1 − 𝑣)Pb if S=PS in eq.(13)

Pb if S=TS in eq.(12)
 

Then, the optimization problem OPT3 can be equivalent to  

OPT4 as in Eq. (48):  

OPT4:

 

 max(Ƥ,ᶊ,xi,xj,rCH1 ,rCH2 ,t)rCH1rCH2q(N1 × 𝑃
𝑆
i
ζ + N2 × 𝑃

𝑆
j
ζ + 𝑃𝑆CH2 ζ⁄ + 𝑃𝑆CH1 ζ⁄ + Pctx⁄ + tsPcrx) ⁄                 (48)

s.t.  C1-2: rCH1   ≥ Rmin (t+2);C2-2: rCH2   ≥  Rmin(t+2);C3-1: 

0 < xi , xj, xCH2 <  Pmax; i ϵ N1, 𝑗ϵN2; C4, C5-1,C6-

C11;C12: tsB log2 (1 +
(𝑃𝑖𝑥𝑖)|ℎ𝑎|

2

𝑊𝜎2
) ≥ rCH1 ,  iϵ N1 ;C13: 

Blog2 (1 +
(𝑃𝑗𝑥𝑗)|ℎ𝑗|

2

𝑊𝜎2
) ≥ rCH2 , jϵ N2 

The optimization of OPT4 is convex. Proof in the Appendix. 

Solving the optimization of OPT1 is carried using the 

proposed ARCH algorithm presented in the next section and 

which is based on Dinkelbach method.  

 

4.2 ARCH algorithm 

We have presented an iterative algorithm which is based on 

Dinkelbach method to solve the OPT1, as shown in Table 1. 

We have used the CVX method[40] with a given value of energy 

efficiency q to solve the optimization problem OPT4, and to 

determine the optimal solutions denoted by 

(P1
′, P2

′, xi
′, xj

′, rCH1
′, rCH2

′, ts′). With a given error maximum 

bound ɶ, the optimal solutions to OPT1 can be obtained when  

rCH1 '+rCH2 '- (N1 × 𝑃
𝑆′
i
ζ +⁄  

N2 × 𝑃
𝑆′
j
ζ + 𝑃𝑆

′

CH2 ζ⁄ + 𝑃𝑆′CH1 ζ⁄ + Pctx⁄  + ts′Pcrx) < ɶ is 

satisfied. Assume that the interior point method is used to 

obtain optimal solution to OPT4 with maximum number of
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Table 1. ARCH Algorithm. 

Input: Imax: maximum iteration, ɶ: maximum error 

Output:  Ƥ∗, ᶊ∗: optimal resource allocation policy 

Optimal energy efficiency q*, optimal throughput Ʀ∗ , optimal power consumption Ʈ∗ , optimal time slot portion 𝛿∗ 

q0; iteration index: I=0, Flag=0; 

repeat 

Solve OPT4 with the given q by using the CVX method[40] and obtain the optimal solution (Pi
′, Pj

′, xi
′, xj

′, rCH1
′, rCH2

′, ts′) and 

Ɖ(Ƥ', ᶊ',ts') 

If   Ɖ(Ƥ', ᶊ',ts')< ɶ  then 

Set P𝑖
∗
Pi

′, Pj
∗
Pj

′, δ*
1

(t𝑠′+2)
,ρ𝑖
∗
(1−xi′/Pi

′), α𝑗
∗
(1 − xj′/Pj

′),β𝑖
∗
(1−xi′/Pi

′), ω𝑗
∗
(1−xi′/Pj

′), 𝜐∗(1−xCH2
′/PCH2

′), 

𝜑∗(1−xCH2
′/PCH2

′) 

q*= 
rCH1′+rCH2′

(N1×𝑃
𝑆′
i ζ+N2×𝑃

𝑆′
j ζ+𝑃

𝑆′
CH2 ζ⁄ + 𝑃𝑆′CH1 ζ⁄ +Pctx⁄ +ts′Pcrx) ⁄

; Flag =1and exit  

else  q
rCH1′+rCH2′

(N1×𝑃
𝑆′
i ζ+N2×𝑃

𝑆′
j ζ+𝑃

𝑆′
CH2 ζ⁄ + 𝑃𝑆′CH1 ζ⁄ +Pctx⁄ +ts′Pcrx) ⁄

 , I=I+1, Flag =0 

end if  

until Flag=1 or I=Imax 

 

 iteration is Imax, then according to,[41] the computational 

complexity of ARCH algorithm is O(ImaxNlog(w)) where Imax 

is the number of iterations, w is the number of constraints in 

optimization problem, and N is the number of nodes in cluster.  

After solving OPT1, we can observe: 

Lemma 2: ARCH converges to maximum Ʀ(Ƥ,ᶊ,ts) in each 

iteration.  

Proof:  

We have applied the Dinkelbach method as in to prove that 

Ɖ̅(q) is strictly monotonically decreasing w.r.t q, where Ɖ̅(. )is 

the maximum of Ɖ(Ƥ, ᶊ,ts) with a given q. Also, Ɖ̅(q)≥0 for 

any value of q. Finally, q is increasing in each iteration. 

Hence, Ɖ̅(q)will converge to zero and will satisfy optimality 

of Lemma 1after enough iterations. 

 

4.3 The proposed cluster head selection algorithm 

In this section, we propose an algorithm for cluster head 

selection. The proposed algorithm is based on the values of 

the energy dissipated, explained in Section III. The algorithm 

starts by applying the conventional k-mean method. Then, for 

each cluster, the algorithm finds the best node that provides 

the best energy efficiency. Afterwards, the algorithm checks if 

the selected node has changed, then it repeats finding the best 

node that gives best energy efficiency until the node is not 

changed. This node will be the cluster head. Then, the 

algorithm will cluster the nodes among these cluster heads. 

Table 2 explains the pseudo code of the algorithm. The 

computational complexity of this algorithm is given by O(N2) 

because it is based on k-means algorithm, which has a time 

complexity of O(N2) where N is the input data size,[38] 

 

Table 2. Cluster head selection algorithm. 

1. Apply k-mean algorithm to cluster the network 

2. Initialize CHs t, tϵ{1,2,,…,k,, Nk number of nodes in cluster k, 

N number of nodes in network, A={} is set of cluster heads that are 

one-hop away from HAP; B={} is set of cluster heads that are two-

hop away from HAP. 

3. For  t=1 to k 

4. Repeat 

5. For i=1 to Nt 

6. Find energy efficiency of i by applying Eq. (41), Fi 

7. tnewarg 𝑚𝑎𝑥
𝑖
𝐹𝑖  

8. end for 

9. if t≠ tnew then remove t from , Update Nt 

10. until t is no longer changed 

11. End if 

12. If t is one-hop away from HAP then add t to A countA++ else 

add t to B countB++  

13. End if 

14. End for 

15. Find achievable rate of cluster head t, Rt by Eq. (5) 

16. // finding the best cluster head to join; // clustering the nodes 

among the cluster heads; N=N\{countA} 

17. For j=1 to N 

18. For a=1 to countA // for all cluster heads inside one-hop cluster 

A 

19. Add j to cluster head a having max
𝑎
R𝑗𝑎
𝑆   

20. Remove j from N, Update N 

21. End for 

22. End for 

23. // Same procedure for cluster heads that are two-hop away from 

HAP 

24. // finding the best cluster head to join; // clustering the nodes 

among the cluster heads; N=N\{countB} 

25. For j=1 to N 

26. For a=1 to countB // for all cluster heads inside two-hop cluster 

B 

27. Add j to cluster head a having max
𝑎
R𝑗𝑎
𝑆   

28. Remove j from N, Update N 

29. End for 

30. End for 
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4.4 Limitation of the proposed ARCH Scheme 

The proposed ARCH scheme leverages the benefit of SWIPT 

technique aiming at enhancing the energy efficiency of 

cluster-based EHWSNs especially for the cooperative 

transmission between clusters. Since sensor nodes are subject 

to interference, ARCH scheme avoids having interference by 

applying scheduling mechanism where each node splits its 

associated timeslot for information transfer and energy 

harvesting. However, in the presence of HAP failure, the 

sensor nodes will not have any source of energy harvesting 

and this causes quick energy depletion. Hence, the authors 

suggested for future work a resilience-based system by 

applying prediction mechanism such as deep learning neural 

network for future prediction of node failure.  

 

5. Performance evaluation 

In this section, we evaluate the effectiveness of our proposed 

ARCH algorithm using MATLAB2019b. Table 3 summarizes 

the parameters used for simulation. We consider a simple 

distance-dependent path loss model given by hi = G𝑑𝑖
−𝛾

 and 

gij = G𝑑𝑖𝑗
−𝛾

 assuming the channel fading effect to be averaged 

out over the frame and all of the channels to be reciprocal,[20,42] 

where G refers to the average power attenuation at a reference 

distance of 1 m and is set to -30 dB, and g is the path loss 

exponent, which is set to 2.5.[43] Here, di is the distance 

between HAP and any sensor node, i, dij is the distance 

between nodes i and j. For performance analysis, we compared 

ARCH with Choi and Lee,[17] Lu et al.,[31] and Shi et al.[21] in  

Table 3. Simulation parameters. [21,17] 

Parameter Value 

Field area 100x100 m2 

Sensor nodes [100, 200, 300, 

400, 500] 

Number of clusters, k [8,16,24,32,36] 

Transmission power of HAP, P 46dBm 

Channel power gain, hi G𝑑𝑖
−𝛾

 

Energy efficiency,  𝜁   0.8 

Energy ratio for transmission of sensor nodes, 

η 

0.9 

Energy ratio for transmission of CHs, η 0.7 

Power attenuation at a reference distance 1m, 

G 

-30dBm 

Path loss exponent,  𝛾 2.5 

Constant circuit power consumption at 

transmitter, Pctx 

10dBm 

Constant circuit power consumption at 

receiver, Pcrx 

10dBm 

Maximum transmit power Pmax 30dBm 

Minimum required rate, Rmin 30kbps 

WPT slot, Te 5s 

Time, T 10s 

σ2 -40,-50,-60dBm 

Power amplifier efficiency ε 0.35 

Number of simulation trials 1000 

terms of energy efficiency, average achievable rate, and total 

energy dispelled. 

 

5.1 Energy efficiency analysis  

This section illustrates the convergence of the proposed 

ARCH algorithm with different noise power values. Also, a 

comparison is carried out against different state-of-the-art 

algorithms. The simulations are carried out for N=300 and 

k=24. 

In Fig. 4, we can see that the proposed ARCH algorithm 

converges after 4 iterations with highest energy efficiency 

value at noise power of -60dbm. This is because with high 

noise power the achievable rate is smaller and the power is 

larger than that of low noise power, which leads to low energy 

efficiency and vice versa. 

 
Fig. 4 Energy efficiency for different noise power values. 

 

In order to verify the effectiveness of our proposed 

algorithm, we compared it with other state-of-the-art 

algorithms under same constraints with noise power of -

40dbm. Fig. 5 shows the energy efficiency analysis for the 

proposed ARCH algorithm against Choi and Lee,[17] Lu et 

al.,[31] and Shi et al..[21] As it can be seen, ARCH algorithm 

converges and achieves the highest energy efficiency value 

within 4 iterations. However, the energy efficiency for the rest 

of algorithms converges at the 5th iteration with lowest value 

for Choi and Lee, and highest value for Lu et.al. The first 

reason is because the benchmark schemes either apply the TS 

mode or the PS mode in their SWIPT algorithm without taking 

into consideration the dissipated energy; whereas the proposed 

ARCH scheme adapts the system conditions related to 

achievable data rates and system consumption power to apply 

the TS mode and PS mode. The second reason is because the 

proposed ARCH scheme applies the SWIPT technique for 

intra-cluster communications and inter-cluster 

communications which makes the cooperative transmission 

more effective. 

Figure 6 shows the energy efficiency versus Pmax for 

different algorithms. As Pmax gradually increases from a 

small value, the energy efficiency increases rapidly until Pmax 

reaches 20dBm. This is because once the maximum efficiency 
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is achieved, an increase in transmit power will result in a 

decrease in energy efficiency. This is illustrated by Choi and 

Lee algorithm that maximizes only the throughput. Lu et al. 

and Shi et al. proposed schemes focus on achieving energy 

efficiency under various powers; yet both schemes didn’t 

include the dissipated energy when considering the TS mode 

or PS mode. This demonstrates the importance of considering 

the energy efficiency in the proposed ARCH scheme. The 

proposed ARCH algorithm achieves the maximum energy 

efficiency among other algorithms.   

 
Fig. 5 Energy efficiency analysis. 

 

 
Fig. 6 Average energy efficiency analysis. 

 

5.2 Average achievable rate analysis 

Figure 7 shows the average achievable rate in a cluster versus 

number of sensor nodes for the proposed ARCH algorithm 

with k =24, in comparison with state-of-the-art algorithms. As 

it can be seen, when the number of sensor nodes increases in 

each cluster, the average achievable rate for the proposed 

ARCH increases. This is because the minimum achievable rate 

in a cluster increases significantly with the increase of sensor 

nodes. Once the number of sensor nodes increases, the total 

energy transferred to the cluster head increases and hence the 

total data rate increases. However, in the work of benchmark 

schemes, the minimum achievable rate in a cluster doesn't 

increase significantly with the increase of sensor nodes since 

the cluster heads depend only on the energy harvested from 

the HAP for intra-cluster communication and didn’t consider 

transferring the energy between cluster heads for inter-cluster 

communication. This is illustrated in Fig. 7. Also, the 

benchmark schemes consider fixed CHs; however, the 

proposed ARCH algorithm takes into consideration the node 

that provides the best energy efficiency and accordingly nodes 

are clustered. This outperforms the ARCH scheme over other 

schemes.   

 
Fig. 7 Average achievable rate analysis. 

 

 
Fig. 8 Total dissipated energy analysis. 

 

5.3 Total dissipated energy in network  

Figure 8 shows the total energy dissipated in a network versus 

number of sensor nodes of k=24 for the proposed ARCH 

algorithm in comparison with other algorithms. As it can be 

seen, when the number of sensor nodes increases the total 

dissipated energy increases since the dissipated energy is 

linearly proportional to the number of sensor nodes. Also, the 

cluster head selection algorithm proves its positive impact on 

the total dissipated energy of the network since in the cluster 

head selection, the cluster dissipated energy is considered. 
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This technique doesn’t exist in other benchmark algorithms. 

On the other hand, for the same number of sensor nodes 

(N=300) as the number of clusters, k increases, the dissipated 

energy in the network decreases since the number of nodes 

decreases in each cluster and so the achievable rate. This is 

illustrated in Fig. 8 and Fig. 9. The proposed ARCH algorithm 

shows the lowest dissipated energy compared to other 

benchmark schemes since ARCH scheme focuses on 

minimizing the wastage energy by harvesting energy 

consistent with the achievable data rate and allowing energy 

transfer for cooperative transfer between clusters. This 

explains why the proposed ARCH scheme outperforms other 

benchmark schemes. 

 
Fig. 9 Total dissipated energy versus number of clusters. 

 

 
Fig. 10 Total energy dissipated comparison with and without 

SWIPT. 

 

In Fig. 10, the total energy dissipated in each cluster is 

considered. We considered to have 8 clusters in the system. 

Same phenomena will be applied for 16, 24, and 32 clusters. 

Here, the effectiveness of the proposed clustering algorithm 

which is based on SWIPT is revealed. Therefore, we compared 

the proposed SWIPT-based clustering algorithm to clustering 

algorithm without the use of SWIPT. It can be seen that the 

energy dissipated when SWIPT is used is lesser than of non-

SWIPT clustering algorithm. This is because, in each cluster, 

each node transfers its remaining energy to the CH through 

SWIPT and the CH uses it to transmit its data.  Since the rate 

of the CHs in Cluster 3 and Cluster 5 is higher than the rate of 

the cluster members (i.e., 𝑅𝑖 >min
𝑗
𝑅𝑗𝑖), so Clusters 3 and 5 

have a dissipated energy distribution similar to that in the non-

SWIPT scheme. All in all, the energy dissipated for the 

proposed SWIPT-based clustering algorithm is approximately 

70% better than that of the non-SWIPT-based clustering 

algorithm. 

 

6. Conclusion 

In this paper, optimizing the resource allocation for hybrid 

SWIPT-based WPSNs was studied. Based on the node's 

dispersed power level, the node adaptively chooses between 

the PS mode and TS mode for communication. We formulated 

the resource allocation maximization problem as a non-convex 

optimization problem by jointly optimizing the SWIPT ratios 

for both PS and TS modes, transmit powers, achievable rates, 

and the time for transmission for intra-cluster communication 

and inter-cluster communication. We have proposed ARCH 

algorithm which is Dinkelbach-based iterative method to 

obtain the optimal solution for the EE maximization problem. 

Also, we proposed a cluster head selection algorithm that 

considers the energy efficiency value for the cluster head 

selection. The effectiveness of the proposed SWIPT-based 

clustering algorithm is revealed by analysing the energy 

dissipated in each cluster when compared with non-SWIPT 

clustering algorithm. In fact, this is the first time to consider 

an adaptive selection of SWIPT mode for a cooperative 

transmission in a hybrid SWIPT-enabled wireless powered 

sensor networks. Simulations show the superiority of ARCH 

over other state-of-the-art algorithms in terms of energy 

efficiency, achievable rate, and dissipated energy. As for 

future work, we will extend our work by releasing the 

assumption of having one-hop and two-hops cluster heads to 

include m-hops cluster heads away from the HAP for large 

sensor networks. Furthermore, we are interested in exploring 

the relationship between the number of nodes in a cluster and 

the duration of the time slots for different environmental and 

channel conditions as well as enhancing the resilience of the 

proposed scheme by applying prediction mechanism such as 

deep learning neural network.  
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Appendix  
Transforming OPT 4= max(Ƥ,ᶊ,ts) Ɖ(Ƥ, ᶊ,ts)  into a convex 

optimization problem: 

Since the objective function of OPT4 is a linear function with 

respect to ᶊr and Pr rϵ N1  N′2; and C1 - 2; C2 - 2; C3-1; C5 - 

1;C4,C6-C11,  are linear constraints, whether OPT4 is convex 

or doesn't depend on constraints C12 and C13. That is, if both 

functions ƒ1(Pi; xi) = log2 (1 +
(Pi−xi)|hi|

2

σ2
)  and ƒ2(ts; PCH1) 

=ts log2 (1 +
(PCH1)|hCH1|

2

σ2
) ,  are concave, then OPT4 is 

convex. Let Vr= 
|hi|2

σ2
 Taking the second order derivative of 

ƒ1(Pr; xr), the Hessian matrix is given by: 

 
∂2f1(Pr; xr) 

∂(Pr; xr)2
= [

−Vr2

(1+(Pi−xi))2 ln 2

Vr2

(1+(Pi−xi))2 ln 2

Vr2

(1+(Pi−xi))2 ln 2

−Vr2

(1+(Pi−xi))2 ln 2

]≤ 0; iϵ Ɲ 

Thus, ƒ1(Pi; xi) is concave. Same procedure is done for ƒ2(ts; 

PCH1). Therefore, the optimization problem OPT4 is convex. 
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