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Existing clustering routing protocols for multi-hop energy harvesting-cognitive radio sensor networks
(EH-CRSNs) generally assume perfect spectrum sensing, which is not aligned with the practical
spectrum sensing capabilities of nodes in real networks. Additionally, the severe imbalance in residual
energy among cluster heads (CHs) negatively affects the successful data delivery. To resolve these
problems, this paper introduces a simultaneous wireless information and power transfer (SWIPT)- and
imperfect spectrum sensing-based multi-hop clustering routing protocol (ES-ISSMCRP). ES-ISSMCRP
makes full use of downlink EH and intra-cluster SWIPT technologies to replenish and equalize the
remaining energy among nodes, further extending network lifespan while maintaining network
surveillance capabilities. Specifically, to reduce the adverse impact of imperfect spectrum sensing on
network performance and improve energy utilization, this paper proposes an EH-based energy level
function and associated selection criteria for CHs and relays, facilitating distributed cluster formation
and multi-hop routing selection between clusters. To equalize the residual energy among nodes
within a cluster, ES-ISSMCRP protocol enables cluster members (CMs) to decide whether employ
SWIPT technology with a power splitting (PS) receiver architecture to transmit energy to their CH
while sending data. The actual energy value transmitted by CMs using SWIPT technology is deduced
by calculating the PS ratio and the expected energy expenditure of nodes for data transmission.
Simulation results show that ES-ISSMCRP protocol offers significant improvements over other
comparative protocols in terms of extending network lifespan and enhancing network surveillance
capabilities.

Cognitive radio sensor networks (CRSNs) are the result of the intelligent fusion of cognitive radio (CR) tech-
nology with wireless sensor networks (WSNs)!, where CR technology permits nodes to intermittently access
unoccupied frequency bands designated for primary users (PUs) by sensing the radio spectrum environment,
effectively boosting the spectrum usage and improving the performance of WSNs?. CRSNs inherit the archi-
tectural framework of WSNs. Their routing protocols are divided into flat routing protocols and hierarchical
routing protocols, with the latter also known as clustering routing protocols. In clustering routing protocols,
nodes are organized into clusters, with each cluster electing a cluster head (CH) and the rest functioning as
cluster members (CMs)*. Data travels from CMs to the CH and then is transmitted to the sink*. Compared to
flat routing, clustering routing offers enhanced scalability and connectivity, reduces data transmission delay and
energy costs, and minimizes conflicts with PUs by carefully selecting cluster channels®¢, making it a prominent
area of academic research.

Current clustering routing protocols in CRSN typically rely on the assumption of perfect spectrum percep-
tion. Although this approach eases the design of protocols, it does not accurately reflect the sensing performance
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of nodes in practical scenarios. Due to factors like low signal-to-noise ratio and multi-path fading, nodes may
face deficiencies in sensing accuracy, resulting in false alarms and missed detections’. Considering PUs, increased
spectrum perception accuracy by CRSNs nodes implies a diminished chance of interference, which is beneficial
for the regular communication of PUs. For CRSNs nodes, a lower probability of false alarms increases their
chances of communicating via idle licensed frequency bands. Hence, maintaining high detection probability
and low false alarm probability is essential for improving the overall system performance.

CRSNs nodes expend additional energy for spectrum sensing and switching, further draining their already
limited energy resources and leading to node failure once depleted®. Energy harvesting (EH) is a cutting-edge
solution for overcoming the energy constraints of CRSNs nodes’. Contrasting with conventional battery-powered
devices, EH technology permits extracting energy from radio frequency (RF) signals, allowing nodes to func-
tion continuously without replacing batteries'®!!. Consequently, the intelligent combination of EH and CRSNG,
forming EH-CRSNGs, has become a current research focus'>. However, this leads to an energy disparity among
nodes, as those nearer to the RF source gather more energy than those further away, creating energy imbalances
and potentially causing energy holes and network segmentation. Simultaneous wireless information and power
transfer (SWIPT) technology is an innovative solution for addressing the issue of energy holes in multi-hop
networks, allowing for the simultaneous transmission of signals and energy, i.e., supplying power to wireless
devices while interacting with them.

To reduce the adverse impact of imperfect spectrum sensing on network performance and to evenly distrib-
ute the remaining energy, thus prolonging network lifespan, this study proposes a novel SWIPT- and imperfect
spectrum sensing-based muti-hop clustering routing protocol for EH-CRSNs (ES-ISSMCRP). This protocol
makes full use of downlink EH and SWIPT technologies to boost and even out the remaining energy among
nodes. It focuses on extending the network lifetime while preserving its surveillance capability. The innovations
of this paper are summarized as follows:

® In this study, an EH-based energy level function is proposed, which comprehensively accounts for the prob-
abilities of channel being idle or busy, along with the probabilities of false alarms and missed detections.
The selection criteria for CHs and relays are designed by integrating dynamic energy arrivals and channel
availability, aimed at mitigating the adverse effects of imperfect spectrum sensing on network performance
and improving energy efficiency. This facilitates the implementation of distributed clustering and the estab-
lishment of multi-hop routing between clusters.

® In ES-ISSMCRP protocol, downlink EH and intra-cluster SWIPT technologies are utilized to effectively sup-
plement and equalize the remaining energy across nodes. Intra-cluster SWIPT allows CMs to decide whether
to transfer energy to their CH while transmitting data. This paper derives the actual energy values transmit-
ted by calculating the power splitting (PS) ratio used in SWIPT technology with a PS receiver architecture
and the expected energy consumption for node data transmission, thereby ensuring the practical usability
of intra-cluster SWIPT technology. Simulation results indicate that ES-ISSMCRP can extend the network
lifespan while ensuring high network surveillance performance.

Related works
Clustering routing protocols for CRSNs can be categorized based on the use of EH technology for battery replen-
ishment, distinguishing them as clustering routing protocols for non-EH-CRSNs and EH-CRSNs.

Research on non-EH-CRSNs

Among the existing non-EH-CRSNG clustering routing protocols, based on the cluster establishment method,
they are divided into single-hop and multi-hop clustering routing protocols. Single-hop protocols necessitate that
all CRSNs nodes or CHs have the capability to reach the sink in a single hop, and these protocols are further sub-
classified into centralized and distributed clustering protocols. Centralized protocols including CogLEACH-C",
Fuzzy C-means', and IMOCRP" utilize CHs to reduce energy use and improve data efficiency while simplifying
network administration, though they are limited by potential single points of failure and communication bot-
tlenecks, which can hamper network scalability. Specifically, nodes in CogLEACH-C protocol communicate their
perceived available channel count, remaining energy level, and location within the network to the sink, and then
the sink selects the most suitable CHs. Fuzzy C-means protocol divides the network into several clusters with the
goal of minimizing the cumulative squared distance between member nodes and the cluster center. It chooses
the best CHs based on various parameters. IMOCRP protocol automatically identifies the best CHs and the ideal
number of clusters, focusing on minimizing node energy use and equitably distributing residual energy among
nodes. Distributed clustering protocols like CogLEACH'®, NSAC"”, and WCM'8, allow for more flexible CHs
selection based on node energy levels, thus enhancing reliability and scalability, reducing bottlenecks and failures,
and enabling more even energy consumption distribution across the network. Specifically, nodes in CogLEACH
protocol randomly decide whether they can become CHs based on their own weights, and the higher the number
of available free channels, the higher the possibility of nodes to become CHs. NSAC protocol sets the weights
for the nodes based on the node’s remaining energy and the node’s available channels and selects the nodes with
the highest weights as the CHs. WCM achieves optimal clustering by solving optimization problems, selecting
CHs and CMs based on temporal-spatial correlation, confidence levels, and residual energy, while minimizing
energy consumption by limiting spectrum sensing to CHs.

In single-hop CRSNs, CHs that are further away from the sink need to expend more energy to transmit data
directly to the sink in one hop, resulting in premature node death and significantly compromising the network
surveillance capability. Multi-hop clustering routing protocols alleviate this by resolving routing issues between
clusters, enabling CRSNs nodes that are incapable of reaching the sink in a single hop to send data packets to the
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sink through relay nodes. Such protocols are further subdivided into uniform and uneven clustering protocols. In
uniform clustering protocols, all CRSNs nodes maintain the same cluster radius, i.e., the distance for information
exchange with neighboring nodes during CHs selection and cluster construction, as is the case with protocols
like DSAC", EACRP?, and SACR?..

In uniform clustering protocols, CHs situated near the sink bear the responsibility of receiving and aggregat-
ing intra-cluster data as well as aiding in relaying data from outer clusters, leading to quicker energy depletion
and potential energy holes or network fragmentation. To address this, uneven clustering protocols that adaptively
adjust cluster radius sizes have been proposed. Such protocols divide the network into clusters of varying sizes,
with smaller-radius clusters located closer to the sink and larger-radius clusters situated farther away. In terms
of cluster radius calculation and CHs selection, LEAUCH?? protocol uses the number of vacant channels to
determine candidate CHs, then calculates the cluster radius based on Euclidean distance to the sink and selects
nodes with high residual energy within the cluster radius as final CHs. R-bUCRP? protocol calculates cluster
radii similarly to LEAUCH but identifies candidate CHs by comparing a random number that lies between 0
and 1 with a predetermined threshold. Final CHs are selected based on a weighted sum of node reputation and
residual energy. OACUCAPTEEN?! refines cluster radius calculation and CHs selection based on node residual
energy. Building upon LEAUCH protocol, ESAUC® redefines cluster radius calculation by incorporating factors
like remaining energy, number of neighboring nodes and vacant channels and selects nodes with the maximum
weighted sum of residual energy and available channels as final CHs. Our previous work ISSMCRP?® accounts
for the influence of sensing errors on network performance. ISSMCRP calculates the detection level function for
available channels and selects nodes with strong detection capability, high remaining energy, and large number
of neighbors as CHs. EBUCRP? derives the optimal cluster radius probabilistically to minimize network energy
consumption and equalize the residual energy levels of nodes. Nodes with high residual energy, numerous avail-
able idle channels, and low communication energy consumption with neighboring nodes are selected as CHs.
While uneven clustering protocols have successfully tackled issues related to energy holes and hot spot, they
have not yet rectified the fundamental limitation of energy scarcity in sensor nodes.

Research on EH-CRSNs

Clustering routing protocols in EH-CRSNs effectively enhances the network’s energy utilization by exploiting
EH technology, consequently extending its lifespan. The associated strategies and mechanisms of these protocols
are developed to provide substantial support and guarantees for the practical application of EH-CRSNs. The
multi-hop clustering routing protocol RFMCRP® for RF EH-CRSNs introduces an energy control strategy for the
management of node states. This approach aims to mitigate performance degradation due to energy insufficiency.
It theoretically derives the optimal cluster count with the objective of minimizing the total energy consumed in
data transmission. The protocol selects nodes with high energy function levels within the communication range,
more common available channels with neighboring nodes, and numerous neighbors as CHs. Reference?® applies
SWIPT technology based on the PS receiver architecture to CRSNs nodes. This work derives an expression for the
outage probability of PUs under Nakagami-m fading channels and utilizes this expression to study the throughput
of the primary system. References?*° apply the SWIPT technology based on the time switching (TS) receiver
architecture to CRSNs nodes. Specifically, reference? derives the expressions for the outage probabilities and
network throughput of both the primary and secondary systems under Nakagami-m fading channels. It then
studies the system performance based on these derived expressions. Reference® further derives expressions for
the outage probability, asymptotic outage probability, system throughput, and energy efficiency of both primary
and secondary systems under Nakagami-m fading channels. This work further explores their ergodic capacity
and asymptotic ergodic capacity. In reference®, research is conducted on the trade-off between rate and energy in
systems employing SWIPT technology under 2 different non-linear EH models. Current research in EH-CRSNS,
including RFMCRP protocol, does not integrate SWIPT to tackle the energy hole problem. Studies related to
SWIPT in the aforementioned literature predominantly concentrate on analyzing system performance, rather
than on utilizing clustering protocols for logical node grouping and joint operations to diminish node energy
consumption. Consequently, there is an urgent need to develop a novel clustering routing protocol for EH-CRSNs
that utilizes SWIPT to properly balance the residual energy among nodes in each cluster of EH-CRSNs. The
characteristic analysis and comparison of the aforementioned clustering routing protocols is shown in Table 1.

System model

The sink is located at the center of a circular network with a radius of R, where N identical CRSNs nodes and
M PUs are evenly and randomly scattered. Each CRSNs node has a unique ID, and its location will not change
once deployed. The network is segmented into z concentric layers, each with a width of R, and the layers are
sequentially arranged from inside to outside as layer 1, 2, ..., z. In this study, semi-Markov ON/OFF model*
is utilized to replicate the dynamic spectrum usage patterns of PUs. Under this model, PUs alternately change
between busy/idle states on authorized channels, with the duration of each state being an independent random
variable. It is assumed that the ambient noise is characterized by zero-mean, Sﬁ—variance Gaussian white noise.
The signal of PU; is characterized as an independent and identically distributed random process with zero mean
and variance of §2 - For CRSNs node i employing energy detection®, the probabilities of false alarm Py;; and
detection Py for detecting PU; are given as™:

) — 82
= (7227) v
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Considering imperfect spectrum

References | Target network | Protocol type Considering control overhead | Applying SWIPT | sensing Single-hop/multi-hop
13,14 Non-EH-CRSNs | Uniform (centralized) | x X X Single-hop
15 Non-EH-CRSNs | Uniform (centralized) |V X X Single-hop
16 Non-EH-CRSNs | Uniform (distributed) | x X X Single-hop
7 Non-EH-CRSNs | Uniform (distributed) | x X X Single-hop
18 Non-EH-CRSNs | Uniform (hybrid) X X X Single-hop
19-21 Non-EH-CRSNs | Uniform (distributed) | x X X Multi-hop
2 Non-EH-CRSNs | Uneven X X X Multi-hop
-2 Non-EH-CRSNs | Uneven V X X Multi-hop
2 Non-EH-CRSNs | Uneven V x V Multi-hop
2 Non-EH-CRSNs | Uneven Y X X Multi-hop
8 EH-CRSNs Uneven y X X Multi-hop
2831 EH-CRSNs - x v x -

Ours EH-CRSNs Uneven y 3 y Multi-hop

Table 1. Comparison of the characteristics of existing clustering routing protocols.

A= (82482,
(i,j) ) 2)

Pagij) = Q((Bﬁ TN

where Q(-) signifies the Q function; Z denotes the count of sampling points, calculated as Z= T, x f; (T, being
the spectrum perception duration and f; the sampling frequency); A represents the energy detection threshold,
and when Py,  is a predetermined small value Py(; ), A is derived from Eq. (1) following the Neyman-Pearson

criterion®, as illustrated in Eq. (3); Sﬁ(i)-) stands for the signal power of PU; received by node i, as indicated in

Eq. (4). dyopyq;) refers to the Euclidean distance between node i and PU;. If node i is located within PUjs inter-

ference protection range (IPR), Si(A - is determined as 8}2‘(1» )= {h(i,j) 82 > M) denotes the channel gain between

b))
node i and PU, calculable through lE{q. (5)°%; Otherwise, the received signal power of PU; at node i is considerably
weak and can be negligible.

b= 8% Q' Py /2 /2 + 1) (3)
2 .
82 - = ‘h(i,j) ‘Sx,] if dtoPU(i,j) < IPR (4)
AR 0 otherwise
%fﬂ if diopui) < do
h(’ ) = o IOPU(@ 2 (5)
iy =
! % otherwise
10PU(i,j)

Equation (5) indicates that if d,,py ;) is equal to or less than the distance threshold d,, the PU signal attenuation
adheres to the free-space path loss model; if it exceeds d,j, it follows the multi-path fading loss model. G and Gy
are the respective gains of the transmitting and receiving antennas, and / represents the wavelength of the signal
emitted by PUs. hand hy refer to the heights of the transmitting and receiving antennas, respectively.

Similarly, in downlink RF EH, the energy that CRSNs node i can harvest relies on the transmit power P, of
the RF energy source, i.e., the sink, the wavelength of the RF signal y, the Euclidean distance d; ;,; between the
RF energy source and the EH node, and the duration of the EH process tg, as shown in Eq. (6).

GrGry?
Poink X ————
f< sink =y

i,sink

) X tgg if disink < do

Ejn(i) =

in(1) GGl
TYRATHAR

f<Psink X d4

i,sink

> X tgy otherwise

where f(x) refers to the non-linear EH model discussed in reference®’.

The energy consumption model presented in reference® is leveraged to compute the energy expenditure for
information transmission. The energy consumption expression for a source node to send L bits of information
to its desired destination located at a distance d is depicted as Eq. (7):
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L x Egjec + L x Ey x d*ifd < dy

(7)
L X Egjec + L X Eppp X d* otherwise

Etrans (L>d): {

where E,;,. represents the energy consumed by electronic circuitry to send/receive a single bit of data; Under the
assumption that the signal transmission adheres to the free-space path loss model, E; is the power amplifier’s
energy consumption per bit under this model, and E,,, denotes that under multi-path fading loss model.

If the information transmission rate is R;, then the energy used by the amplifier to transfer L bits of data,
Erx(L,d), is the product of the node transmit power Prand the inverse of the information transmission rate, as
indicated in Eq. (8):

1
Erx(Ld) =L x Pt x — (8)
Ry

Incorporating Eq. (7) into Eq. (8) and simplifying yields Eq. (9):

E; x Ry x d?ifd < dy
PT={ﬁ 9)

Epmp X Ry x d* otherwise

In this case, the power threshold Py, required at the receiving end for successful information decoding is
defined as:

E4R,GrGry?
EeRaGrGay” i g,

Pihresh = 167 (10)
EmpRhGTGRh%h}zz otherwise

Based on the findings in reference’®, with Ej; being 10 pJ/bit/m* and E,,, at 0.0013 p]/bit/m*, it is inferred from
Eq. (10) that Py, should be no less than 6.8 nW for successful decoding of received data.

SWIPT and imperfect spectrum sensing-based multi-hop clustering routing protocol
for EH-CRSNs

As an advancement of ISSMCRP protocol, ES-ISSMCRP protocol is specifically designed for time-triggered
traffic, and it focuses on efficiently replenishing and equalizing the remaining energy of CRSNs nodes under the
premise of mitigating the adverse impacts of imperfect spectrum sensing on network performance, consequently
prolonging the network lifetime. ES-ISSMCRP protocol operates in 5 distinct stages: spectrum sensing, non-
linear EH, CHs election and cluster formation, inter-cluster route establishment, and data transmission. In each
round, each EH-CRSNs node updates and saves details about itself and its adjacent nodes, and autonomously
establishes clusters and develops multi-hop routing based on the gathered information.

CHs election and cluster formation stage

In ES-ISSMCRP protocol, every node in the first layer forms its own cluster, thereby saving the energy that would
be used for selecting CHs and building clusters, and preserving energy for relaying packets of nodes in other
layers situated farther from the sink. Node i beyond the first layer determines its cluster radius R [I(i)] by using
Eq. (18) in reference®. Here, I(i) represents the layer number of node i. Layers nearer to the sink have smaller
cluster radii, which significantly lowers the energy needed by CHs in those layers for receiving and aggregating
intra-cluster data. This method helps to conserve energy for the relaying data packets from nodes in outer lay-
ers, thereby achieving a balance in energy usage across the CHs. Node i calculates its CHs competition weight
based on the available channel detection level function P (i), its residual energy E,.(i), and the energy E,, (i)
that node i harvests from downlink, as detailed in Eq. (11). It broadcasts its information and CHs competition
weight within R [I(i)] and receives similar broadcasts from neighboring nodes in the same layer. ES-ISSMCRP
protocol assesses whether a node beyond the first layer can become a CH by comparing the competition weights
in its vicinity. If a node’s competition weight is lower than its neighbors, it exits the competition; otherwise, it
becomes a CH. Nodes with superior channel detection capabilities, higher potential residual energy levels, and
a larger number of neighbors have a higher likelihood of becoming CHs.

EH—Compt (i) = Pcp(i) X (Eres(i) + Ein(i)) x Neigh(i) (11)

where Neigh(i) denotes the count of active neighboring nodes for node i. P, (i) is derived by node i, taking into
account its specific false alarm and missed detection probabilities, and the probabilities of channel being either
free or busy when detection is correctly assumed, as explicitly outlined in Eq. (12).

Pc (i) = Z [Pogr(ic) X (1 = Priie)) — Pongie) X (1 — Pgi))] (12)

ceChannel;

where ¢ € Channel; denotes that channel ¢ is identified as available by node i. Poff(ic) = H]Ail Poff i o) and
Pon(ic) = 1 — Pog i) refer to the probabilities that node i determines the licensed channel ¢ as being idle and
occupied, respectively, under the assumption of accurate detection. Specifically, Py, ;) and P, are the prob-
abilities of node i accurately detecting whether PUj; is and is not occupying channel ¢ during spectrum sensing.
If diopuiy S IPR, Pogtii) = Peogiie) a0d Poijie)=Pon(j.c- Otherwise, due to the insignificantly low received signal

ij,C
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power of PUj, node i will invariably judge that PU; is not occupying the channel, thus Pyg;; =1 and P,;;=0.
Peogije and P,y are the probabilities of PU; not using and using licensed channel ¢, respectively, which are
obtained from historical channel usage. The probability P,y x (1 - P(i,c)) reflects the likelihood of node i accu-
rately detecting channel c as idle, while P, X (1 — P,(i,c)) indicates the chance of node i mistakenly detecting
channel c as idle. When a channel is determined as available, the protocol subtracts the probability of incorrect
detection from that of correct detection as a penalty.

CHs broadcast CHs announcements within the cluster radius. Ordinary nodes that are not yet clustered look
for the CH within their own transmission range that has common available channels and the highest CHs com-
petition weight, to which they send a join request, thereby marking themselves as clustered. CHs acknowledge
these join requests from the ordinary nodes and list them as their CMs. Ordinary nodes that fail to identify a CH
become CHs by default. CHs that do not receive any join requests form clusters independently. For improving
the success rate of data transmission within clusters, nodes are required to identify and use the appropriate idle
channel for data transmission. Hence, CMs use Eq. (13) to determine the idle detection accuracy P, for each
available channel, selecting the one that is both commonly idle with the CHs and has the maximum P, as the
cluster channel. CHs apply channel switching to gather data within the cluster. To reduce energy consumption
by minimizing channel switching frequency, CHs consecutively schedule all members using the same channel
for data transmission. After completing transmissions on one channel, they move to the next, continuing until
all nodes within the cluster have transmitted their data.

Pofriey X (L — Pric))
Pofric) X (1= Priic)) + Pongie) X (1 — Pa(ic))

Pr(i,c) = (13)

Inter-cluster route establishment and data transmission stages

In ES-ISSMCRP protocol, CHs in all layers except the first must choose suitable relay nodes based on relay
competition values as indicated in Eq. (14), forming inter-cluster multi-hop routes for data packet forwarding
to the sink.

1
Eelec + Efs x d? (14)

i,sink

EH —Relaycompt (i)=Pcr (i) X (Eres(i) + Ein(i)) X

where Egjec + Efs X dﬁ <ink denotes the energy expenditure of node i to transmit unit data to the sink. Node that
exhibits superior channel detection capabilities, higher levels of potential remaining energy, and is closer to the
sink has a greater chance of being the next hop. The routing process ceases if the relay node is in the first layer; if
not, the next hop with the highest relay competition value is selected from the inner-layer CHs, which is within
the transmission range, shares common idle channels, and is located closer to the sink. If no appropriate relay
node is found, ES-ISSMCRP identifies a CM within the cluster that is the closest to the sink and capable of com-
municating with inner-layer CHs as a potential relay. If a suitable CM is found, the process of identifying the
next hop relay continues until it reaches a node in the first layer. If no adequate CM is available, ES-ISSMCRP
seeks for a same-layer CH within the transmission range that shares common channels, is nearer to the sink,
and possesses the highest competition value. The qualified same-layer CH then becomes the next hop, and this
selection process is repeated until the relay reaches a first-layer node or no further viable routing path is available.

Once the routing is finalized, each relay node chooses the channel with the greatest idle detection accuracy
from the common available channels shared with its subsequent hop. This strategy is aimed at improving the
successful rate of transmissions between clusters by utilizing the inter-cluster channel that is most likely to be idle.

Data transmission encompasses both intra-cluster and inter-cluster data transfers. Intra-cluster data transfer
requires CHs that have CMs to schedule time division multiple access (TDMA) time slots for their CMs. The CMs
receive the schedule information and decide whether to transfer energy to the CH through PS architecture-based
SWIPT while transmitting data based on their energy levels. The PS ratio p is determined by p = Py,.,/Pg, and
Py, denotes the aggregate actual power that the destination node receives. Figure 1 displays the detailed process
of ES-ISSMCRP protocol employing intra-cluster SWIPT mechanism.

CMs make a decision on employing SWIPT for parallel data and energy transmission within the cluster, con-
sidering their specific role, residual energy, and the CH’s residual energy. (1) When the residual energy E,(j) of
CH j falls below its anticipated energy expenditure for the data transmission Ecpy,,,(j), and if the residual energy
of CM i E,(i) exceeds its anticipated energy expenditure Eyy,,,,(i) for the round, and CM i is not the subsequent
hop for CH j, CM i will transfer all its extra energy to CH j. The expressions for Ecpy,s(/) and Ecyyyan,s(i) are
exhibited in Eqs. (15) and (16), respectively. (2) CMs acting as relay nodes bear the burden of inter-cluster data
transmission. To prevent energy loss from two-way transmission between these CMs and the CH, they do not
employ SWIPT technology to supply energy to the CH.

EcHtrans (])ZCMS(CH]) X (Eelec + Epa) X L+ (Eelec + Efs X dtzanext (])) x L (15)

where Ep, refers to the energy used for aggregating per unit of data; CMs(CH j) indicates the count of CMs
belonging to CH j; d,,...,(j) is the Euclidean distance from CH j to its relay; L stands for the data packet length.
The two components on the right-hand side of Eq. (15) correspond to the energy expended by CH j in receiving
and aggregating intra-cluster data, and in transmitting this aggregated data to the next-hop relay.

Ecmtrans ()= (Eetec + Efs X dycpy (i) x L (16)
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Figure 1. Flowchart of the intra-cluster SWIPT mechanism in ES-ISSMCRP protocol.

where d,,cy(i) signifies the Euclidean distance between CM i and CH j.
The energy replenished by CM i to CH j using SWIPT technology is given by the following expression:

Esend (i) = Eres(i) — Ecmtrans (i) (17)

The energy harvested by destination node j is transformed into usable energy stored within the hybrid energy
storage unit. Hence, the energy E(i,j) received by CH j from the SWIPT-based transmission by CM i is calculated
using Eqgs. (10) and (17), as shown in Eq. (18):

1
Es(i,j)=f (Esmda)/dfow(i) — L X Pypresh X RT,) (18)

where f(x) refers to the non-linear EH model discussed in reference®.

In the process of inter-cluster data transfer, relay nodes are burdened with increased traffic loads, which can
lead to significant energy depletion and the risk of early node failure. The use of inter-cluster SWIPT technology
enables CHs to simultaneously transfer energy and data to their subsequent hops, aiming to equalize energy usage
across clusters. However, in large-scale EH-CRSNs where CHs of various layers are relatively distant, energy
wastage occurs during energy transmission to the next hop, resulting in some resource wastage. Additionally,
in the stage of cluster formation, ES-ISSMCRP protocol divides the network into uneven clusters based on the
calculated cluster radius for each layer, reducing energy consumption of inner-layer nodes and reserving energy
for relaying data packets from nodes in outer layers, thus effectively equalizing the energy expenditure across
clusters. As a result, SWIPT technology is not applied to the inter-cluster data transfer in this paper.

Simulation analysis and performance verification

In this paper, the MATLAB simulation tool is employed to conduct a performance evaluation of the proposed
ES-ISSMCRP protocol. 450 CRSNs nodes and 50 PUs are randomly and uniformly deployed in a circular net-
work monitoring area with a radius of R=150 m, with the sink located at the center of the network. The sink
consistently supplies RF energy to CRSNs nodes over a fixed time period tz;=0.2 s. Given that the maximum
transmission range R, of CRSNs nodes is 50 m, the entire network is divided into 3 layers, indicating that
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CRSNs nodes belong to either layer 1, 2, or 3. The cluster radii for layer 2 and layer 3 are determined using the
theoretical derivation method in our previous work?. Each surviving node in every round must transmit the
monitoring data collected from the environment to the sink. Additionally, while maintaining the same network
radius, we increased the number of CRSNs nodes from 450 to 900 to explore the impact of node density on the
performance of ES-ISSMCRP protocol, i.e., the node density has doubled compared to its original value. The
additional parameters for the simulation are detailed in Table 2%1>2%:2627:38:39,

To demonstrate the superiority of ES-ISSMCRP protocol in extending network lifetspan and enhancing
network surveillance capability, a comparative analysis is conducted with existing CRSNs clustering routing
protocols, including CogLEACH'®, DSAC'®, NSAC'/, WCM", IMOCRP"?, and Fuzzy C-means'*. These protocols
are inherently non-EH-CRSNS clustering protocols. To ensure a fair comparison, we incorporate a linear EH
mechanism into these protocols, allowing each surviving CRSNs node to perform linear EH at the start of each
round and store the collected energy in their on-board batteries. After adding EH functionality, these protocols
are referred to as EH-CogLEACH, EH-DSAC, EH-NSAC, EH-WCM, EH-IMOCRP, and EH-Fuzzy C-means.
The comparison in terms of the number of surviving nodes and nodes effectively collecting data in each protocol
is depicted in Figs. 2 and 3.

Figures 2 and 3 clearly show that ES-ISSMCRP protocol outperforms EH-DSAC, EH-NSAC, and EH-WCM
protocols, but is inferior to EH-CogLEACH, EH-Fuzzy C-means, and EH-IMOCRP in terms of the number
of surviving nodes. Additionally, ES-ISSMCRP achieves the highest performance in terms of the number of
nodes effectively collecting data. It indicates that CRSNs nodes in ES-ISSMCRP consume less energy in control
information exchange and data transmission. In order to explore the reasons behind this phenomenon, the total
control overhead per round, the total energy consumption per round, and the latency are recorded in Figs. 4, 5
and 6. Here, the total control overhead per round is defined as the number of control packets exchanged during
network operation per round, such as for CHs election, cluster formation, inter-cluster route establishment,
and data transmission scheduling. The total network energy consumption per round refers to the aggregate
energy consumed by all surviving nodes in each round, which includes the energy spent on control information

Parameters Values
Battery storage capacity E,, ., 1]

Total CRSNs nodes count N 450
Total PUs count M 50
Network radius R 150 m
The maximum transmission range of CRSNs nodes R, 50 m
Transmit power of the sink Py 100 W
EH duration tzy 02s
Data packet length L 1024 bits
Data transmission rate R, 1 Mbps
Minimum received power required for successful information decoding P,,.y, 6.8 nW
Energy consumption for data aggregation per bit E,, 5 nJ/bit/packet

Table 2. Simulation parameter settings.

500

B

(=3

(=}

T

LS &
o ”/
V

EH-CogLEACH
EH-DSAC
EH-NSAC
EH-WCM

- ES-ISSMCRP

-~ EH-IMOCRP

EH-Fuzzy C-means|

o
(=3
(=}
T
IPUPEEA

sde*pon

%)

i=3

S
T

Number of Surviving Nodes

100

0 1500 3000 4500 6000 7500

Round Number

Figure 2. Comparison results of the number of surviving nodes across various protocols.
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Figure 3. Comparison results of the number of nodes effectively collecting data across various protocols.
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Figure 4. Comparison results of the total control overhead per round across various protocols.
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Figure 5. Comparison results of the total energy consumption per round across various protocols.
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Figure 6. Comparison results of the latency across various protocols.

exchange and data transmission. However, the energy consumption for spectrum sensing is not taken into
consideration, as according to reference®, the energy consumed by each surviving node for spectrum sensing at
the beginning of each round depends on the number of channels sensed, the duration of spectrum sensing, and
the sampling frequency, etc. Once these parameters are fixed, the energy consumption for spectrum sensing is
constant. As all surviving nodes in the comparative protocols incur this energy cost during the spectrum sensing
stage, we have omitted the energy consumption for spectrum sensing in our simulations, ensuring fairness in
our comparison results. Additionally, the energy consumption caused by data packet collisions is not considered
because: (1) ES-ISSMCRP protocol primarily focuses on solving the network performance degradation problem
due to imperfect spectrum sensing, mainly considering conflicts with PUs rather than packet collisions between
various CHs during inter-cluster data transmission using the carrier sense multiple access/collision avoidance
(CSMA/CA)approach. (2) Whether collisions occur and the number of retransmissions caused by these colli-
sions during CSMA/CA channel access by CHs are random, and the corresponding energy consumption cannot
be accurately calculated. Since such energy consumption exists in the comparative protocols as well, to ensure
a fair comparison, we have not considered the additional energy consumption due to data packet collisions in
simulations. The latency is defined as the maximum total delay introduced by spectrum sensing, CHs election,
cluster formation, inter-cluster route establishment, intra-cluster data transfer, and multi-hop inter-cluster data
relay. More details can be found in reference .
A detailed analysis of this superior performance is as follows:

1. ES-ISSMCRP protocol rigorously minimizes the control overhead and energy expenditure incurred during
the CHs election and cluster formation to conserve the finite battery energy of CRSNs nodes. Specifically,
CRSNs nodes in the first layer become independent CHs directly, eliminating the need for broadcasting
CHs competition weights and thus avoiding the associated control overhead. Furthermore, during the CHs
election process, CRSNs nodes beyond the first layer broadcast their own information and CHs competi-
tion weights to their neighbors. Neighboring nodes determine their potential to become CHs based on the
received information. Nodes that qualify as CHs then disseminate CHs announcement messages, prompting
ordinary nodes that receive these announcements to broadcast their withdrawal from the CHs competition.
During cluster formation, nodes not designated as CHs request to join the cluster whose CH shares common
idle channels and possesses the highest competition weight, which records these join requests. Therefore, the
overall control overhead incurred during the CHs election and cluster formation for ES-ISSMCRP is more
than triple but less than four times the number of surviving nodes. EH-WCM protocol incurs a total control
overhead for CHs selection and cluster formation that is roughly four times the count of active nodes: all
CRSNs nodes broadcast their spectrum sensing results and CHs weights on common control channel (CCC)
to select CHs; neighboring nodes that receive this information decide if they are eligible to become CHs, with
qualifying nodes broadcasting CHs announcements, and other nodes broadcasting their withdrawal from
CHs competition; nodes not designated as CHs request to join the CH with the greatest weight and shared
available channels, after which the CH communicates the cluster details to the sink. In EH-DSAC protocol,
each CRSNs node starts as a CH and merges with adjacent clusters based on the common available channels
and inter-cluster distances until they reach the optimal number derived from theoretical calculations. This
involves substantial control information exchanges between CMs and CHs as well as among neighboring
CHs, resulting in considerable energy expenditure, as indicated by Fig. 5. In EH-NSAC protocol, all CRSNs
nodes calculate their own weight based on the remaining energy and channel quality, continuously update
and broadcast their weight information. The node with the highest weight in the vicinity becomes a CH,
with neighboring nodes joining to become CMs; unclustered nodes repeat this until clustering is completed.
This process necessitates extensive control information exchanges among adjacent nodes, leading to signifi-
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cant energy usage. As a result, the first node death occurs earlier in EH-WCM, EH-DSAC, and EH-NSAC
protocols than in ES-ISSMCRP protocol, with a sharp decline in the number of active nodes in subsequent
rounds. EH-Fuzzy C-means and EH-IMOCRP represent centralized, single-hop clustering routing proto-
cols for CRSNs. These protocols mandate that each surviving CRSNs node transmits information such as
remaining energy to the sink. The sink is responsible for choosing CHs and communicating the clustering
results to all CRSNs nodes. Consequently, their total control overhead per round is equivalent to the count
of surviving nodes, as shown in Fig. 4. Therefore, their network lifespan is the longest among all compara-
tive protocols. The first node death in EH-CogLEACH happens later than that in ES-ISSMCRP. This is due
to the fact that the overhead for CHs selection and cluster formation in EH-CogLEACH is roughly twice
the number of active nodes, which is relatively modest. In EH-CogLEACH, each CH broadcasts temporary
and final CHs announcements, and ordinary nodes send temporary join requests and final confirmation
to their CH. Despite lower energy usage under EH-CogLEACH, EH-Fuzzy C-means, and EH-IMOCRP,
restriction to single-hop communication with the sink substantially restricts the network scalability and
surveillance capacity. Additionally, while building clusters, EH-Fuzzy C-means fails to consider channel
availability. Random channel selection may lead to the absence of a common channel between CMs and their
CH, severely impacting the successful delivery of data packets. Therefore, the number of nodes effectively
collecting data in EH-Fuzzy C-means is low. According to calculations, the average packet delivery ratio of
ES-ISSMCRP protocol is 0.8209, while those of EH-CogLEACH, EH-Fuzzy C-means, and EH-IMOCRP
protocols are only 0.0509, 0.0355, and 0.0814, respectively. In a word, although EH-CogLEACH, EH-Fuzzy
C-means, and EH-IMOCRP have more surviving nodes, only a small proportion of these nodes are effective
in data collection. Table 3 shows the average packet delivery ratios for the comparative protocols.
According to the aforementioned analysis, the total control overhead per round of ES-ISSMCRP is close
to that of EH-WCM. However, as shown in Fig. 5, its total energy consumption per round is much lower
than that of EH-WCM, EH-NSAC, and EH-DSAC. This is because nodes under ES-ISSMCRP exchange
control information within cluster radius during CHs election and cluster formation stage, while nodes
in other competing protocols exchange information within R,. Since the cluster radius is smaller than R,
nodes consume less energy in CHs election and cluster formation. Moreover, in order to make full use of
the direct communication between CHs in layer 1 and the sink, in ES-ISSMCRP, CHs in layer 1 send their
state messages directly to the sink in inter-cluster route establishment stage. The sink receives, aggregates,
and broadcasts the message, which can reduce the number of control messages received by CHs in layer 2
and the energy consumption of competing for accessing CCC in layer 1. Thus, node energy is saved, and the
network lifetime is prolonged.

As a multi-hop clustering routing protocol, EH-DSAC initially enables a larger count of nodes to route data
to the sink through multiple hops, resulting in a higher number of nodes effectively collecting data. However,
substantial control overhead leads to rapid energy depletion of nodes, with a marked decline in the number
of surviving nodes and nodes effectively collecting data after round 618. EH-CogLEACH, EH-WCM, EH-
NSAC, EH-Fuzzy C-means, and EH-IMOCRP protocols function as single-hop CRSNs clustering routing
protocols, limiting effective data collection to nodes that can reach the sink in a single hop. Furthermore, the
number of nodes effectively collecting data in EH-WCM and EH-NSAC protocols drastically decreases along
with the swift reduction in the number of surviving nodes. ES-ISSMCRP protocol is a multi-hop clustering
routing protocol that enables data to be transmitted to the sink through multi-hop routing. It also selects
relatively stable channels with the highest idle detection accuracy for intra-cluster and inter-cluster data
transmission, leading to infrequent channel reclaim by PUs.

From Fig. 6, we can observe that the latency of EH-DSAC is the longest among all competing protocols. This
results from its excessive control information exchange for cluster merging and multi-hop route selection.
More competing nodes within R, increases the time required for successful channel access. ES-ISSMCRP
can reduce the time required for control information exchange by controlling the cluster radius, but more
effective data gathering nodes will inevitably increase the latency of data transmission. This is the price to
pay for guaranteeing powerful network surveillance capability. Nonetheless, data packets in ES-ISSMCRP
can still reach the sink within the round time.

By controlling cluster radii and implementing uneven clustering throughout the network, ES-ISSMCRP
protocol reserves energy for relaying data packets from outer layers and equalizes the residual energy among
CHs, ultimately extending network lifespan. Additionally, in ES-ISSMCRP protocol, the introduction of
SWIPT technology for intra-cluster data transmission aids in further equalizing the residual energy between

Protocols Average packet delivery ratio
EH-CogLEACH 0.0509
EH-DSAC 0.2631
EH-NSAC 0.0688
EH-WCM 0.0479
EH-IMOCRP 0.0814
EH-Fuzzy C-means | 0.0355
ES-ISSMCRP 0.8209

Table 3. Average packet delivery ratios for the comparative protocols.
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Figure 7. Comparisons between ES-ISSMCRP and ISSMCRP in terms of number of surviving nodes.
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Figure 8. Comparisons between ES-ISSMCRP and ISSMCRP in terms of number of nodes effectively collecting
data.

nodes within a cluster and extending the network lifespan. To confirm the effectiveness of intra-cluster
SWIPT technology, this paper conducts a comparative analysis with ISSMCRP protocol, which does not
utilize intra-cluster SWIPT technology. The detailed outcomes of this comparison are presented in Figs. 7
and 8.

As illustrated in Figs. 7 and 8, during the periods before round 1413 and after round 4208, ES-ISSMCRP
protocol demonstrates a similar number of surviving nodes and effective data-collecting nodes as ISSMCRP
protocol. However, from round 1414 to 4207, ES-ISSMCRP protocol significantly surpasses ISSMCRP protocol
in terms of both surviving nodes and nodes effectively collecting data, with an average increase of 102 surviving
nodes and 80 nodes collecting data per round. In general, compared to ISSMCRP protocol, ES-ISSMCRP protocol
achieves a 33.1% increase in surviving nodes and a 27.8% increase in effectively collecting data nodes, thereby
confirming the effectiveness of the implementation of intra-cluster SWIPT technology in ES-ISSMCRP protocol.

While keeping the network radius R unchanged, as the number of CRSNs nodes increases from 450 to 900,
the simulation results for the number of surviving nodes, nodes effectively collecting data, and latency under
various clustering protocols are illustrated in Figs. 9, 10 and 11.

A comparison with the simulation results for 450-node CRSNs reveals that the increase in node density p does
not significantly affect the number of surviving nodes in single-hop clustering protocols such as EH-CogLEACH,
EH-Fuzzy C-means, and EH-IMOCRP, but there are noticeable changes in the number of nodes effectively col-
lecting data and in latency. Specifically, the number of nodes effectively collecting data in EH-CogLEACH and
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Figure 9. Comparison results of the number of surviving nodes in 900-node CRSNs.
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Figure 11. Comparison results of the latency in 900-node CRSNs.

Comparison results of the number of nodes effectively collecting data in 900-node CRSNs.

Scientific Reports |

(2024) 14:6686 |

https://doi.org/10.1038/s41598-024-57111-0

nature portfolio



www.nature.com/scientificreports/

EH-IMOCRP protocols are approximately doubled, while the increase in EH-Fuzzy C-means is under two-fold.
The primary reason for this phenomenon is analyzed below: all CRSNs nodes are randomly and uniformly dis-
tributed, and when p doubles, the number of nodes that can reach the sink in one hop also doubles. As all these
protocols are single-hop clustering protocols, only nodes that can reach the sink in a single hop can transmit data
to it. However, due to the effects of random channel selection, the number of nodes effectively collecting data
under EH-Fuzzy C-means protocol is noticeably lower than the number of nodes that can reach the sink in one
hop, consistent with the preceding theoretical analysis. The significant increase in the latency is mainly due to the
fact that when p doubles, the number of competing nodes within the maximum transmission range R, increases,
leading to greater delays in nodes accessing CCC to exchange control information. Additionally, an increase in
the number of clusters or the number of nodes within a cluster leads to increased delays in intra-cluster data
aggregation or inter-cluster data transmission. The first node death in the proposed ES-ISSMCRP protocol occurs
earlier than in the 450-node CRSNs. The reason behind this phenomenon lies in the fact that increasing p leads
to a higher total number of clusters formed. An increased number of data packets need to be relayed towards the
sink, which will cause higher energy consumption for inner-layer nodes. Although ES-ISSMCRP can balance
the energy distribution among nodes in different layers, it cannot entirely avoid the network lifespan reduction
caused by heavier data relay. The number of nodes effectively collecting data in ES-ISSMCRP protocol generally
shows a linear relationship with the number of surviving nodes, ensuring sustained high network surveillance
performance throughout an extended network lifetime. The average packet delivery ratio of ES-ISSMCRP pro-
tocol is calculated to be 0.8266. Furthermore, by stringently regulating the cluster radius, ES-ISSMCRP protocol
efficiently controls the number of nodes competing for channel access and the number within each cluster,
leading to a marginal increase in latency. However, the impact of the increased node density is not pronounced.

The proposed ES-ISSMCRP protocol can be applied in EH-CRSNs to supplement and balance the remaining
energy among nodes, thereby extending the network lifespan while maintaining powerful network surveillance
capabilities. For instance, it can be used in the field of agricultural production, assisting in obtaining information
regarding crops, plants, temperature measurement, humidity, and irrigation systems to facilitate precision and
automated agriculture®. It can also be utilized in health monitoring, aiding in the collection of physiological
parameters to advance medical informatics*!. Additionally, it can be used for continuous monitoring of forest
fires, enabling timely detection of fires to prevent significant loss of lives, wildlife, and property*.

Conclusions

Building on our previously proposed ISSMCRP protocol, this paper introduces an SWIPT-based multi-hop
clustering routing protocol ES-ISSMCRP for EH-CRSNs. ES-ISSMCRP protocol effectively leverages downlink
RF EH and SWIPT technologies to enhance and equalize the remaining energy among nodes, substantially
prolonging the network lifespan while maintaining its surveillance capabilities. Simulation results show that
ES-ISSMCRP protocol achieves notable improvements compared to ISSMCRP protocol. Specifically, under ES-
ISSMCRP protocol, there is a 33.1% increase in network lifespan and a 27.8% enhancement in surveillance
capabilities. When compared to other protocols, ES-ISSMCRP protocol features the combined strengths of
extending network lifespan and improving surveillance capabilities. In particular, it extends network lifespan
by 88.1% compared to EH-DSAC, EH-NSAC, and EH-WCM protocols, and increases surveillance capability
by 83.5% compared to EH-CogLEACH, EH-Fuzzy C-means, and EH-IMOCRP protocols. Nonetheless, within
ES-ISSMCRP protocol, EH-CRSNs nodes gather energy solely through direct links with the sink, and signifi-
cant path loss reduces EH efficiency for nodes distant from the sink, limiting the potential of EH technology in
extending the overall network lifespan. To address this, future plans involve incorporating intelligent reflecting
surface (IRS) in CRSNs, allowing signals from both direct links and IRS-cascaded reflection links to coherently
combine at the receiver, thus increasing the energy harvested and enhancing EH efficiency, leading to an extended
network lifespan. Additionally, as a time-triggered clustering routing protocol for CRSNs, ES-ISSMCRP protocol
is not capable of simultaneously satisfying the distinguished requirements of event-driven traffic. To avoid the
necessity for each CRSNs node to run multiple clustering protocols to serve different types of traffic, based on
our previous work*’, we plan to evolve ES-ISSMCRP protocol into a traffic-driven clustering routing protocol,
capable of supporting both time-triggered and event-driven traffic.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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