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Wireless sensor networks (WSNs) are composed of sensor
nodes and sinks. Sensor nodes have the capability of self-
healing and self-organizing. They are decentralized and
distributed in nature where communication takes place via
multihop intermediate nodes. The main objective of a sen-
sor node is to collect information from its surrounding
environment and transmit it to the sink. WSNs have many
applications and are used in scenarios such as detecting
climate change, monitoring environments and habitats, and
various other surveillance and military applications. Mostly
sensor nodes are used in such areas where wired networks
are impossible to be deployed.WSNs are deployed in physical
harsh and hostile environments where nodes are always
exposed to physical security risks damage.

Wireless sensor networks (WSNs) are gaining significant
interest from academia and industry. Multihop wireless net-
works are self-organizing and self-healing with cost-effective
deployment and maintenance, yet a lot needs to be done
in terms of efficient and robust solutions. WSN has been
an interesting area of research in the lasts years for various
disciplines. WSN is the most appropriate choice for different
environments monitoring.

In this special issue, we concentrate mainly on quality-
of-service (QoS) based cooperative communication and
advanced security mechanisms for wireless sensor network.
We are interested in novel ideas, advanced techniques, com-
parative analysis of differentmethodologies, detailed surveys,
and technical reviews on all aspects of QoS based cooperative
communications and security mechanisms in wireless sensor

networks.This special issue covers industrial applications and
academic research contributions.

Potential topics included, but were not limited to, context
and location aware applications; data gathering, fusion, and
dissemination in WSNs; operating system and middleware
support; multimedia over sensor networks; smart cities and
smart environment; cooperative communication; relaying
techniques; attacks and countermeasures; security tools; cross
layer security mechanisms; authentication and key man-
agement; intrusion detection systems; security policies and
information hiding; privacy and anonymity; active, passive,
and denial of service (DoS) attacks; and secure routing
protocols.

We welcomed papers about techniques and applications,
awareness, experiences, and best practices as well as future
trends and needs related to all aspects of QoS based cooper-
ative communication and security mechanisms.

The papers have been peer reviewed and have been
selected on the basis of their quality and relevance to the topic
of this special issue.

The paper “Grid-Based Hybrid Network Deployment
Approach for Energy Efficient Wireless Sensor Networks”
introduces a novel Grid-based Hybrid Network Deployment
(GHND) framework which ensures energy efficiency and
load balancing in wireless sensor networks. This research
is particularly focused on merge and split technique to
achieve even distribution of sensor nodes across the grid.
Low density neighboring zones are merged together whereas
high density zones are strategically split to achieve optimum
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balance. Extensive simulations reveal that the proposed
method outperforms state-of-the-art techniques in terms
of load balancing, network lifetime, and total energy
consumption.

Coverage range and coverage probability are important
aspects to be considered for deploying WSN. The authors
in “A New Energy-Efficient Coverage Control with Multin-
odes Redundancy Verification in Wireless Sensor Networks”
propose an energy-efficient coverage control withmultinodes
redundancy verification (ECMRV) scheme.

Energy-efficient spectrum sharing inWSN is an emerging
and challenging research area. The authors in “Statistical
Delay QoS Provisioning for Energy-Efficient Spectrum-
Sharing Based Wireless Ad Hoc Sensor Networks” develop
the statistical delay QoS provisioning framework which is
capable of ensuring QoS based spectrum sharing in WSN.

In underwater acoustic channel, signal transmission may
experience significant latency and attenuation that would
degrade the performance of underwater communication.The
paper “Time Reversal Aided Bidirectional OFDM Underwa-
ter Cooperative Communication Algorithm with the Same
Frequency Transmission” proposes time reversal aided bidi-
rectional OFDM underwater cooperative communication
algorithm.The algorithm allows all underwater sensor nodes
share the same uplink and downlink frequency simultane-
ously to improve the spectrum efficiency.

Increasing research efforts have been dedicated to the
ubiquitous Internet of Things (IoT) access which demands
robust quality-of-service (QoS) assurance in terms of security
and reliability over wireless channels. The authors in “Robust
Relay in Narrow-Band Communications for Ubiquitous IoT
Access” propose a robust wireless relay scheme in narrow-
band communications, which matches the typical features
of IoT access carrying relatively low data rate with limited
bandwidth

We hope that this special issue will be useful for re-
searchers from the academia and the industry, standard
developers, policy makers, professionals, and practitioners.

Shafiullah Khan
Jaime Lloret

Houbing Song
Qinghe Du
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Wepropose a robustwireless relay scheme in narrow-band communications for IoT access, whichmatches the typical features of IoT
often carrying relatively low data rate with limited bandwidth. This framework is towards offering robustness in QoS guarantees
with emphases on security and/or reliability, and we use the security-assured network as the typical scenario. In particular, we
consider a dual-hop relay network including a transmitter, a receiver, an amplify-and-forward (AF) untrusted relay, and a jamming
node. The jamming node is treated as a helper. Specifically, the jammer broadcasts artificial noise (AN), which in fact pollutes
both the untrusted relay and the destination node’s signals. However, we show that such AN can be effectively mitigated after
the destination node obtains the forwarded signal from the relay, while the untrusted relay node cannot do so. The core idea for
robustness assurance is to exploit higher signal dimensions at the receiver over the untrusted relay node. Simulations and analyses
are also conducted to demonstrate that our proposed scheme can make the performance at the untrusted relay an interference-
limited manner while completely removing the interferences at the receiver, therefore corroborating our claim in robustness in
terms of security and reliability.

1. Introduction

In the Internet of Things (IoT) vision, every physical object
plays the role in both providing and consuming diverse
service resources, making the wireless networks efficiently
connected yet highly heterogonous [1]. In a typical wireless
access framework for IoT, heterogeneous wireless networks
often coexist, especially when the mobile communications
evolve to the 5th generation (5G) era. In 5G network,
diverse networks, such as macro/small cellular networks [2,
3], vehicular and transportation networks [4, 5], cognitive
radio networks [6, 7], and device-to-device networks [8–
10], all need to be effectively integrated to implement seam-
less communications in future wireless networks. Such an
interconnection will bring unprecedented convenience for
users as well as economical opportunities for market, but
it will also require robust and sophisticated approaches to
ensure quality of service (QoS) requirements for services,
especially on the security and reliability. On the one hand,

the physical accessibility to the large amount of objects and
the openness of wireless channels make security assurance
for IoT much more challenging than the traditional network.
Consequently, a great deal of research efforts have been
dedicated to the security of IoT, which cover all protocol
layers [11–15]. Among diverse security techniques, physical-
layer security (PLS), which can take advantage of wireless
channels’ features to protect secrecy, has become a research
hotspot [16–20]. On the other hand, cooperative commu-
nications have been widely recognized as a key component
to increase the capacity and enhance the reliability for
wireless communication systems [21–23]. Thus, security and
reliability enhancement via physical-layer technologies over
cooperative networks have attracted special interests [10, 18–
20, 23–29] in the research community.

While diverse techniques have been developed for secu-
rity and reliability enhancement [10, 18–20, 23–29], applying
these existing techniques for IoT access still faces the major
challenge. Because IoT access often involves low-cost nodes
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with limited wireless-connecting capability, too much infor-
mation exchange and too complicated cooperation protocols
are hard to implement.This issue imposes the urgent needs on
robust and lightweight approaches in cooperative IoT access sce-
narios with QoS provisioning on reliability as well as security.

To address this problem, we propose a simple yet robust
wireless relay scheme with a coexisting jamming node for
the narrow-band communications scenario. The narrow-
band communications well fit the features of IoT. As IoT
communications typically deal with services having relatively
low traffic load, narrower bandwidths are often assigned to
users so that more simultaneous accesses can be accommo-
dated. Furthermore, unlike the wide-band communications,
the narrow-band assignment is immune to the frequency-
selective fading, thus benefiting the implementation of low-
cost equipment with low processing complexity. In our
framework, there are four nodes in the network where the
source can potentially utilize an amplify-and-forward (AF)
relay to augment the direct link to the destination. In the
meantime, there is another node who broadcasts jamming
signals (can be also characterized as interfering signals) and
actually degrades the quality of the relay’s and destination’s
channels. Because the destination is able to obtain high signal
dimensions fromboth direct link and relay transmissions, the
jamming signals can be well suppressed.

Our proposed relay scheme with coexisting interferences
can be applied in the following two typical cases towards the
robustness of security and reliability provisioning, respec-
tively, for IoT access. (1) Security assurance: the transmitted
messages need to be kept confidential to the relay that is
also termed untrusted relay [23–27], even though it fulfils
the source’s request by forwarding signals to the destination.
The node who broadcasts jamming signals, often modeled
by artificial noise (AN), can be seen as a friendly but
noncooperative jammer.The friendliness comes from the fact
that the jamming signals prevent the untrusted relay from
decoding the confidential data. The noncooperation implies
that jamming strategy does not vary with the channel state
information (CSI) of the network, thus making the protocol
simpler and more practical. (2) Interference suppression: for
this case, the node broadcasting interfering signals play the
role of transmitter of a coexisting link within the same radio
band. The destination node can exploit signal dimensions
obtained from both direct link and relay link to remove the
interference, such that the system is not interference-limited
and can successfully fulfil the reliability requirements. In this
sense, our scheme is capable of offering robustness in terms
of both reliability and security assurance. For convenience, in
this paper we use security assurance as the typical framework
to present our design.

The rest of this paper is organized as follows. Section 2
describes the system model for our framework towards
robust IoT access, with security assurance as the typical
scenario. Section 3 studies three detection approaches for our
robust relay framework. Section 4 analyzes the upper and/or
lower bounds of ergodic secrecy throughput (EST) under
diverse detection approaches. In Section 5, we show some
simulation results and meaningful discussions. The paper
concludes with Section 6.

Some notations used in this paper are summarized as
follows. Bold uppercase and bold lowercase letters denote
matrices and vectors, respectively. Transpose operation, con-
jugate transpose, and inverse operation for matrices are
denoted by (⋅)𝑇, (⋅)𝐻, and (⋅)−1, respectively. A𝑚𝑛 is the
element (𝑚, 𝑛) of matrixA, a𝑚 is the𝑚th element in vector a,
and â is the estimation of a. I𝑛 is the identity matrix of order𝑛 and 0 is the zero matrix. The subscript on I𝑛 is neglected
when the size is obvious from the context. The notation | ⋅ |
represents Euclidean norm. log(⋅) is logarithm of base 𝑒. E(⋅)
is the expectation operator, Var{⋅} denotes the variance of a
random variable, and [𝑥]+ ≜ max(0, 𝑥).
2. System Model

A two-hop wireless relay network is considered in this paper,
as depicted in Figure 1(a), where there are four nodes in
the network, including one source (𝐴), one relay (𝐵), one
destination (𝐶), and one jammer (𝐷). Each node has only
a single transmit antenna and a single receive antenna and
operates in the half-duplex fashion. There exists the direct
link between the source and destination. In themeantime, the
relay node uses the amplify-and-forward (AF) mechanism to
assist the source to deliver the data to the destination. The
transmit power of each node is set equal to 𝑃.

As aforementioned, we concentrate on narrow-band
communications, and thus wireless channels can be modeled
as flat-fading channels.The channel between node 𝑖 and node𝑗 is characterized by a multiplicative coefficient ℎ𝑖𝑗, which is
a zero-mean circularly symmetric complex Gaussian random
variable. Note that for ℎ𝑖𝑗, the subscripts 𝑖 and 𝑗 could be 𝐴,𝐵, 𝐶, and 𝐷, representing different nodes, but 𝑖 and 𝑗 cannot
be the same node simultaneously. All channel coefficients
remain constantwithin one time framewith a fixed length but
vary independently from one frame to another. The additive
thermal noise at each receiver is characterized by a zero-
mean complex Gaussian random variable with variance 𝜎2.
Throughout this paper, we define 𝛾𝑖𝑗 ≜ 𝑃|ℎ𝑖𝑗|2/𝜎2 as channel
state information (CSI). We further assume that the CSI of
all links illustrated in Figure 1(a) can be accurately estimated
and are known to the destination node 𝐶. This assumption is
rational as all four users are neighbours to each other within
one network.They can periodically exchange CSI tomaintain
connections to each other and thus all channel coefficients
are known to node 𝐶. The accuracy of channels can be
obtained by applying sophisticated and advanced estimation
algorithms such as [30, 31].However, it isworth noting that, in
practical systems, the CSI and the corresponding rate adapta-
tion are usually quantified to simplify implementation. Also,
the exchange of CSI often introduces considerable overhead.
Therefore, in practical systems, the actual performance will
tradeoff with the resolution of system adaptation as well as
the amount of introduced overhead.

The relay procedures are illustrated in Figure 1(b) and
the physical-layer signal model is described as follows. Each
time frame is divided equally into two phases. During the
first phase, node 𝐴 transmits signal 𝑥 with power 𝑃. In the
meantime, node 𝐷 functioning as a noncooperative jammer
broadcasts the artificial noise (AN) denoted by 𝑛𝐷, which is
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Figure 1: Systemmodel of the two-hop AF relay network with a noncooperative jammer. (a) Network topology. (b) Transmission procedures.

the zero-mean complex Gaussian white noise with variance𝑃. Evidently, the artificial noise will disturb both the relay
node 𝐵 and the destination node 𝐶. The signals received by
node 𝐵 and node 𝐶 in the first phase are denoted by 𝑦1𝐵 and𝑦1𝐶, respectively, which can be written by

𝑦1𝐵 = √𝑃ℎ𝐴𝐵𝑥 + √𝑃ℎ𝐷𝐵𝑛𝐷 + 𝑛1𝐵, (1)𝑦1𝐶 = √𝑃ℎ𝐴𝐶𝑥 + √𝑃ℎ𝐷𝐶𝑛𝐷 + 𝑛1𝐶⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
≜𝑛

(2a)

= √𝑃ℎ𝐴𝐶𝑥 + 𝑛, (2b)

where 𝑛1𝐵, 𝑛1𝐶 ∼ 𝐶𝑁(0, 𝜎2), 𝑛𝐷 ∼ 𝐶𝑁(0, 1), 𝑛 ≜ √𝑃ℎ𝐷𝐶𝑛𝐷+𝑛1𝐶, and thus 𝑛 ∼ 𝐶𝑁(0, 𝑃|ℎ𝐷𝐶|2+𝜎2). Here𝐶𝑁(⋅, ⋅) denotes
the circularly symmetric complex Gaussian random variable,
where the first parameter denotes the mean and the second is
the variance.

In the second phase, node 𝐵 amplifies and forwards the
received signal.Meanwhile, it attempts to decode the received
signal to retrieve the confidential information. Therefore,
node 𝐵 is actually an untrusted relay node. For security
requirements, the task of our design is to prevent 𝐵 from
successfully decoding while enhancing the destination node𝐶’s QoS, such as secrecy, throughput, and bit error rate (BER).
The signal received by node 𝐶 in the second phase is given by𝑦2𝐶 = 𝛽ℎ𝐵𝐶𝑦1𝐵 + 𝑛2𝐶, (3)

where 𝛽 ≜ √𝑃/√𝑃|ℎ𝐴𝐵|2 + 𝑃|ℎ𝐷𝐵|2 + 𝜎2 is to normalize
the transmit power to 𝑃. For convenience, we define 𝛽 ≜𝑃|ℎ𝐴𝐵|2 + 𝑃|ℎ𝐷𝐵|2 + 𝜎2. By substituting 𝛽 and (1) into (3), we
have

𝑦2𝐶 = 𝑃ℎ𝐴𝐵ℎ𝐵𝐶√𝛽 𝑥 + 𝑃ℎ𝐷𝐵ℎ𝐵𝐶√𝛽 𝑛𝐷 + √𝑃ℎ𝐵𝐶√𝛽 𝑛1𝐵 + 𝑛2𝐶⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
≜𝑛

(4a)

= 𝑃ℎ𝐴𝐵ℎ𝐵𝐶√𝛽 𝑥 + 𝑃ℎ𝐷𝐵ℎ𝐵𝐶√𝛽 𝑛𝐷 + 𝑛⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
≜𝑛

(4b)

= 𝑃ℎ𝐴𝐵ℎ𝐵𝐶√𝛽 𝑥 + 𝑛. (4c)

From the above equations, we can readily obtain 𝑛 ∼𝐶𝑁(0, (𝑃|ℎ𝐵𝐶|2/𝛽+1)𝜎2) and 𝑛 ∼ 𝐶𝑁(0, 𝑃2|ℎ𝐷𝐵|2|ℎ𝐵𝐶|2/𝛽+(𝑃𝐵|ℎ𝐵𝐶|2/𝛽 + 1)𝜎2).
We assume that node𝐷 remains idle in the second phase,

and thus the received signal𝑦2𝐶 is not polluted by the artificial
noise. As aforementioned, our framework can be applied
to the cases for security and reliability assurance. For the
security assurance case, node𝐷 plays a role of helper but with
limited cooperation. This is because the artificial noise can
disturb the untrusted relay 𝐵, such that it cannot successfully
decode the data. The limited cooperation comes from the
fact the artificial noise does not adapt with the CSI of any
links. In the reliability assurance case, node 𝐷 can be treated
as the transmitter of another existing link within the same
bandwidth. Correspondingly, our target would be how to
suppress the interference at the destination by combining the
signals received in the two phases. As the two cases share
the same model, we in this paper mainly use the security
assurance case as the typical case to study and analyze our
design.

3. Detection Schemes at the Destination Node

The core idea for security assurance is to exploit higher signal
dimensions at the legitimate destination user, that is, node𝐶, over the untrusted relay 𝐵. Specifically, we can see from
(2b) and (4c) that the destination node 𝐷 can receive two
versions of the signals with independent channel fading in
two phases. In contrast, the untrusted relay node 𝐵 has only
the signals received in the first phase. This promises that𝐶 is able to suppress the interferences, that is, the artificial
noise broadcast by 𝐷 in the first phase, but 𝐵 cannot do so.
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Making use of this advantage, we can potentially keep 𝐵 from
decoding the signals while assuring the security requirement
for the destination node 𝐶. As mentioned previously, the
jamming behaviour of𝐷 does not vary with the channel state
information of the network. Consequently, our concentration
will be dedicated to the processing at𝐶. Particularly, we study
three detection principles, namely, zero forcing (ZF), mini-
mummean-square error (MMSE), and maximum likelihood
(ML), respectively, and derived the corresponding detectors
in the following sections.

3.1. Zero Forcing (ZF) Detection. Zero forcing detector is
known for complete elimination of the interferences. The
detailed ZF detection for our case is derived by the following
procedures. By combining (4b) with (2a), we arrive at𝑦1𝐶 = √𝑃ℎ𝐴𝐶𝑥 + √𝑃ℎ𝐷𝐶𝑛𝐷 + 𝑛1𝐶𝑦2𝐶 = 1√𝛽𝑃ℎ𝐴𝐵ℎ𝐵𝐶𝑥 + 1√𝛽𝑃ℎ𝐷𝐵ℎ𝐵𝐶𝑛𝐷 + 𝑛. (5)

Rewriting (5) in a matrix form, we get

y = √𝑃Rb + n, (6)

where y = (𝑦1𝐶, 𝑦2𝐶)𝑇, b = (𝑥, 𝑛𝐷)𝑇, n = (𝑛1𝐶, 𝑛)𝑇, and R is
denoted by

[[[[
ℎ𝐴𝐶 ℎ𝐷𝐶1√𝛽√𝑃ℎ𝐴𝐵ℎ𝐵𝐶 1√𝛽√𝑃ℎ𝐷𝐵ℎ𝐵𝐶]]]] . (7)

In this section, we apply ZF detector at node 𝐶 to suppress
the interference. Node 𝐶 will judge transmitted signal 𝑥
based on the result of received signal vector y multiplied
with the matrix LZF, where LZF = R−1 according to the zero
forcing criterion. The estimation of transmitted signal 𝑥 is
determined by 𝑥 = argmin

𝑥
{(LZFy)1 − 𝑥2} . (8)

After using (6), we have

LZFy = √𝑃b + R−1n. (9)

According to the principal of ZF detector which aims to
eliminate the interference in b, we reach the conclusion that(LZFy)1 is the sufficient statistics of the transmitted signal 𝑥.(LZFy)1 can be written as

(LZFy)1 = √𝑃𝑥 + R22𝑛1𝐶 − R12𝑛
R11R22 − R12R21

= √𝑃𝑥 + 𝑛, (10)

where

𝑛 ∼ 𝐶𝑁(0, R22Var {𝑛1𝐶} − R12Var {𝑛}(R11R22 − R12R21)2 ) . (11)

Noticing that 𝑛1𝐶 and 𝑛 are independent, we obtain the
instantaneous signal-to-interference plus noise ratio (SINR)
at node 𝐶 is given by

SINRZF
𝐶 = 𝛾𝐵𝐶 (√𝛾𝐴𝐶𝛾𝐷𝐵 − √𝛾𝐴𝐵𝛾𝐷𝐶)2𝛾𝐷𝐵𝛾𝐵𝐶 + 𝛾𝐷𝐶 (𝛾𝐵𝐶 + 𝛾𝐴𝐵 + 𝛾𝐷𝐵 + 1) . (12)

In order to make it concise, we hereby denote all the SINRs’
subscripts 𝐴𝐵,𝐴𝐶, 𝐵𝐶,𝐷𝐵,𝐷𝐶 as the index 1, 2, 3, 4, 5,
respectively. After using the following definitions:

A ≜ √𝛾2√𝛾4 − √𝛾1√𝛾5, (13)

B
 = 𝛾1 + 𝛾3 + 𝛾4 + 1, (14)

B = B𝛾3 , (15)

SINRZF
𝐶 can be further rewritten as

SINRZF
𝐶 = A2(𝛾4 + 𝛾5B) . (16)

3.2. Minimum Mean-Square Error (MMSE) Detection. For
MMSE, the detector matrix LMMSE meets

LMMSE = argmin
L
{b − Ly2} . (17)

By using the Projection Theorem, we obtain the following
equation:

E {by𝐻 − LMMSEyy
𝐻} = 0. (18)

After a series of simplification, the detector matrix LMMSE is
given by

LMMSE = √𝑃(𝑃R + 𝜎2I (R𝐻)−1)−1 , (19)

where R is defined in (7) and I is defined as

I = [1 00 𝑚] , (20)

where𝑚 = 𝛾𝐵𝐶/(𝛾𝐴𝐵+𝛾𝐷𝐵+1)+1. Similar to the ZF detection,
we focus on the first element of b̂ to adjudge 𝑥. Moreover, b̂1
is given by

b̂1 = L11y

1 + L12y


2, (21)

where L ≜ (R + I(R𝑇)−1)−1, R ≜ R/𝜎, and y ≜ y/𝜎. From
(21) we have the distribution of b̂1, which is omitted due to
the lack of space. Finally, we have the SINR of node 𝐶 which
can be expressed as

SINRMMSE
𝐶

= (𝛾2 (B/A) +A)2𝛾5𝛾2 (B/A)2 + (√𝛾4 + √𝛾2 (B/A))2 + 𝛾5B , (22)

whereA andB are defined in (13) and (15), respectively.
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3.3. Maximum Likelihood (ML) Detection. In this subsection,
we have the new simultaneous equations:

[𝑦1𝐶𝑦2𝐶] = [[[[
√𝑃ℎ𝐴𝐶𝑃ℎ𝐴𝐵ℎ𝐵𝐶√𝛽 ]]]]𝑥 + [

𝑛𝑛] , (23)

by combining (2b) with (4c). Transforming (23) into a matrix
form, we obtain

y = H𝑥 + ñ, (24)

whereH and ñ’s definition can be easily get by comparing (23)
with (24). Since it is easy to analyze the covariance matrix of
the noise vector ñ, we directly give E{ññ𝑇} = 𝜎2N whereN is
defined by

N = [[[[[[
𝛾𝐷𝐶 + 1 √𝛾𝐷𝐶𝛾𝐷𝐵𝛾𝐵𝐶𝛽√𝛾𝐷𝐶𝛾𝐷𝐵𝛾𝐵𝐶𝛽 𝛾𝐷𝐵𝛾𝐵𝐶𝛽 + 𝑚

]]]]]]
(25)

with𝑚 = 𝛾𝐵𝐶/(𝛾𝐴𝐵 + 𝛾𝐷𝐵 + 1) + 1.
Based on noise-whiting method and N’s unitary decom-

position N = 𝜎2uΛu𝑇, whitening matrix M is given by M =(1/𝜎)√Λ−1u𝑇. Therefore, we have

ỹ = My = MH𝑥 +Mñ = H̃𝑥 + ñ, (26)

where H̃ = MH and ñ = Mn. Obviously, E{ññ} = 𝜎2I
holds. According to the principle ofmaximal ratio combining
(MRC), the output is a weighted sum of all branches and the
weights should be proportional to the branch SINRs. Thus,
the SINR of the combiner output is the sum of SINRs on each
branch. After using MRC of ỹ, the judgment result 𝑥 from
ỹ naturally meets 𝑥 = argmin𝑥{|ỹ − H̃𝑥|2}. Intuitively, the
output SINR of ML detection can be expressed as

SINRML
𝐶 = H̃211 + H̃221. (27)

The analytical expression of SINRML
𝐶 can not be obtained,

caused by the complexity of unitary decomposition of sym-
bolic expression in (25). But luckily and unexpectedly, we
will find that SINRML

𝐶 is equal to SINRMMSE
𝐶 in Section 4.4.

Furthermore, this result will be confirmed through numerical
simulations in Section 5.

4. Ergodic Secrecy Throughput of
Three Detection Approaches

In this section, we adopt the Rayleigh fading model and
derive the closed-form expressions for the lower bound and
the upper bound of EST. We assume 𝛾𝑘, 𝑘 = 1, . . . , 5, is inde-
pendent identically distributed (i.i.d) random variable and
subject to exponential distribution with the same expectation𝛾. In the following parts of this paper, we call 𝛾 the signal-to-
noise ratio (SNR) of our system.

The instantaneous secrecy rate [16] of this general scheme
can be written as

𝑅𝑆 = [12 log (1 + SINR𝐶) − 12 log (1 + SINR𝐵)]+ . (28)

And EST is given by 𝐶𝑆 = E{𝑅𝑆}.
4.1. Lower Bound of ZF’s EST. For ZF, we have

𝐶ZF
𝑆 = E{[12 log(1 + SINRZF

𝐶1 + SINR𝐵
)]+}

≥ 12 [E{log(1 + SINRZF
𝐶1 + SINR𝐵
)}]+ ≜ 𝐶ZF

𝑆,low, (29)

where the inequality is due to the simple fact that
E{max(𝑋, 𝑌)} ≥ max(E{𝑋},E{𝑌}). The lower bound of EST
can be characterized by

𝐶ZF
𝑆,low = [E {12 log (1 + SINRZF

𝐶 )}
− E {12 log (SINR𝐵)}]+
= max(12E{log(1 + 𝛾3A2𝛾4𝛾3 + 𝛾5 (B))⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐶ZF
𝑚

− 12E{log(1 + 𝛾1𝛾4 + 1)}⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐶𝑒

} , 0) ,
(30)

where A, B, and B are defined as before. In (30), 𝐶ZF
𝑚 can

be further lower bounded by

𝐶ZF
𝑚 = E{log(1 + 𝛾3A2𝛾4𝛾3 + 𝛾5 (B))} (𝑎)≥ log (1
+ 𝑒E{log(𝛾3A2/(𝛾4𝛾3+𝛾5B))}) (𝑏)≥ log(1
+ exp(E {log 𝛾3} + E {logA2}⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐼1

− log (E {𝛾3𝛾4 + 𝛾5𝛾5𝐵})⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐼2

))
≜ 𝐶ZF
𝑚,low.

(31)

In (31), (𝑎) is obtained from Jensen’s inequality and the con-
vexity of log(1+𝑎𝑒𝑥) for 𝑎 > 0. Similarly, (𝑏) is obtained from
Jensen’s inequality and the convexity of logarithmic function.
For Rayleigh fading, 𝛾𝑘 obeys exponential distribution with
the same rate parameter 1/𝛾, where 𝛾 is the average SNR
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of our system. Recalling A’s definition in (13), probability
density function (PDF) ofA whenA > 0 is given by

ℎA (𝑎) = 16𝛾4 ∫∞𝑎 𝑦1BesselK [0, 2𝑦1𝛾 ] (𝑦1 − 𝑎)
⋅ BesselK[0, 2 (𝑦1 − 𝑎)𝛾 ] 𝑑𝑦1, (32)

where BesselK[], 𝑧] is modified Bessel function of second
kind. According to the definition of A given in (15) and the
assumptions that all SNRs are independent and identically
distributed, it is evident that the distribution ofA is symmet-
ric for regions A > 0 and A < 0, leading to ℎ(𝑎) = ℎ(−𝑎).
Further lettingK = A2, we can obtain the PDF ofK by

ℎK (𝑘) = 16𝛾4 1√𝑘 ∫∞√𝑘 𝑦1BesselK [0, 2𝑦1𝛾 ] (𝑦1 − √𝑘)
⋅ BesselK[0, 2 (𝑦1 − √𝑘)𝛾 ]𝑑𝑦1. (33)

As shown in (31), 𝐼1 = E{logK}. Thus, we have

𝐼1 = 16𝛾4 ∫∞0 (log 𝑘) 1√𝑘 ∫∞√𝑘 𝑦1BesselK [0, 2𝑦1𝛾 ]
⋅ (𝑦1 − √𝑘)BesselK[0, 2 (𝑦1 − √𝑘)𝛾 ]𝑑𝑦1𝑑𝑘. (34)

The double integral in (34) can not be simplified in closed-
form. We can figure out 𝐼1 by numerical integration. 𝐼2 can
be solved as𝐼2 = log (E {𝛾3𝛾4 + 𝛾5 (𝛾3 + 𝛾1 + 𝛾4 + 1)})

(𝑎)= log (E {𝛾3𝛾4} + E {𝛾5 (𝛾3 + 𝛾1 + 𝛾4 + 1)})
(𝑏)= 2 log (2𝛾) . (35)

In (35), (𝑎) holds due to the property of mathematical
expectation and (𝑏) holds due to 𝛾𝑘, 𝑘 = 1, . . . , 5, being i.i.d
random variable and subject to exponential distribution with
the expectation 𝛾. In addition, it is easy to get that

E {log 𝛾3} = log 𝛾 − 𝜅, (36)

where 𝜅 is the Euler constant defined in [32]. On the other
hand,𝐶𝑒 ≈ 1𝛾2 ∬𝛾1,𝛾4>0 log(1 + 𝛾1𝛾4) 𝑒−(𝛾1+𝛾4)/𝛾𝑑𝛾1𝑑𝛾4 = 1. (37)

By substituting (34), (35), (36), and (37) into (30), we can
arrive at the lower bound of EST under ZF strategy:𝐶ZF
𝑆,low= max( log (1 + exp (−𝜅 + 𝐼1 − log 4𝛾)) − 12 , 0) . (38)

4.2. Upper Bound of ZF’s EST. The upper bound of EST
for the ZF detection approach can be obtained as follows.
Because𝐶ZF

𝑆 is the secrecy throughput and𝐶ZF
𝑚 represents the

maximum achievable rate with malicious users (see (29)-(30)
for definitions of the two notations), we can readily have𝐶ZF

𝑆

(𝑎)< 𝐶ZF
𝑚 = E{log(1 + 𝛾3A2𝛾4𝛾3 + 𝛾5B)}

(𝑏)< E{log(1 + A2𝛾4 + 𝛾5)}≤ log(1 + E{ A2𝛾4 + 𝛾5}) ≜ 𝐶ZF
𝑆,up.

(39)

In (39), (𝑎) obviously holds and (𝑏) holds due to B > 𝛾3.
Letting 𝛾4/𝛾5 = L,L’s PDF is given by 𝑓(𝑙) = 1/(1 + 𝑙)2. So
we have

E{(√𝛾2𝛾4 − √𝛾5𝛾1)2𝛾4 + 𝛾5 } = E
{{{(√𝛾2𝑙 − √𝛾1)

2𝑙 + 1 }}}= E {14 (2𝛾1 + 2𝛾2 − 𝜋√𝛾1𝛾2)} = 16 − 𝜋216 𝛾. (40)

Now the upper bound of ZF’s EST is obtained as𝐶ZF
𝑆,up = log(1 + 16 − 𝜋216 𝛾) . (41)

4.3. Lower Bound ofMMSE’s EST. To obtain the lower bound
of EST under MMSE approach, we first introduceTheorem 1.

Theorem 1. One has

SINRMMSE
𝐶 > SINRZF

𝐶 . (42)

Proof. Let 𝛼 = SINRMMSE
𝐶

SINRZF
𝐶

. (43)

To prove Theorem 1, we just need to prove 𝛼 > 1. By
substituting (16) and (22) into (43), we immediately obtain𝛼
= (𝛾2 (B/A) +A)2𝛾5𝛾2 (B/A)2 + (√𝛾4 + √𝛾2 (B/A))2 + 𝛾5B⋅ 𝛾4 + 𝛾5B

A2= C + 2𝛾2𝛾5B2 + 2𝛾2𝛾4B + (𝛾4 + 𝛾5B) 𝛾22 (B/A)2
C + (𝛾5 + 1) 𝛾2B2 + 2√𝛾4√𝛾2AB

,
(44)

where C = 𝛾4A2 + 𝛾5A2B. From the definition of A, we
arrive at 2𝛾2𝛾4B > 2√𝛾4√𝛾2AB. (45)

In addition, we have following simple inequality2𝛾2𝛾5B2 > (𝛾5 + 1) 𝛾2B2. (46)
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Applying (45), (46), and the simple fact that the last item in
the molecule of 𝛼 is positive into (44), we immediately have𝛼 > 1. ThusTheorem 1 follows.

On the basis of Theorem 1, which indicates that MMSE
has a higher instantaneous SINR, we draw the conclusion that
the EST of MMSE is lower bounded by that of ZF.

4.4. Analysis of ML’s EST. Solving the EST under ML detec-
tion needs to find the exact value of SINRML

𝐶 . In order to
analyze this problem, we first introduce the following lemma.

Lemma 2. The result of MMSE for the initial model (6) and
the noise whitening model (26) is consistent.

Proof. The proof of Lemma 2 is omitted for the lack of space.

Theorem 3. In our jamming-aided Security provisioning
scheme, MMSE and ML are essentially the same. That is to say

SINRMMSE
𝐶 = SINRML

𝐶 . (47)

Proof. We rewrite (26) as

ỹ = H̃𝑥 + ñ, (48)

where ñ1, ñ2 ∼ 𝐶𝑁(0, 1) and H̃1, H̃2 are fixed real number.
(For simplicity, we have such assumption. In fact they are
complex numbers. But we can multiply the observed sample
by the corresponding opposite phase to transform them into
real numbers.) As given in Section 3.3,𝑥ML = H̃ỹ (49)

and (27) holds. On the other hand, by applying the method
similar to Section 3.2, L𝑤 which meets argminL{|𝑥 − Lỹ|2} is
given by

L𝑤 = H (HH𝑇 + I)−1 . (50)

Then, we obtain 𝑥 = 𝑐H𝑇y. (51)

By comparing (49) with (51), we find that the difference
between them is a consistent which will not have any impact
on the judgment. Finally, considering Lemma 2, Theorem 3
follows.

Based on Theorem 3, we draw a conclusion that the per-
formance ofML is equal toMMSE, thus offering the potential
low computational complexity. Correspondingly, EST of ML
is equal to that of MMSE.

5. Simulation Results and Discussions

This section presents some numerical results to verify the
previous theoretical analyses. The simulation environment
is based on the system model described in Section 2. In
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Figure 2: Bit error rate (BER) versus the average system SNR.
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Figure 3: Ergodic secrecy throughput (EST) versus the average
system SNR.

Figures 2–5, we assumed that all channel coefficients are
submitted to Rayleigh fading with the same mean, which
is so-called average SNR. Without loss of generality, we
assumed the power of the transmitting node 𝐴 and the
jamming node 𝐷 is equal to 1. In Figure 2, all the nodes
use QPSK modulation. In addition, ZF technique is prone to
high errors as the channel coefficients cannot be estimated
perfectly. The readers can refer to the rich literature to study
the impact of channel estimation errors.

Figure 2 shows the simulation results of the receiving
node 𝐶 and the relay node 𝐵’s bit error rate (BER) with the
change of the average SNR, which illustrates the reliability
of our proposed network. From Figure 2, we observe that
the relay node 𝐵 has a significant error floor, caused by
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where endnotes 1 and 2 represent the situation when the threshold
of secrecy throughput is 0 nats/s/Hz and 1 nats/s/Hz, respectively.
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Figure 5: Secrecy outage probability (SOP) versus the threshold of
secrecy throughput, where endnotes 1 and 2 represent the situation
when the average SNR is 20 dB and 40 dB, respectively.

the jamming node 𝐷’s artificial noise. In high SNR regime,
SINR𝐵 ≈ 𝛾1/𝛾4. We immediately have 𝐵’s BER given by

BER𝐵 = ∫∞
0

𝑄 (√𝑧)(1 + 𝑧)2 𝑑𝑧= 14 (2 − √2𝑒𝜋Erfc( 1√2)) ≈ 0.172, (52)

where Erfc(⋅) is complementary error function defined in
[32]. But in our network, node 𝐶’s BER rapidly declines with

the growth of SNR,which benefits fromnode𝐶having higher
signal dimensions to effectively suppress the interference.
All the detectors can gather the interfered signal of the two
phases and carry out a joint decision. Thus the reliability
for data transmissions is assured. Additionally, the slope of
the BERs of three detection approaches in high SNR regime
relative to the SNR is approximately −0.5, which indicates
our robustness provisioning scheme achieves a half-order
diversity gain.

Figure 3 illustrates the change of the EST with the average
SNR, from which it can be seen that, as expected, the ESTs
under the three approaches increase with the increase of the
average SNR. As the average SNR increases, the difference
between the EST of the three detection methods becomes
smaller, which is consistent with the fact that MMSE detector
degenerate into ZF detector with increase of SNR. The
performances of theMMSE detector and theML detector are
close to each other and have the best performances. It can be
seen that the exact values and the lower bounds given in (38)
agree well for high SINRs, at the same time, the exact values
and the upper bound given in (41) agree well for low SNRs.
As a result of inequality of (𝑎) and (𝑏) in (39), the difference
between upper bound and exact values is large in high SNR
regime.

Finally, in Figures 4 and 5 we plot the secrecy outage
probability (SOP) curves with respect to the average SNR
and secrecy throughput threshold, respectively. In Figure 4
secrecy throughput thresholds corresponding to the solid line
and dashed line are 0 nats/s/Hz and 1 nats/s/Hz, respectively.
Because solid line corresponds to a smaller threshold, solid
line’s SOP is smaller than dashed line’s SOP under the same
average SNR. For a fixed secrecy throughput threshold, SOP
decreases as the average SINR increases. SOP under ZF
detection approach is higher than it is under the other
detection approaches. The main reason for this phenomenon
is briefly given as follows: ZF criterion only aims to reduce
the interference between signal and AN, but MMSE crite-
rion additionally considers the character of noise. Besides,
ML detector as the optimal detector certainly has the best
performance, and its performance is equal to MMSE in
our proposed scheme, which supports our conclusion in
Section 4. In Figure 5, the average SNRs corresponding to the
solid line and dashed line are 20 dB and 40 dB, respectively.
SOP corresponding to each curve increases with the increase
of the security throughput threshold.

6. Conclusion

In this paper, we present a comprehensive analysis of the
robust relay aided by an uncooperative jamming node in
narrow-band communications for ubiquitous IoT access,
which is further modeled as a two-hop AF cooperative sys-
tem. We first focus on the three typical detection approaches
to exploit potential security and robustness in our transmis-
sion scheme and derive the lower bounds and/or the upper
bounds of the ESTs. Then we reveal that, in our framework,
ML detection and MMSE detection in fact are equivalent,
offering the potential low computational complexity. All the
theoretical contributions are validated by numerical and
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simulation results. While our study concentrates on the
simple yet typical model, our future work will extend our idea
to other more complicated topologies.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The research work reported in this paper is supported by the
National Natural Science Foundation of China under Grant
nos. 61461136001 and 61671371, the National Science and
TechnologyMajor Project under Grant no. 2016ZX03001016-
005, Science and Technology Program of Shaanxi Province
under Grant no. 2016KW-032, ZTE Industry Academic
Research Cooperation Funds, and Fundamental Research
Funds for the Central Universities.

References

[1] J. Gubbi, R. Buyya, S. Marusic, and M. Palaniswami, “Internet
of Things (IoT): a vision, architectural elements, and future
directions,” Future Generation Computer Systems, vol. 29, no. 7,
pp. 1645–1660, 2013.

[2] X. Ge, S. Tu, G. Mao, C.-X. Wang, and T. Han, “5G ultra-dense
cellular networks,” IEEE Wireless Communications, vol. 23, no.
1, pp. 72–79, 2016.

[3] X. Ge, T. Han, Y. Zhang et al., “Spectrum and energy efficiency
evaluation of two-tier femtocell networks with partially open
channels,” IEEE Transactions on Vehicular Technology, vol. 63,
no. 3, pp. 1306–1319, 2014.

[4] S. H. Bouk, S. H. Ahmed, D. Kim, and H. Song, “Named-data-
networking-based its for smart cities,” IEEE Communications
Magazine, vol. 55, no. 1, pp. 105–111, 2017.

[5] W. Li and H. Song, “ART: an attack-resistant trust management
scheme for securing vehicular ad hoc networks,” IEEE Trans-
actions on Intelligent Transportation Systems, vol. 17, no. 4, pp.
960–969, 2016.

[6] Y. Wang, P. Ren, F. Gao, and Z. Su, “A hybrid underlay/overlay
transmission mode for cognitive radio networks with statistical
quality-of-service provisioning,” IEEE Transactions on Wireless
Communications, vol. 13, no. 3, pp. 1482–1498, 2014.

[7] Y. Wang and W. Xu, “Statistical delay QoS provisioning for
energy-efficient spectrum-sharing based wireless ad hoc sensor
networks,” Journal of Sensors, vol. 2016, Article ID 2016, 13 pages,
2016.

[8] Q. Du, H. Song, Q. Xu, P. Ren, and L. Sun, “Interference-
controlled D2D routing aided by knowledge extraction at
cellular infrastructure towards ubiquitous CPS,” Personal and
Ubiquitous Computing, vol. 19, no. 7, pp. 1033–1043, 2015.

[9] Q. Du,M. Liu, Q. Xu, H. Song, L. Sun, and P. Ren, “Interference-
constrained routing over P2P-share enabled multi-hop D2D
networks,” Peer-to-Peer Networking and Applications, pp. 1–17,
2017.

[10] L. Sun, Q. Du, P. Ren, and Y. Wang, “Two birds with one
stone: towards secure and interference-free D2D transmissions
via constellation rotation,” IEEE Transactions on Vehicular
Technology, vol. 65, no. 10, pp. 8767–8774, 2016.

[11] A. Mukherjee, “Physical-layer security in the internet of things:
sensing and communication confidentiality under resource
constraints,” Proceedings of the IEEE, vol. 103, no. 10, pp. 1747–
1761, 2015.

[12] J. Zhou, Z. Cao, X. Dong, and A. V. Vasilakos, “Security and
privacy for cloud-based IoT: challenges,” IEEE Communications
Magazine, vol. 55, no. 1, pp. 26–33, 2017.

[13] I. Butun, M. Erol-Kantarci, B. Kantarci, and H. Song, “Cloud-
centric multi-level authentication as a service for secure public
safety device networks,” IEEE Communications Magazine, vol.
54, no. 4, pp. 47–53, 2016.

[14] S. Rahman, S. A. Mamun, M. U. Ahmed, and M. S. Kaiser,
“PHY/MAC layer attack detection system using neuro-fuzzy
algorithm for IoT network,” in Proceedings of the 2016 Inter-
national Conference on Electrical, Electronics, and Optimization
Techniques (ICEEOT ’16), pp. 2531–2536, Chennai, India, 2016.

[15] M. Hussain, Q. Du, L. Sun, and P. Ren, “Security enhancement
for video transmission via noise aggregation in immersive
systems,” Multimedia Tools and Applications, vol. 75, no. 9, pp.
5345–5357, 2016.

[16] M. Bloch, J. Barros, M. R. Rodrigues, and S. W. McLaughlin,
“Wireless information-theoretic security,” Institute of Electrical
and Electronics Engineers. Transactions on Information Theory,
vol. 54, no. 6, pp. 2515–2534, 2008.

[17] Y.-S. Shiu, S. Y. Chang, H.-C. Wu, S. C.-H. Huang, and H.-H.
Chen, “Physical layer security in wireless networks: a tutorial,”
IEEE Wireless Communications, vol. 18, no. 2, pp. 66–74, 2011.

[18] L. Dong, Z. Han, A. P. Petropulu, and H. V. Poor, “Improving
wireless physical layer security via cooperating relays,” IEEE
Transactions on Signal Processing, vol. 58, no. 3, part 2, pp. 1875–
1888, 2010.

[19] R. Bassily, E. Ekrem, X. He et al., “Cooperative security at the
physical layer: a summary of recent advances,” IEEE Signal
Processing Magazine, vol. 30, no. 5, pp. 16–28, 2013.

[20] Y. Zou, X. Wang, and W. Shen, “Optimal relay selection for
physical-layer security in cooperative wireless networks,” IEEE
Journal on Selected Areas in Communications, vol. 31, no. 10, pp.
2099–2111, 2013.

[21] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation
diversity-part I: system description,” IEEE Transactions on
Communications, vol. 51, no. 11, pp. 1927–1938, 2003.

[22] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation
diversity. Part II. Implementation aspects and performance
analysis,” IEEE Transactions on Communications, vol. 51, no. 11,
pp. 1939–1948, 2003.

[23] L. Sun, T. Zhang, Y. Li, and H. Niu, “Performance study of two-
hop amplify-and-forward systems with untrustworthy relay
nodes,” IEEE Transactions on Vehicular Technology, vol. 61, no.
8, pp. 3801–3807, 2012.

[24] H.Xu, L. Sun, P. Ren, andQ.Du, “Securing two-way cooperative
systems with an untrusted relay: a constellation-rotation aided
approach,” IEEE Communications Letters, vol. 19, no. 12, pp.
2270–2273, 2015.

[25] L. Sun, P. Ren, Q. Du, Y. Wang, and Z. Gao, “Security-aware
relaying scheme for cooperative networks with untrusted relay
nodes,” IEEE Communications Letters, vol. 19, no. 3, pp. 463–
466, 2015.

[26] J. Huang and A. L. Swindlehurst, “Cooperative jamming for
secure communications in MIMO relay networks,” IEEE Trans-
actions on Signal Processing, vol. 59, no. 10, pp. 4871–4884, 2011.



10 Journal of Sensors

[27] X. He and A. Yener, “Two-hop secure communication using an
untrusted relay,” EURASIP Journal onWireless Communications
and Networking, vol. 2009, Article ID 305146, 13 pages, 2009.

[28] R. Zhang, L. Song, Z. Han, and B. Jiao, “Physical layer security
for two-way untrusted relaying with friendly jammers,” IEEE
Transactions on Vehicular Technology, vol. 61, no. 8, pp. 3693–
3704, 2012.

[29] H. Long and W. X. Ge, “Cooperative jamming and power allo-
cation in three-phase two-way relaying system with untrusted
relay node,” IEEE Communications Letters, vol. 3, no. 14, pp. 56–
59, 2014.

[30] F. Gao, T. Cui, and A. Nallanathan, “On channel estimation
and optimal training design for amplify and forward relay
networks,” IEEE Transactions on Wireless Communications, vol.
7, no. 5, pp. 1907–1916, 2008.

[31] F. Gao, R. Zhang, and Y.-C. Liang, “Optimal channel estimation
and training design for two-way relay networks,” IEEE Transac-
tions on Communications, vol. 57, no. 10, pp. 3024–3033, 2009.

[32] M. Abramowitz and I. A. Stegun, Handbook of Mathematical
Functions, Dover, NY, USA, 1972.



Research Article
Time Reversal Aided Bidirectional OFDM Underwater
Cooperative Communication Algorithm with the Same
Frequency Transmission

Lingling Zhang,1 Jianguo Huang,1 Chengkai Tang,2 and Houbing Song3

1School of Marine Science and Technology, Northwestern Polytechnical University, Shaanxi 710072, China
2School of Electronics and Information, Northwestern Polytechnical University, Shaanxi 710072, China
3Department of Electrical and Computer Engineering, West Virginia University, Montgomery, WV 25136, USA

Correspondence should be addressed to Lingling Zhang; zhanglingling9999@163.com

Received 8 January 2017; Revised 26 January 2017; Accepted 5 February 2017; Published 23 February 2017

Academic Editor: Fanli Meng

Copyright © 2017 Lingling Zhang et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In underwater acoustic channel, signal transmission may experience significant latency and attenuation that would degrade the
performance of underwater communication. The cooperative communication technique can solve it but the spectrum efficiency
is lower than traditional underwater communication. So we proposed a time reversal aided bidirectional OFDM underwater
cooperative communication algorithm. The algorithm allows all underwater sensor nodes to share the same uplink and downlink
frequency simultaneously to improve the spectrum efficiency. Since the same frequency transmission would produce larger
intersymbol interference, we adopted the time reversal method to degrade the multipath interference at first; then we utilized
the self-information cancelation module to remove the self-signal of OFDM block because it is known for sensor nodes. In the
simulation part, we compare our proposed algorithm with the existing underwater cooperative transmission algorithms in respect
of bit error ratio, transmission rate, and computation.The results show that our proposed algorithm has double spectrum efficiency
under the same bit error ratio and has the higher transmission rate than the other underwater communication methods.

1. Introduction

Underwater communication, as one of the most challenging
wireless communications, is of great difference compared
to terrestrial wireless communication in system design. In
underwater acoustic environment, the serious signal atten-
uation and severe reflection and diffusion result in short
communication distance [1] and slow data rate [2]. Early
underwater communications rely mainly on the increase of
transmit power at underwater node to achieve long range
signal transmission, but the requirement of large-scale power
amplification equipment in this case limited the application
in underwater mobile node [3]. With the increasing exploita-
tion of marine resources, underwater communication is
becoming more and more important. The underwater com-
munication rate and the underwater communication distance
seriously restrain the development of marine resources [4].
How to improve the underwater communication rate and

increase underwater communication distance is the key
problems that need to be solved in underwater communica-
tion nowadays.

An underwater communication system based on time
domain channel equalization is presented in [5], which mig-
rate the multipath induced intersymbol interference through
adaptive equalization of time domain samples. To decrease
the complexity for equalization in large latency underwater
acoustic channel, frequency domain channel equalization is
presented in [6], but both of these are insufficient to avoid
the short range issue owing to the serious attenuation. To this
end, underwater cooperative communication method is pro-
liferated to extend the communication distance, inwhich data
hops from the source to destination through several relays.
However, it leads to more serious multipath effect, which
results in high bit error rate. An underwater acoustic coop-
erative communication based on LDPC coding proposed in
[7] can decrease the bit error rate, but with high complexity.
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An underwater acoustic cooperative communication based
on frequency domain multiple access is supposed to increase
the data rate by allowing several sensors to transmit signals
simultaneously, but since the underwater acoustic channel
is bandwidth limited, the performance is unsatisfactory
[8]. Most underwater acoustic cooperative communications
adopt time domain multiple access, which allows only one
task in each time slot; therefore it leads to poor spectrum
efficiency [9]. To this end, this paper presents a new under-
water acoustic cooperative communication method based on
time reversal and self-interference suppression in the same
frequency. In this network, cooperative nodes share the com-
mon uplink and downlink frequency and transmit to the cen-
tral base station simultaneously, to realize spectrum resource
multiplexing. Moreover, the time reversal technology is
adopted at the base station to migrate multipath interference.
Furthermore, using the acknowledged information of self-
signal, self-interference is suppressed in the forwarded signal
from the base station. In this network, the spatial processing
requirement of the cooperative nodes is quite low; therefore,
the size can be compact. In addition, OFDM modulation is
adopted to decrease the complexity of channel equalization
and frequency converter.This structure is available to current
underwater detection and communication network.

2. Bidirectional Underwater Communication
System Model

The complex underwater environment causes kinds of inter-
ferences in the communication channels, most of which
attributes to multipath interference and signal attenuation.
The structure of the self-interference suppressed time reversal
cooperative transmission system is shown in Figure 1.

Assume the distance between these two sensor nodes
is quite far; then because of the severe attenuation over
long range underwater acoustic channel, the base station is
required for relaying to enable the bidirectional transmission
[10]. In Figure 1, taking into account the fact that the size of
the sensor nodes is often limited, it supposes only one trans-
mitter and receiver elements are available at each node. As the
core of this cooperative network, there are 𝑁𝑅 pairs of trans-
mitter and receiver elements at the Underwater Base Station,
with each pair locating at the same position. Group the
transmitted information of each sensor node to blocks of
length 𝑁𝑎, and denote the 𝑛𝑏th information block of the 𝑛𝑡th
sensor node which is

a𝑛𝑡 (𝑛𝑏)
= [𝑎𝑛𝑡 (𝑛𝑏, 0) , 𝑎𝑛𝑡 (𝑛𝑏, 1) , . . . , 𝑎𝑛𝑡 (𝑛𝑏, 𝑁𝑎 − 1)]𝑇 , (1)

where 𝑎𝑛𝑡(𝑛𝑏, 0) ∈ {0, 1} and 𝑗 = 0, 1, . . . , 𝑁𝑎 − 1. Encode the
information block with coding rate 𝑅𝑐; then we could get the
encoded bits with block length 𝑁 = 𝑁𝑎/𝑅𝑐 as

b𝑛𝑡 (𝑛𝑏)
= [𝑏𝑛𝑡 (𝑛𝑏, 0) , 𝑏𝑛𝑡 (𝑛𝑏, 1) , . . . , 𝑏𝑛𝑡 (𝑛𝑏, 𝑁 − 1)]𝑇 . (2)

In order to avoid the burst error and decrease the corre-
lation between adjacent bits, interleave the encoded bits as

c𝑛𝑡 (𝑛𝑏) = [𝑐𝑛𝑡 (𝑛𝑏, 0) , 𝑐𝑛𝑡 (𝑛𝑏, 1) , . . . , 𝑐𝑛𝑡 (𝑛𝑏, 𝑁 − 1)]𝑇 . (3)

Conversing these bits from serial to parallel with length𝑄 = log2𝑀, we can obtain 𝐾𝑑 vectors, and (3) could be
represented as

c𝑛𝑡 (𝑛𝑏) = [c𝑇𝑛𝑡 ,0 (𝑛𝑏) , c𝑇𝑛𝑡 ,1 (𝑛𝑏) , . . . , c𝑇𝑛𝑡 ,𝐾𝑑−1 (𝑛𝑏)]𝑇 , (4)

where 𝐾𝑑 = 𝑁/𝑄, and 𝑘𝑑 (𝑘𝑑 = 0, 1, . . . , 𝐾𝑑 − 1)th vector is

c𝑛𝑡 ,𝑘𝑑 (𝑛𝑏) = [𝑐𝑛𝑡 (𝑛𝑏, 𝑘𝑑𝑄) , 𝑐𝑛𝑡 (𝑛𝑏, 𝑘𝑑𝑄 + 1) , . . . ,
𝑐𝑛𝑡 (𝑛𝑏, 𝑘𝑑𝑄 + 𝑄 − 1)]𝑇 . (5)

Map this vector according to Mary order PSK as𝑚𝑛𝑡(𝑛𝑏, 𝑘𝑑) = 𝛼𝑚 ∈ S, with the alphabet

S = {𝛼0, 𝛼1, . . . , 𝛼𝑀−1} , (6)

and the corresponding vector pattern is c𝑚 = [𝑐𝑚,0, 𝑐𝑚,1, . . . ,𝑐𝑚,𝑄−1]𝑇. Therefore, the transmitted symbol within the 𝑛𝑏th
block of the 𝑛𝑡th sensor node is

𝑚𝑛𝑡 (𝑛𝑏)
= [𝑚𝑛𝑡 (𝑛𝑏, 0) , 𝑚𝑛𝑡 (𝑛𝑏, 1) , . . . , 𝑚𝑛𝑡 (𝑛𝑏, 𝐾𝑑 − 1)]𝑇 . (7)

Multiplexing these symbols to orthogonal frequency bins,
the obtained OFDM signal is represented as

𝑥𝑛𝑡 (𝑡) = R{[∑
𝑛𝑏

∑
𝑘

𝑑𝑛𝑡 (𝑛𝑏, 𝑘) 𝑒𝑗2𝜋𝑘Δ𝑓𝑡𝑔𝑛𝑡 (𝑡 − 𝑛𝑏𝑇𝑏)]

⋅ 𝑒𝑗2𝜋𝑓0𝑡}

= R
{{{

[
[

∑
𝑛𝑏

∑
𝑘∈Θ
𝑛𝑡
𝑎

𝑑𝑛𝑡 (𝑛𝑏, 𝑘) 𝑒𝑗2𝜋𝑘Δ𝑓𝑡𝑔𝑛𝑡 (𝑡 − 𝑛𝑏𝑇𝑏)]
]

⋅ 𝑒𝑗2𝜋𝑓0𝑡}}}
,

(8)

where 𝑘 denotes the index of the subcarrier, with the range𝑘 ∈ {0, 𝐾 − 1}, 𝐾 denotes the total number of subcarriers, Δ𝑓
denotes the subcarrier spacing, 𝑓0 denotes the starting fre-
quency of the uplink transmission, and 𝑔(𝑡) denotes the pulse
shaping. Aiming at measuring the noise level or preventing
frequency leakage, null subcarriers of the 𝑛𝑡th user node in
the 𝑛𝑏th block are assigned as 𝑑𝑛𝑡(𝑛𝑏, 𝑘) = 0 for 𝑘 ∈ Θ𝑛𝑡null.
Denote Θ𝑛𝑡𝑎 as the active subcarrier set of the 𝑛𝑡th user node;
we have Θ𝑛𝑡𝑎 ∪Θ𝑛𝑡null = [0, 𝐾−1] and Θ𝑛𝑡𝑎 ∩Θ𝑛𝑡null = 0.The active
subcarriers are categorized into 𝐾𝑝 pilot subcarriers and 𝐾𝑑
data subcarriers, with 𝑑𝑛𝑡(𝑛𝑏, 𝑘) = 𝑚𝑛𝑡(𝑛𝑏, 𝑘𝑑) if 𝑘 ∈ Θ𝑛𝑡data,
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Figure 1: Underwater cooperative transmission system structure.

while 𝑑𝑛𝑡(𝑛𝑏, 𝑘) = 𝑝𝑛𝑡(𝑛𝑏, 𝑘𝑑) if 𝑘 ∈ Θ𝑛𝑡pilot. To avoid inter-
ference, set Θ𝑛𝑡pilot ∪ Θ𝑛𝑡data = Θ𝑛𝑡𝑎 and Θ𝑛𝑡pilot ∩ Θ𝑛𝑡data = 0.

At the 𝑛𝑟th receiver element of the base station, it collects
signals from all user nodes as

𝑦𝑛𝑟 (𝑡) = ∑
𝑛𝑡

∑
𝑝

ℎ𝑛𝑟 ,𝑛𝑡𝑝 𝑥𝑛𝑡 (𝑡 − 𝜏𝑝) + 𝜉𝑛𝑟 (𝑡) , (9)

where 𝑝 denotes the path index, with ℎ𝑝 and 𝜏𝑝 denoting
the amplitude and time delay of the corresponding path,
respectively. For description brevity, all time delay has been
mapped to grid, inserting some zeros in ℎ𝑛𝑟 ,𝑛𝑡𝑝 artificially to
ensure the delay of the 𝑝th path of any arbitrary transceiver
pair to be 𝜏𝑝. The received ocean noise at the 𝑛𝑟th element of
the base station denoted as 𝜉𝑛𝑟(𝑡) is assumed to be additive.

3. Time-Reverse-and-Forward Module

Assume the amplitude and time delay of the underwater
acoustic channel are constant and reciprocal in a certain
interval [11–13]; that is to say, the downlink from the 𝑛𝑟th
element of the base station to the 𝑛𝑡th user node is assumed
to be the same as the uplink from the 𝑛𝑡th user node to the𝑛𝑟th element of the base station. On this basis, to reduce the
processing complexity at the base station and improve trans-
mission efficiency, rather than demodulating the received
signal at the base station, it convolutes the received signalwith
time reversed channel response and forwards the mixture
signal to all user nodes. In this case, the signal arrived at the𝑛𝑡th user node is

𝑞𝑛𝑡 (𝑡) = ∑
𝑛𝑡

∑
𝑝

ℎ𝑛𝑟 ,𝑛𝑡𝑝 𝑧𝑛𝑟 (𝑡 − 𝜏𝑝) + 𝑤𝑛𝑡 (𝑡) . (10)

Since the frequency is shared by all user nodes, the
mixture signal 𝑧𝑛𝑟(𝑡) includes the information from all user
nodes. Therefore, the received signal at each user node
includes not only information fromother user nodes, but also
self-information backpropagation, in addition to the serious
multipath effect, which rises great challenge to bidirectional
cooperative communication. Limited by the size of the user
nodes, only single transmitter element and receiver element
are deployed; thus it is hard to eliminate the multipath

interference and self-information interference with single
channel.

In a two-user nodes scenario as shown in Figure 1, we
aim to solve the multipath interference and self-information
interference, adopt the time reversal processing at the base
station, and shift the frequency to downlink frequency as

𝑧𝑛𝑟 (𝑡) = (𝑦𝑛𝑟 (𝑡) ⊗ ℎ𝑛𝑟 ,1 (−𝑡) ⊗ ℎ𝑛𝑟 ,2 (−𝑡)) 𝑒𝑗2𝜋(𝑓2−𝑓1)𝑡, (11)

where 𝑓2 denotes the central downlink frequency and 𝑓1 =𝑓0 + 𝐾/2 ∗ Δ𝑓 denotes the central uplink frequency. Uplink
and downlink transmit simultaneously with this frequency
division scheme, rather than partitioning different frequency
to each user node, since it is easy to expand this cooperative
transmission tomore user nodes, even though the bandwidth
of underwater acoustic channels is quite limited.

In the bidirectional cooperative transmission, the equiv-
alent channel filter experienced by the signal transmitted by
user 1 through the 𝑛𝑟th element of the base station to itself is
described as

V𝑛𝑟11 = ℎ𝑛𝑟 ,1 (𝑡) ⊗ ℎ𝑛𝑟 ,1 (−𝑡) ⊗ ℎ𝑛𝑟 ,2 (−𝑡) ⊗ ℎ𝑛𝑟 ,1 (𝑡) . (12)

The equivalent channel filter experienced by the signal
transmitted by user 1 through the 𝑛𝑟th element of the base
station to user 2 is described as

V𝑛𝑟12 = ℎ𝑛𝑟 ,1 (𝑡) ⊗ ℎ𝑛𝑟 ,1 (−𝑡) ⊗ ℎ𝑛𝑟,2 (−𝑡) ⊗ ℎ𝑛𝑟 ,2 (𝑡) . (13)

The equivalent channel filter experienced by the signal
transmitted by user 2 through the 𝑛𝑟th element of the base
station to user 1 is described as

V𝑛𝑟21 = ℎ𝑛𝑟 ,2 (𝑡) ⊗ ℎ𝑛𝑟 ,1 (−𝑡) ⊗ ℎ𝑛𝑟 ,2 (−𝑡) ⊗ ℎ𝑛𝑟 ,1 (𝑡) . (14)

The equivalent channel filter experienced by the signal
transmitted by user 2 through the 𝑛𝑟th element of the base
station to itself is described as

V𝑛𝑟22 = ℎ𝑛𝑟 ,2 (𝑡) ⊗ ℎ𝑛𝑟 ,1 (−𝑡) ⊗ ℎ𝑛𝑟 ,2 (−𝑡) ⊗ ℎ𝑛𝑟 ,2 (𝑡) . (15)
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Therefore, the received signal at user node 1 is written as

𝑞1 (𝑡) = ∑
𝑛𝑟

𝑥2 (𝑡) 𝑒𝑗2𝜋(𝑓2−𝑓1)𝑡 ⊗ V𝑛𝑟21 (𝑡)
+ ∑
𝑛𝑟

𝑥1 (𝑡) 𝑒𝑗2𝜋(𝑓2−𝑓1)𝑡 ⊗ V𝑛𝑟11 (𝑡) + 𝑤1 (𝑡)
= 𝑥2 (𝑡) 𝑒𝑗2𝜋(𝑓2−𝑓1)𝑡 ⊗ V21 (𝑡)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑞1𝑠(𝑡)

+ 𝑥1 (𝑡) 𝑒𝑗2𝜋(𝑓2−𝑓1)𝑡 ⊗ V11 (𝑡)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑞1𝑖(𝑡)

+ 𝑤1 (𝑡)⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑞1𝑛(𝑡)

.

(16)

Likewise, the received signal at user node 2 is written as

𝑞2 (𝑡) = 𝑥1 (𝑡) 𝑒𝑗2𝜋(𝑓2−𝑓1)𝑡 ⊗ V12 (𝑡)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑞2𝑠(𝑡)

+ 𝑥2 (𝑡) 𝑒𝑗2𝜋(𝑓2−𝑓1)𝑡 ⊗ V22 (𝑡)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑞2𝑖(𝑡)

+ 𝑤2 (𝑡)⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑞2𝑛(𝑡)

, (17)

where 𝑞𝑛𝑡𝑠 denotes the desirable signal from the other user
node to the 𝑛𝑡th user node, while 𝑞𝑛𝑡𝑖 denotes the unwanted
interference from itself. According to the spatial reciprocity
of the channel, 𝑞𝑛𝑡𝑠 is temporal and spatial focusing of the
desirable signal, and the equivalent channel is represented as

V11 (𝑡) = ∑
𝑛𝑟

V𝑛𝑟11 (𝑡) ,
V12 (𝑡) = ∑

𝑛𝑟

V𝑛𝑟12 (𝑡) ,
V21 (𝑡) = ∑

𝑛𝑟

V𝑛𝑟21 (𝑡) ,
V22 (𝑡) = ∑

𝑛𝑟

V𝑛𝑟22 (𝑡) .

(18)

According to the underwater physics, the equivalent
channel is a q-function, and it approaches a Dirac delta
function in ideal case.

4. Self-Interference Cancelation Method

At the receiver end of the 𝑛𝑡th user node, downshift the fre-
quency to basebandfirstly, and then isolate the received signal
from its self-information interference, since self-signal is the
main contribution in the interference. The self-information
interference cancelation method is shown in Figure 2.

In ideal case, after self-information cancelation, the
residue signal 𝑟𝑛𝑡(𝑡) is proportion to the transmitted signal
from the other user node. Therefore, the estimation of self-
information interference is represented as

𝑞𝑛𝑡𝑛 (𝑡) = ∑
𝑖

𝑐𝑖𝑥𝑛𝑡 (𝑡 − 𝜏 − 𝑖) , (19)

where 𝜏 denotes the delay of the channel filter, and the coeffi-
cients of the cancelation are updated by

𝑐𝑖 (𝑛 + 1) = 𝑐𝑖 (𝑛) + 𝜂𝑒∗ (𝑛) 𝑥𝑛𝑡 (𝑡 − 𝜏 − 𝑖) , (20)

OFDM 
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−
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Figure 2: Underwater cooperative transmission system structure.

where 𝜂 denotes the update step, and the residue signal is
represented as

𝑟𝑛𝑡 (𝑡) = 𝑞𝑛𝑡 (𝑡) − 𝑞𝑛𝑡𝑛 (𝑡) . (21)

Transform the residue signal into frequency domain; then we
have

R𝑛𝑡 = V𝑛𝑡 ,𝑛𝑡d𝑛𝑡 + W𝑛𝑡 . (22)

According to the linear minimum mean square error crite-
rion, the desired transmitted symbol estimated at the user
node 𝑛𝑡 is denoted as

d̂𝑛
𝑡

= d𝑛
𝑡

+ CR𝑛𝑡d𝑛
𝑡

C
−1
R𝑛𝑡R𝑛𝑡

(R𝑛𝑡 − V𝑛𝑡 ,𝑛𝑡d𝑛𝑡) , (23)

whered𝑛
𝑡
denotes the expectation of the transmitted symbols,

R𝑛𝑡 denotes the expectation of the received symbols, CR𝑛𝑡d𝑛
𝑡

denotes the covariancematrix of the transmitted symbols and
received symbols as

CR𝑛𝑡d𝑛
𝑡

= 𝐸 [(d𝑛
𝑡

− d𝑛
𝑡
) (R𝑛𝑡 − R𝑛𝑡)𝐻] = Φ𝑛

𝑡
V𝐻𝑛𝑡 ,𝑛𝑡 , (24)

and CR𝑛𝑡R𝑛𝑡
denotes the autocovariance of the received

symbols as

CR𝑛𝑡R𝑛𝑡
= V𝑛𝑡 ,𝑛𝑡Φ𝑛𝑡V

𝐻
𝑛𝑡,𝑛

𝑡

+ 𝜎2𝜂 , (25)

where Φ𝑛
𝑡
denotes the autocovariance of the transmitted

symbols

Φ𝑛
𝑡

= 𝐸 [(d𝑛
𝑡

− d𝑛
𝑡
) (d𝑛

𝑡
− d𝑛

𝑡
)𝐻] . (26)

Suppose the transmitted symbols on different frequency bins
are dependent on each other; thus

Φ𝑛
𝑡

= diag {𝜎2𝑛
𝑡

(0) , 𝜎2𝑛
𝑡

(1) , . . . , 𝜎2𝑛
𝑡

(𝐾 − 1)} . (27)

At the beginning, since no prior information is available,
the estimation symbols are represented as

d̂𝑛
𝑡

= V𝐻𝑛𝑡 ,𝑛𝑡 (V𝑛𝑡 ,𝑛𝑡V𝐻𝑛𝑡,𝑛𝑡 + 𝜎2𝜂I)−1 R𝑛𝑡 . (28)

5. Simulation and Analysis

According to the statistical analysis of lake channel, a sparse
and spatial reciprocal channel is adopted to simulate the
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Figure 3: The equivalent channel filter in time-reverse-and-forward underwater acoustic cooperative communication.

underwater acoustic channel [14]. The cooperative network
includes two user nodes and one base station. Each user
node deploys single transmitter and receiver.The base station
consists of 16 transmitters and receivers.The channel between
each user node to any element of the base station is inde-
pendent of other and considers each as a six paths’ random
walk process with mean delay interval of 3ms.The amplitude
is constant with each OFDM block and follows Gaussian
distribution with initial exponent power delay profile. At
the transmitter of each user node, the data is encoded by(3, [5 7]) convolution encoder and randomly interleaved;
then QPSK constellation is mapped to form blocks of OFDM
symbols.

5.1. Channel Interference Analysis. To evaluate the channel
interference suppression performance, the time evolution of
the equivalent channel filter from the source user node to
the end user node in time-reverse-and-forward underwater
acoustic cooperative communication is shown in Figure 3.
For comparison, under the same channel condition, the time
evolution of the equivalent channel filter from the source user
node to the end user node in amplify-and-forward under-
water acoustic cooperative communication is shown in Fig-
ure 4. From Figures 3 and 4, we can see that the channel is

compressed in time-reverse-and-forward underwater acous-
tic cooperative communication but dispersed in amplify-
and-forward underwater acoustic cooperative communica-
tion. Therefore, spatial diversity gain is easier to collect in
time-reverse-and-forward underwater acoustic cooperative
communication.

5.2. Bit Error Ratio Performance. In the bidirectional coop-
erative communication, spatial focusing is achieved by time-
reverse-and-forward for the desired signal transmission
direction. However, since the equivalent channel is a q-
function, rather than an ideal Dirac delta function, the
communication performance degrades due to the self-infor-
mation interference [16]. Therefore, the bit error ratio per-
formance of time-reverse-and-forward underwater acoustic
cooperative communication with respect to different num-
bers of taps of additional self-interference cancelation is
shown in Figure 5. From Figure 5, it can be seen that,
with small numbers of taps, the bit error ratio is still large,
since the residue self-information interference cannot be well
eliminated. With the increasing of the number of taps, the
bit error ratio is decreasing and reaches 10−3 with 11 taps of
self-interference cancelation while SNR is at 19 dB. When the
number of taps is over 13, the performance reaches saturation.
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Figure 4: The equivalent channel filter in amplify-and-forward underwater acoustic cooperative communication.
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Comparison of the proposed time-reverse-and-forward
underwater acoustic cooperative communication method to

the existing underwater acoustic cooperative communication
method is shown in Figure 6. From Figure 6, it can be seen
that the same frequency bidirectional amplify-and-forward
underwater cooperative method applied in [10] has poor
performance. It requires 25 dB to keep the bit error ratio
below 10−3.That is attribute to the cochannel interference and
severemultipath as shown in Figure 4.The frequency division
cooperative transmission method applied in [8] requires
18 dB to keep the bit error ratio below 10−3. Because of the
complexity of underwater acoustic channel and the mutual
interference to adjacent frequency bands, the performance is
still unsatisfactory. Both the time division cooperative trans-
mission method applied in [9] and MIMO signal processing
applied in [6] show superiority in the bit error ratio perfor-
mance that the bit error ratio reaches 10−3 at about 17 dB.
The performance of the proposed time-reverse-and-forward
underwater acoustic cooperative communication method
shows a little more progress, since multipath interference is
compressed through time-reverse processing, while residue
self-information interference is eliminated by additional
cancelation. Moreover, the other virtue reflects in the simul-
taneous exchange of information between those two user
nodes.

Sparsity of underwater acoustic channel is often large in
deep sea and calm sea state, while it may be weaker in coastal
waters or rough sea state. To this end, amore complex channel
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Figure 6: Bit error ratio over sparse channel with respect to different
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Table 1: Comparison of transmission rate.

SNR (dB) The proposed method TDMA FDMA MIMO
5 1.7 0.85 0.85 0.87
10 1.94 0.968 0.965 0.968
15 1.992 0.997 0.996 0.997
20 1.9996 0.9998 0.9995 0.9998

is adopted to validate the performance of the proposed time-
reverse-and-forward underwater acoustic cooperative com-
munication method.Themaximum time delay is 60ms, with
random numbers of paths within 30 to 60, and the amplitude
follows Rayleigh distribution. The resulting bit error ratio is
shown in Figure 7. From Figure 7, it can be seen that all the
existing cooperative communication methods show 2-3 dB
degradation compared to that in Figure 6, since themultipath
effect is more severe in complex channel. The proposed
time-reverse-and-forward underwater acoustic cooperative
communication method shows about 0.5 dB degradation
compared to that in Figure 6, because of the adaption of time-
reverse processing to different channel condition.

5.3. Transmission Rate Analysis. Signal transmission over
underwater acoustic channel suffers from the frequency
dependant attenuation. Thus, the bandwidth of underwater
acoustic channel is severely limited. Therefore, how to utilize
the limited bandwidth of the underwater acoustic channel
efficiently to provide high transmission rate plays a key role in
design of the cooperative communication. Comparison of the
transmission rate of the proposed time-reverse-and-forward
underwater acoustic cooperative communication method to
that of the existing cooperative method is shown in Table 1.

In Table 1, it can be seen that when the signal to noise
ratio is over 15 dB, the transmission rate of the proposed
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Figure 7: Bit error ratio over complex channel with respect to differ-
ent signal to noise ratio.

time-reverse-and-forward bidirectional underwater acoustic
cooperative communication method is about two times of
that of the existing underwater acoustic cooperative com-
munication methods. That is credited to the simultaneous
bidirectional transmission and the efficient self-information
interference cancelation.

6. Conclusion

Communications over underwater acoustic channel suffer
from the strongmultipath interference and great attenuation;
thus it is hard to realize long range transmission. Underwater
cooperative transmission has been regarded as the optimal
solution. However, only single transmission is allowed in
existing underwater acoustic cooperative transmission that
limited the transmission rate. To solve this problem, a
time-reverse-and-forward bidirectional underwater acoustic
cooperative communication based on OFDM is investigated.
Common uplink and downlink frequency bands are shared
by all user nodes, and the received signal at the base station is
time-reverse-and-forward to all user nodes without separa-
tion. Moreover, self-signal backpropagation is isolated at the
received end to eliminate the self-information interference.
Comparison from the respect of channel interference, bit
error ratio, and transmission rate reveal that the proposed
method is superior to the existing underwater cooperative
transmission method. Specifically, the transmission rate of
the proposed method is near double of the existing method
when the required bit error ratio is nomore than 10−3 and the
signal to noise ratio is over 16.5 dB.
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The target nodes are 𝑘-covered by the sensor nodes; there will be a lot of redundant data forcing the phenomenon of congestion
which lowers the network communication capability and coverage and accelerates network energy consumption. Therefore, this
paper proposes an energy-efficient coverage control with multinodes redundancy verification (ECMRV).The algorithm constructs
the coverage network model by using the positional relationship among the sensor nodes, and the proof procedure of the sector
coverage expected value of the monitoring area also has been provided. On the aspect of the energy consumption, this paper gives
the proportion of energy conversion functions between the working sensor nodes and the neighboring sensor nodes. And by using
the function proportional to schedule the sensor nodes with low energy, we achieve the energy balance of the whole network and
the optimization of the network resources. Finally, the simulation experiments indicate that this algorithm can not only improve
the quality of network coverage, but completely inhibit the rapid energy consumption of the sensor nodes as well; as a result, the
network lifetime extends, which has verified availability and stability of the algorithm in the paper.

1. Introduction

Wireless Sensor Network is a new type of network architec-
ture, which is formed by thousands of sensor nodes [1–3].
Each sensor node has the abilities of sensing, computing,
communicating, and storing and the behavioral character-
istic is to complete the communication transmission by the
multihop method in the information world, which makes
data acquisition, data storage, data computing, and commu-
nication transmission link network service system come into
being [4, 5].

The coverage quality and energy consumption are two
important indices of evaluating the performance of Wireless
Sensor Networks system. Coverage quality can be directly
reflected in the deployment of the sensor nodes in the
monitoring area. And the network lifetime directly affects
the quality of the entire network service, which is mainly
reflected in the energy consumption of the sensor nodes

deployment. Generally, because of the restriction of the
topography, environmental factors, and many other con-
straints, the selection of the sensor node deployment is
random. In the random deployment process, due to the
unpredictable sensor node location information in advance,
it is possible to make a monitoring target node multiply
covered, namely, 𝑘-coverage. Take the military battlefield as
example, as shown in Figure 1. And there is another situation,
due to the randomness; it is possible to make a monitoring
area a blind one. The only way to achieve complete coverage
is to add more sensor nodes. Although the two ways above
can achieve complete coverage of the target to a certain
extent, there are still some shortcomings. First, because
of the existence of the 𝑘-coverage, in the process of data
collection and calculation and in the data transmission of
the communication linkage, there will be a large amount of
redundant data, which cause larger error and uncertainty.
Second, the real meaning of the coverage is not the complete

Hindawi Publishing Corporation
Journal of Sensors
Volume 2016, Article ID 2347267, 11 pages
http://dx.doi.org/10.1155/2016/2347267

http://dx.doi.org/10.1155/2016/2347267


2 Journal of Sensors

Figure 1: The topological structure of the coverage in the military
battlefield.

coverage of the entire monitoring area, but the complete
coverage of the certain target nodes; in the process of covering
the entire monitoring area completely, to take no account
of the existence of the target nodes will consume a lot of
sensor node energy, which will accelerate the speed of the
collapse of the whole network system.Third, when deploying
the sensor nodes, the existence of the randomness will
inevitably cause excessive density in a certain coverage area
of the monitoring area, resulting in the bottlenecking, which
eventually generates information redundancy verification in
the channel but reduces the network expansibility.

Aiming at the above shortages, this paper proposed the
energy-efficient coverage control with multinodes redun-
dancy verification (ECMRV). In this paper, the coverage
probability and covering expected value of sensor nodes
are solved by using the sector domains of the coverage
area when the moving target nodes are passing through the
monitoring area; as for the energy consumption, this paper
gives the solution ofmultipoint transmission and single point
transmission. For the working sensor nodes, having met the
certain coverage ratio, when the moving target nodes are
passing across the 𝑘-coverage area, it will close the sensor
nodes within or higher the threshold value or it will place
the sensor nodes in the sleeping state by the sensor node
adaptive transformation mechanism and the other sensor
nodes will use the sensor node energy schedulingmechanism
to compete the conversion of the energy of the sensor nodes,
so that the network lifetime can be extended.

2. Related Knowledge

The technique of coverage control in WSNs is a very
important fundamental research and also one of the hotspot
problems right now in WSN. The coverage quality will
affect the lifetime of the network. In recent years, many
experts and scholars at home and broad have carried out
plenty of researches thoroughly and carefully. Literature [6]
brings in the partial coverage optimization and constitutes
the partial 𝛼 coverage, and after a series of calculation and
optimization of the 𝛼, the complete coverage optimization

is finally achieved. All the above-mentioned algorithms have
achieved the effective coverage of the monitoring area to
some extent; however they have the mutual problem that
the algorithms have more calculations, and they are more
complex, and the scalability of the Wireless Sensor Network
is worse. Literature [7] provides a constructive method
of connected coverage protocol. The protocol provides the
proportional relation between the network coverage quality
and the network and the performance indexes of all the
parameters in the network system and creates the scheduling
control algorithm (SCA), the purpose of which is to use
the least sensor nodes to guarantee the connection of the
whole network system. Literature [8] introduces the artifi-
cial intelligence algorithms, that is, the swarm intelligence
algorithm and the granule algorithm to complete the sensor
nodes deployment of the whole networkmonitoring area and
in the stage of the coverage optimization, the whole coverage
is optimized by the two artificial intelligence algorithms and
finally realizes the complete coverage of the monitoring area;
as for the energy consumption, it completes the scheduling
conversion of the sensor nodes energy by the heuristic sensor
nodes Scheduling, which extends the lifetime of the network.
Literature [9] proposes the optimization strategy on coverage
algorithm based on Voronoi. Satisfying the condition of
a certain coverage quality, the algorithm adds some work
sensor nodes to the coverage hole so as to improve the
current coverage ratio; meanwhile, it will search reasonable
information of repairing site to guarantee the connection of
the whole network. Literature [10] also takes the Voronoi as
the research object and solves the information of wire rod site
that formed by the geometry variation in the Voronoi and
the sensor nodes and finally completes the coverage of the
monitoring area. Literature [11] and literature [12] compute
the goal sensor nodes effectively, utilizing the different angles
of the sector composed by the sensor nodes and the target
nodes, and give the method of computing the coverage prob-
ability of differentmonitoring area. All algorithmsmentioned
above have the better feasibility, the higher reliability, and the
larger network scalability. However, in the research process
of the four algorithms, their network models are much too
idealized. From literature [9] to literature [11], they all take
the static target nodes as the research objective, and literature
[12] does not consider the situation when the moving target
nodes are the concerned target nodes, which result in the 𝑘-
barrier coverage. Literature [13] proposes the polytypic target
coverage algorithm based on the linear programming. The
algorithm utilizes the clustering structure to solve the poly-
typic target coverage problem. By computing the coverage
ability and the residual energy of the sensor, it completes
the polytypic target optimization coverage in the way of
the linear programming. Literature [14] proposes the event
probability driven mechanism algorithm. This algorithm
calculated the coverage probability and the expected value of
the sensor nodes with the probability model, then optimized
the result, and finally achieved the optimal coverage. The
above two algorithms achieve the purposes of the optimal
coverage and the extension of the network lifetime, but the
coverage condition is a little hasher, and the calculations of
the algorithms are much more complex.
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In order to make the effective coverage of the monitoring
area better, on the basis of literature [11] and literature [12],
this paper proposes the energy-efficient coverage control with
multinodes redundancy verification (ECMRV). Taking use
of sectorial the 𝑘-degree coverage, the algorithm calculates
the coverage expected value between the sensor nodes and
the moving target nodes. And then, the algorithm provides
the solving procedure of the coverage expected value when
a certain sensor node finishes the coverage of the target
nodes. In terms of the energy, on the basis of the analysis
of all the sensor nodes’ energy in the whole network, the
algorithm provides the process of the energy comparison
under the multilateral and unilateral connection; that is, the
energy consumption of the data in multicast is less than
that of the unilateral sensor nodes. In terms of the energy
conversion, the algorithm completes the energy conversion
among the sensor nodes through the self-scheduling mecha-
nism, extending the lifetime of the network. Finally, through
the simulation experiments and the comparison with other
algorithms, the effectiveness and the stability of the ECMRV
algorithm have been verified.

3. The Network Model and
the Coverage Quality

3.1. Basic Concepts and BasicTheories. For the sake of the bet-
ter explanation and research of the WSNs coverage problems
and the convenience of the problems, the ECMRV algorithm
is based on the following four hypothesizes [10, 15, 16]:

(1) All of the sensor nodes are all in the homogeneous
form, and the perceived range and the communica-
tion range are both disc-shaped.

(2) All of the sensor nodes can get their own position
information through the GPS technology.

(3) The initial energy of all the sensor nodes is the same
and has the same sensing range, and the speed is the
same as that of the clock.

(4) The sensor nodes are deployed randomly in the
square monitoring area with the length 𝑙, and the
perceived range must be guaranteed to be less than
the length 𝑙, and the boundary effect can be ignored.

(5) The sensor nodes are randomly deployed in the
monitoring areas with high density, and the sensor
nodes are independent of each other.

Definition 1 (the complete coverage). In the monitoring area,
any target nodes must be covered by at least one sensor
node; that is, the Euclidean distance of the sensor nodes and
the target nodes are smaller than the perceived range of the
sensor nodes, 𝑑(𝑖, 𝑡) ≤ 𝑅𝑖, which is called complete coverage.

Definition 2 (the 𝑘-coverage). In the monitoring area, any
target nodesmust be covered by at least 𝑘 sensor nodes.Thus,
the monitoring area is called 𝑘-degree coverage area.
Definition 3 (the coverage quality). In the monitoring area,
the coverage quality is the specific value of the sum of the

sensed area of all the sensor nodes and the area of the
monitoring area. In a way, it reflects the coverage degree of
the target nodes.

Definition 4 (the multilevel coverage). The coverage rate of
each sensor node is 𝑝; then the coverage rate at any point in
a two-dimensional plane is

𝑝𝑛 = 1 − (1 − 𝑝)𝑛 . (1)

In (1), 𝑝𝑛 is themultilevel coverage ratio; 𝑝 is the coverage
probability of any one of the sensor nodes; 𝑛 is the number of
the sensor nodes [10, 17, 18].

Theorem 5. When the moving target nodes enter the moni-
toring area for the first time, the first coverage expected value is𝐸(𝑋) = [1−(1−𝑝)𝑁]𝑝−1, and𝑁 is the biggest number of times
that the moving target nodes can complete the transmission,
and 𝑝 is the coverage probability of the sensor nodes.

Proof. According to the probability theory, suppose that 𝑋
represents how many times the moving target nodes move
and the value range of𝑋 is possible to be𝑋 ∈ [1, 2, 3, . . . , 𝑁].
When 𝑋 = 𝑚 as well as meeting the condition of 1 ≤ 𝑚 ≤𝑁−1, that is, when the first𝑁−1moving target nodes are not
covered by the sensor nodes, the distribution density function
of𝑋 will be

𝑃 (𝑋 = 𝑘) = {{{
𝑝 (1 − 𝑝)𝑘−1 , 𝑘 = 1, 2, 3, . . . , 𝑁 − 1
(1 − 𝑝)𝑁−1 , 𝑘 = 𝑁. (2)

According to the equation of the coverage, thus

𝐸 (𝑋) = 𝑁−1∑
𝑘=1

𝑘𝑝 (1 − 𝑝)𝑘−1 + 𝑁 (1 − 𝑝)𝑁−1 . (3)

Make 𝑞 = 1 − 𝑝 and 𝑆 = ∑𝑁−1𝑘=1 𝑘(1 − 𝑝)𝑘−1; that is, 𝑆 =∑𝑁−1𝑘=1 𝑘𝑞𝑘−1 is multiplied by 𝑞 in both sides of the equation;
thus 𝑞𝑆 = ∑𝑁−1𝑘=1 𝑘𝑞𝑘; that is,

𝑆 = 1 − 𝑞𝑁−1
(1 − 𝑞)2 −

(𝑁 − 1) 𝑞𝑁−11 − 𝑞
= 1 − (1 − 𝑝)𝑁−1

𝑝2 − (𝑁 − 1) (1 − 𝑝)𝑁−1
𝑝 .

(4)

Put (4) into (3); thus,

𝐸 (𝑋) = 𝑝(1 − (1 − 𝑝)𝑁−1𝑝2 − (𝑁 − 1) (1 − 𝑝)𝑁−1
𝑝 )

+ 𝑁(1 − 𝑝)𝑁−1 = [1 − (1 − 𝑝)𝑁] 𝑝−1.
(5)

In the square monitoring area, after a period of 𝑡, the
energy of the working sensor nodes must have been con-
sumed by themselves, which make the coverage area change
correspond. In order to suppress the energy consumption of
the sensor nodes and extend the lifetime of the network as
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Figure 2: Multilateral and unilateral node connection.

long as possible, this paper adopts the sensor node energy
model to analyze the sensor node-energy that is consumed in
the process of unilateral and multilateral data transmission;
meanwhile, the energy of the sensor node is consumed by
its own work of calculation [19–22], storage, and control. The
energy consumption model of the sensor node transmitter is

𝐸Tx (𝑙, 𝑑) = 𝑙𝐸𝑇-elec + 𝐸amp (𝑙, 𝑑)
= {{{

𝑙𝐸𝑇-elec + 𝑙𝜀𝑓𝑠𝑑2, 𝑑 < 𝑑0
𝑙𝐸𝑇-elec + 𝑙𝜀amp𝑑4, 𝑑 ≥ 𝑑0.

(6)

And the energy consumption model of the receiver is

𝐸Rx (𝑙) = 𝐸𝑅-elec (𝑙) = 𝑙𝐸elec. (7)

And 𝑙 is the bit of the data transmission, 𝑑 is the Euclidean
distance between the sensor nodes and the neighboring
nodes, and 𝑑0 is the threshold value of the distance of
the communication sensor node. When the distance of
the communication sensor node is smaller than 𝑑0, the
energy damping index is 2, whereas the energy damping
index will be 4. 𝐸elec represents the energy consumption
of communication sensor nodes receiving and transmitting
modules [23, 24].

Theorem 6. Less energy of the data is consumed in multicast
than the unilateral sensor nodes. The mathematical induction
when 𝑛 → ∞ is shown in Figure 2.

In 1st case, according to formula (6), the formula of energy
dissipations directly from source node 𝐴 to target node 𝐷 is
presented as below:

𝐸Tx 𝐴𝐷 (𝑙, 𝑑𝐴𝐷) = {{{
𝑙𝐸𝑇-elec + 𝑙𝜀𝑓𝑠𝑑2𝐴𝐷, 𝑑𝐴𝐷 < 𝑑0
𝑙𝐸𝑇-elec + 𝑙𝜀amp𝑑4𝐴𝐷, 𝑑𝐴𝐷 ≥ 𝑑0. (8)

In the 2nd case, data are sent from node 𝐴 to 𝐵 and
then to 𝐷. From 𝐴 to 𝐵, when 𝑘 = 3, the model of energy
consumption when transmitting module in node 𝐴 can be
inducted as follows:

𝐸Tx 𝐴𝐵 (𝑙, 𝑑𝐴𝐵) = {{{
𝑙𝐸𝑇-elec + 𝑙𝜀𝑓𝑠𝑑2𝐴𝐵, 𝑑𝐴𝐵 < 𝑑0
𝑙𝐸𝑇-elec + 𝑙𝜀amp𝑑4𝐴𝐵, 𝑑𝐴𝐵 ≥ 𝑑0

𝐸Rx 𝐵 (𝑙) = 𝑙𝐸elec.
(9)

The energy consumption of node 𝐵 receiving the infor-
mation is represented as below:

𝐸Tx 𝐵𝐷 (𝑙, 𝑑𝐵𝐷) = {{{
𝑙𝐸𝑇-elec + 𝑙𝜀𝑓𝑠𝑑2𝐵𝐷, 𝑑𝐵𝐷 < 𝑑0
𝑙𝐸𝑇-elec + 𝑙𝜀amp𝑑4𝐵𝐷, 𝑑𝐵𝐷 ≥ 𝑑0. (10)

Then, the total energy consumption fromnode𝐴 to𝐵 and
then to𝐷 is represented as below:

𝐸Total = 𝐸Tx 𝐴𝐵 + 𝐸Rx 𝐵 + 𝐸Tx 𝐵𝐶. (11)

In their initial state, the nodesworkwith the same amount
of energy and are independent of each other. The basic
properties of triangle are shown.

At the beginning, each node is independent of each
other and is working with equal energy. This basic feature of
forming triangles can be represented as below:

𝐸Total = 𝐸Tx 𝐴𝐵 + 𝐸Rx 𝐵 + 𝐸Tx 𝐵𝐷 < 𝐸Tx 𝐴𝐷. (12)

That is to say, when 𝑘 = 3, less energy is consumed in
multilateral data transmission than in unilateral one. Sowhen𝑘 = 3, formula (12) is justified.

The data transmitting path is from 𝐴 to 𝐵 to 𝐶 and then
to 𝐷. When 𝑛 → ∞, because ∠𝛼 is an obtuse angle, ∠𝛼 >𝜋/2, cos∠𝛼 < 0. According to CosineTheorem, 𝐵𝐶2 +𝐶𝐷2 <𝐵𝐷2.The triangle of connecting𝐵,𝐶, and𝐷 is obtuse triangle.
Hence, formula (13) is obtained as below:

𝐸Tx 𝐴𝐵 + 𝐸Rx 𝐵 + ⋅ ⋅ ⋅ + 𝐸Rx𝑛−1 + 𝐸Tx𝑛−1,𝑛 < ⋅ ⋅ ⋅
< 𝐸Tx𝐴𝐵 + 𝐸Rx𝐵 + 𝐸Tx𝐵𝐷 < 𝐸Tx𝐴𝐷 . (13)

3.2. Cover Quality

Theorem 7. Randomly select 𝑘 sensor nodes within 𝑀, and
then the expectation of the coverage quality is

𝐸 (𝜂𝑘) = 1 − {1 − 𝜋 (𝑅20 + 𝜆2)
area (𝑀) }

𝑘

. (14)

Proof. The sensor node subject to the random uniform
distribution in𝑀, so the probability a sensor node is located
in any position in𝑀, is 1/area(𝑀). If any point 𝑞 is covered
by a sensor node 𝑎 (the perception radius is denoted with𝑅𝑎),
then sensor node 𝑎must be locate in a circle of centered on q
(the circle is denoted as𝑂(𝑞, 𝑅𝑎) of radius 𝑅𝑎). Therefore, the
probability that 𝑞 is covered by sensor node 𝑎 is

𝑃𝑎 = area (𝑂 (𝑞, 𝑅𝑎))
area (𝑀) . (15)

Because the perception radius of sensor node 𝑎 is normal
distribution and 𝑅0 ≥ 3.3𝜆, the probability that any point is
covered by a work sensor node is

𝑃 = ∫2𝑅0
0

𝑃𝑎 1
(2𝜋)1/2 𝜆 exp(−(𝑅𝑎 − 𝑅0)2𝜆2 ) d𝑅0. (16)
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Let 𝑥 = (𝑅𝑎 − 𝑅0)/𝜆; then
𝑃 = (𝜋2 )

1/2 1
area (𝑀) (∫

𝑅0/𝜆

−𝑅0/𝜆
𝜆2𝑥2 exp(−𝑥22 ) d𝑥

+ ∫𝑅0/𝜆
−𝑅0/𝜆

2𝜆𝑥𝑅0 exp(−𝑥22 ) d𝑥
+ ∫𝑅0/𝜆
−𝑅0/𝜆

𝑅20 exp(−𝑥22 ) d𝑥) .
(17)

Calculation is as follows:

𝑃 = (𝜋2 )
1/2 1

area (𝑀) (−𝜆2 exp(−𝑥
2

2 )

𝑅0/𝜆

−𝑅0/𝜆

+ (2𝜋)1/2 𝜆 + (2𝜋)1/2 𝑅20) ≈ 𝜋 (𝑅20 + 𝜆2)
area (𝑀) .

(18)

The positions of all sensor nodes in𝑀 are independent of
each other, according to formula (1), the probability that any
sensor node in𝑀 is at least covered by 𝑘 work sensor node is

𝑃𝐾 = 1 − (1 − 𝜋 (𝑅20 + 𝜆2)
area (𝑀) )

𝑘

. (19)

Assume the area covered by at least 𝑘 sensor nodes is𝑀
and then the expectation of the area for𝑀 is

𝐸 (area (𝑀)) = 𝑃𝑘area (𝑀) . (20)

Therefore

𝐸 (𝜂𝑘) = 𝐸 (area (𝑀))
area (𝑀) = 1 − (1 − 𝜋 (𝑅20 + 𝜆2)

area (𝑀) )
𝑘

. (21)

With Theorem 5, we can get the expectation of the
minimum number of required work sensor nodes satisfying
demanded coverage quality 𝜂𝑑 of applications; namely,

𝐸 (𝑘) = ln (1 − 𝜂𝑑)
ln (1 − 𝜋 (𝑅20 + 𝜆2) /area (𝑀)) . (22)

Theorem 8. After the redundant sensor nodes are powered off
randomlywithout causing any conflict, if the rest working nodes
can provide the coverage quality, 𝑛𝑑 required by the application,
the expectation for the number of redundant sensor nodes’
neighbors satisfies

𝐸 (𝑛) > ln (1 − 𝜂𝑑)
ln ((1 − 𝜋 (𝑅20 + 𝜆2) /area (𝑀)) − 1)
⋅ 4𝜋𝑅20 + 2𝜋𝜆2

area (𝑀) .
(23)

Proof. Assuming the number of the remaining work sensor
nodes is 𝑁 after the redundant nods are powered off, then
the 𝑛 work sensor nodes still follow random and uniform
distribution. Because the remaining work sensor nodes can
still accurately provide the coverage quality required in
applications, by formula (22), we get

𝐸 (𝑁) = ln (1 − 𝜂𝑑)
ln (1 − 𝜋 (𝑅20 + 𝜆2) /area (𝑀)) . (24)

Denote the perception radius of sensor node as 𝑅𝑎, 𝑅𝑏,
which represents the perception radius of sensor node 𝑏. If 𝑏
is the coverage neighbor of 𝑎, then 𝑏must be located in a circle
centered on the radius 𝑅𝑎 +𝑅𝑏 (denote the circle as𝑂(𝑎, 𝑅𝑎 +𝑅𝑏)). Therefore, the probability that 𝑏 is a coverage neighbor
of 𝑎 is

𝑃𝑏−𝑎 = area (𝑂 (𝑎, 𝑅𝑎 + 𝑅𝑏))
area (𝑀) . (25)

Because the perception radius of all sensor nodes obeys
normal distribution 𝑁(𝑅0, 𝜆2), as well as 𝑅0 ≥ 3.3𝜆, the
probability that a sensor node is the coverage neighbor of
another sensor node is

𝑃 = ∫2𝑅0
0

∫2𝑅0
0

𝑃𝑏−𝑎
⋅ 12𝜋𝜆2 exp[−

(𝑅𝑎 − 𝑅𝑏)2 + (𝑅𝑏 − 𝑅0)22𝜆2 ] d𝑅𝑎 d𝑅𝑏.
(26)

Calculation is

𝑃 = 1
area (𝑀) [∫

2𝑅0

0
∫2𝑅0
0

𝑅2𝑎
⋅ 1𝜆2 exp[−

(𝑅𝑎 − 𝑅𝑏)2 + (𝑅𝑏 − 𝑅0)22𝜆2 ] d𝑅𝑎 d𝑅𝑏
+ ∫2𝑅0
0

∫2𝑅0
0

𝑅𝑎𝑅𝑏
⋅ 1𝜆2 exp[−

(𝑅𝑎 − 𝑅𝑏)2 + (𝑅𝑏 − 𝑅0)22𝜆2 ] d𝑅𝑎 d𝑅𝑏] .

(27)

According to the computation process in formula (27), we
have

∫2𝑅0
0

∫2𝑅0
0

𝑅2𝑎
⋅ 1𝜆2 exp[−

(𝑅𝑎 − 𝑅𝑏)2 + (𝑅𝑏 − 𝑅0)22𝜆2 ] d𝑅𝑎 d𝑅𝑏
≈ 𝜋 (𝑅20 + 𝜆2) .

(28)

Because

∫2𝑅0
0

𝑅𝑎 1
(2𝜋)1/2 𝜆 exp(−(𝑅0 − 𝑅𝑎)22𝜆2 ) d𝑅𝑎

= ∫𝑅0/𝜆
−𝑅0/𝜆

(𝑅0 + 𝜆𝑥) 1
(2𝜋)1/2 exp (−

𝑥2) d𝑥 = 𝑅0
(29)
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∫2𝑅0
0

∫2𝑅0
0

2𝜋𝑅𝑎𝑅𝑏
⋅ 12𝜋𝜆2 exp(−

(𝑅𝑎 − 𝑅𝑏)2 + (𝑅𝑏 − 𝑅0)22𝜆2 ) d𝑅𝑎 d𝑅𝑏
= 2𝜋𝑅20.

(30)

Then we have

𝑃 = 4𝜋𝑅20 + 2𝜋𝜆2
area (𝑀) . (31)

The expectation of the number of coverage neighbor
sensor nodes for each of the remaining𝑁 work sensor nodes
is

𝐸 (𝑛) = (𝐸 (𝑁) − 1) 𝑃
= ln (1 − 𝜂𝑑)
ln ((1 − 𝜋 (𝑅20 + 𝜆2) /area (𝑀)) − 1)
⋅ 4𝜋𝑅20 + 2𝜋𝜆2

area (𝑀) .
(32)

Therefore the expectations of the number of redundant
coverage neighboring sensor nodes satisfy

𝐸 (𝑛) > ln (1 − 𝜂𝑑)
ln ((1 − 𝜋 (𝑅20 + 𝜆2) /area (𝑀)) − 1)
⋅ 4𝜋𝑅20 + 2𝜋𝜆2

area (𝑀) .
(33)

3.3. Algorithm Description. As to the redundancy of sensor
nodes, the connection graph of sensor nodes gathering
redundancy is constructed, that is, the redundancy infor-
mation calculated by a positioning algorithm (e.g., centroid
positioning and ranging location) of all the nodes in the
process of gathering and the neighbor nodes. The data
collected in this cluster are sent to the sink node through
communication links. After the sink nodes receive the
redundancy information, it is calculated and analyzed. The
connection graph 𝐺 of redundancy relation is constructed
according to the results of calculation and analysis. The
degree of connection graph 𝐺 is the number of limited
sides related to vertex. It corresponds to the redundancy
degree of sensor node. When the number of sensor nodes
increases, the redundancy degree increases correspondingly.
In the connection graph 𝐺, when the redundancy degree
of sensor node surpasses the preset threshold value, the
node transferred to the state of sleeping. At the same time,
there exist several (𝑛 > 2) high redundancy rate nodes. If
energy is taken as choosing condition, node with the most
energy is chosen as the sleeping nodes by sort algorithm. And
this node, together with the corresponding neighbor nodes,
is cancelled in connection graph 𝐺. Iteration algorithm is
used to iterate. Next node with most energy is found one

Table 1: The tabulation of the simulation parameters.

Parameter Value
Area Ι 100 ∗ 100
Area ΙΙ 200 ∗ 200
Area ΙΙΙ 300 ∗ 300𝑅𝑠 5m
Energy 5 J
Time 800 s𝑅𝑐 10m𝐸𝑅-elec 50 J/b𝐸𝑇-elec 50 J/b𝜀𝑓𝑠 10 (J/b)/m2

𝜀amp 100 (J/b)/m2

𝑒min 0.005 J

by one until the redundancy degree of all sensor nodes is
smaller than the threshold value in the connection graph𝐺. As to energy consumption of sensor nodes, clustering
algorithm is used to control the administrator nodes and
member nodes, respectively. In the initial state of network,
the member node transmits the datum of “inf coverag” to
gathering node. “inf coverag” includes the information of
location, ID, and energy. After one or several cycles, the
gathering node receives the information of sensor nodes.The
information is calculated. The node energy is stored in the
chained list (CL) successively from the highest to the lowest
one according to the rest node energy. The top nodes possess
the covering ability of higher weight. Nodes are controlled
according to the positioning information. The sensor node
that satisfies the condition in the CL is sorted out and the
message “inf notice” is sent out to start the effective coverage.
The rest nodes are in the state of sleeping to save the network
energy expenses (see Algorithm 1).

4. System Evaluations

In order to verify the effectiveness and stability of the energy-
efficient coverage control with multinodes redundancy veri-
fication, ECMRV algorithm, this paper selects theMATLAB7
as the simulation platform. And the ECMRV algorithm is
compared with the four algorithms of the literature [13]
(the energy-efficient target coverage algorithm (ETCA)) and
the literature [16] (energy-efficient 𝑘-coverage algorithm
(EEKCA)), the literature [14] (event probability drivenmech-
anism, EPDM), and the literature [17] (optimization strategy
coverage control (OSCC)). And the simulation parameters
are shown in Table 1.

Experiment 1. In terms of prolonging the network lifetime,
the ECMRV algorithm is compared with the ETCA and the
EEKCA, and the experimental data is the mean value of the
200 simulation data, as shown in Figures 3–5.

Experiment 1 is a contrast experiment of the ECMRV
algorithm and the ETCA and the EEKCA in terms of the
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(1) Procedure
(2) Begin
(3) n←Null // Parameter Initializing
(4) CL,i←Null
(5) While (𝑖 <= 𝑛)
(6) {
(7) {
(8) 𝑠[𝑖].information→s[i].bata //Calculating and restoring the node information
(9) 𝑠[𝑖].coverage-rate→s[i].information // according to the formula (18), calculate coverage

rate of sensor node
(10) 𝑠[𝑖].neighbor.information→s[i].neighbor.bata
(11) 𝑠[𝑖].broadcast→Gn // Send the nodes to the Gathering Nodes
(12) 𝑖++
(13) }
(14) ConstuctGraph() // Construct Connecting Graph
(15) while(𝑠[𝑖].energy >= minenergy)
(16) if(redundancy.nodes <= 𝐼th) // Nodes’ energy is not less than the threshold
(17) Network working
(18) else
(19) {
(20) sorting(𝑠[𝑖].energy) // sort according to nodes’ energy
(21) 𝑠[𝑖].maxenergy→dormancy // make the nodes of max-energy dormant
(22) }
(23) if(Gn←s[i].inf covergae) //
(24) {
(25) CL[i]←s[i].inf coverage // Restore the received information in the linked list.
(26) 𝑖++ // direct to the next sensor nodes
(27) }
(28) if(𝑠[𝑖].energy >= 𝑠[𝑖 + 1].energy)
(29) {
(30) Gn.inf notice→s[i].data // Gathering node information sent
(31) 𝑠[𝑖].coverage→target.nodes // cover the target nodes with present nodes
(32) }
(33) }

Algorithm 1: ECMRV algorithm description.

network lifetime in different monitoring areas. In the exper-
iment, the values of 𝑘 are selected differently; the network
scale can be changed by changing the number of the sensor
nodes deployed randomly in the monitoring area. For the
monitoring area of the smaller scale, the initial value of the
number of the sensor nodes deployed randomly is 30, based
on which the number of the sensor nodes increases step by
step. From the simulation, it can be seen that the lifetime of
the Wireless Sensor Network is a linear rising trend with the
increase of the number of the sensor nodes. The main reason
is that themember sensor nodes in the sensor nodes set cover
the target nodes by the scheduling mechanism of the sensor
node. In the same network environment, compared with the
ETCA and the EEKCA, the lifetime of the ECMRV algorithm
has been prolonged by 11.29% on average; as for the larger
scale of the monitoring area, the initial number of the sensor
nodes is 50, based on which the number of the sensor nodes
increases step by step. The lifetime of the Wireless Sensor
Network is also a linear rising trend with the increase of the
number of the sensor nodes. The rise is more than that of the
smaller monitoring area, and compared with the ETCA and

the EEKCA, the network lifetime is increased by 16.12% and
15.96%.

Experiment 2. The contrast experiment is taken between the
ECMRV algorithm and the EPDM algorithm of the literature
[14] and the OSCC algorithm of the literature [17] in terms
of the coverage ratio and multitargets cycle control coverage
preservation protocol [25] (MTCPP) in network running
time. Taking the monitoring area of 200∗200m2 as example,
the experimental data is themean value of the 200 simulation
data, as shown from Figures 6 to 8.

In Figure 6, with the increase of the number of the sensor
nodes, the coverage probabilities of the three algorithms are
also increasing.When the coverage probability is 99.99% and𝜆 = 2, the number of the sensor node is 237; when 𝜆 = 3, the
number of the sensor nodes is 157; and when 𝜆 = 4 and the
number of the sensor nodes is 132, the algorithm in this paper
has reached 99.99% coverage; however the EPDM algorithm
and the OSCC algorithm have not reached 100% coverage,
which shows that the coverage ratio of the ECMRV algorithm
is higher than that of the EPDM algorithm and the OSCC
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algorithm. Thus, the effectiveness of the ECMRV algorithm
in this paper has been verified. In Figure 7, at the initial
time of the program execution, the coverage probabilities of
the two algorithms are almost the same; however as time
passes by, the coverage probabilities of the two contract
algorithms are the declining trance. The main reason is that
the EPDM algorithm and the OSCC algorithm adopt the
uninterrupted coverage to complete the coverage during the
run time; that is, the target nodes in the monitoring areas
are covered constantly until the energies of the target nodes
are consumed up. When 𝑡 = 150, the coverage probabilities
of the three algorithms decline more obviously. When 𝜆 =2, 3, 4, CPECMRV2 = 76.56%, CPECMRV3 = 95.53%, CPEPDM =78.86%, CPOSCC = 84.02%, and CPECMRV4 = 97.71%. When𝜆 = 4, the coverage probability in this paper is higher
than that of the EPDM algorithm and the OSCC algorithm,
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which shows that, with the function of the same sensor
nodes, the coverage probability of the ECMRV algorithm
is higher than that of the other two algorithms, which has
verified the effectiveness of the algorithm in this paper. And
Figure 8 gives the curves of the working sensor nodes and
the sensor nodes contrast of the ECMRV algorithm and
the EPDM algorithm and the OSCC algorithm, when the
coverage probabilities are the same ones. When the number
of sensor nodes is maintained from 260 to 290, the numbers
of sensor nodes of the three algorithms basically tend to be
stable. When 𝜆 = 2, 3, 4, the number of sensor nodes of the
ECMRV algorithm is maintained at 245, 223, and 211, while
the numbers of the sensor nodes in EPDM algorithm and the
OSCC algorithm are maintained from 231 to 237. Therefore,
themean value of the number of sensor nodes of the ECMRV
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algorithm is less than that of the other algorithms; the number
of sensor nodes is reduced by 13.49%.

Figure 9 provides the different network energy consump-
tion in different monitoring area, and the contracted algo-
rithms are the algorithms in the literature [13] and literature
[25]. At the initial time of the three algorithms, the network
lifetime is increasing with the increase of the sensor nodes.
However, the parameter range limitation in this paper and
the closing statement of the redundant sensor node make
the network lifetime of the algorithm in this paper smaller
than that of the other two algorithms, when the network
energy reaches the balancing statement. Figure 10 provides
the network lifetime and the target node. When the target
nodes are being covered, the network energy of this paper
is also smaller than that of the other two algorithms, and
the reason is the same as the above situation. In Figure 11,
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the expansion of the monitoring area makes some of the
redundant sensor nodes in the working state, which has
prolonged the network lifetime. When the parameter 𝜆 = 3,
the network lifetime of the algorithm in this paper is larger
than that of the ETCA; when the parameter 𝜆 = 4, the
network lifetime is larger than that of the other algorithms;
and Figure 12 provides the change of the network lifetime
in the process of the coverage of the target node. With the
increasing of the number of the target nodes, the network
lifetime of the three algorithms has been the declining trance
and finally provide the energy balance statement. But during
the declining process, the average speed of the algorithm
in this paper is smaller than that of the other algorithms,
the main reasons are as follows. The coverage expectation of
intensively deployed sensor nodes in the monitoring area is
quite large.Meantime some redundant nodes are waken up to
working nodes. Hence the coverage probability is enhanced
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and the network lifetime is prolonged. It is also applicable
for 300 ∗ 300m2. According to the analysis from Figures 8–
12, the algorithm in this paper has more energy during the
running time; the reason is that, in the coverage process, the
algorithm in this paper closes some of the redundant sensor
nodes, which greatly prolongs the network lifetime. Thus, in
the condition of the same sensor nodes numbers, the running
time of the algorithm in this paper is a little higher than that
of the other algorithms, as shown in Figures 13 and 14.

5. Conclusion

Based on the analysis of the coverage in the Wireless
Sensor Network, this paper proposes an energy-efficient
coverage algorithm with multinode redundancy verification
(ECMRV). The algorithm provides the calculation method
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with the expected value of the monitoring area, and, on this
basis, it proves the solving process which uses the least sensor
nodes to calculate the expected value of the monitoring
area; meanwhile, the first coverage expected value of the
moving target node is calculated and deduced. In terms of
the energy, this paper has provided a detailed process to
restrict the energy consumption, and, with the corresponding
calculation, it has proved that the energy consumption of the
multilateral transmission is less than that of the unilateral
transmission. Finally, in the aspect of the different value
ranges of 𝜆, the network lifetime, and the network coverage,
the simulation experiments are taken, and the results are
compared with that of the ETCA, the EEKCA, the EPDM
Algorithm, the OSCC algorithm,and MTCPP Algorithm,
which finally verifies the effectiveness and the stability of the
algorithm in this paper.
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The futurework is to focus on how to realize the nonlinear
programming for the effectiveness coverage of the multiple
target nodes and how to improve the effective coverage of the
boundary of the monitoring area.
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In this paper, we develop the statistical delay quality-of-service (QoS) provisioning framework for the energy-efficient spectrum-
sharing based wireless ad hoc sensor network (WAHSN), which is characterized by the delay-bound violation probability. Based on
the established delay QoS provisioning framework, we formulate the nonconvex optimization problem which aims at maximizing
the average energy efficiency of the sensor node in the WAHSN while meeting PU’s statistical delay QoS requirement as well
as satisfying sensor node’s average transmission rate, average transmitting power, and peak transmitting power constraints. By
employing the theories of fractional programming, convex hull, and probabilistic transmission, we convert the original fractional-
structured nonconvex problem to the additively structured parametric convex problem and obtain the optimal power allocation
strategy under the given parameter via Lagrangian method. Finally, we derive the optimal average energy efficiency and
corresponding optimal power allocation scheme by employing the Dinkelbach method. Simulation results show that our derived
optimal power allocation strategy can be dynamically adjusted based on PU’s delay QoS requirement as well as the channel
conditions. The impact of PU’s delay QoS requirement on sensor node’s energy efficiency is also illustrated.

1. Introduction

With the rapid development of wireless communications
technologies, wireless ad hoc sensor networks (WAHSNs),
where sensor nodes have the capability of self-healing and
self-organizing, have been regarded as one of themost impor-
tant wireless network architectures. Specifically, WAHSNs
aim at collecting information from the surrounding environ-
ment and providing the fundamental for decisions. AsWAH-
SNs lack of central control entities as well as the open nature
of wireless channels, many challenging issues in WAHSNs
arise, such as routing and networking [1–6], spectrum access
and admission control [7–12], and networking and commu-
nications security [13–19]. Moreover, since WAHSNs usually
include large number of sensor nodes, the wireless spectrum
demands for WAHSNs have been also constantly increasing.
However, recent research outcomes demonstrate that the
wireless spectrum has become one of the scarce resources for
wireless communications due to the currently used static

spectrum allocation policy where a certain portion of spec-
trum can only be utilized, the particular type of wireless
systems [20–22].

To efficiently alleviate the spectrum shortage problem,
spectrum-sharing and cognitive radio technologies have been
regarded as one of the most important features for the future
wireless systems and thus attracted lots of research attention
from both academia and industry in the past decade [23–37].
In spectrum-sharing basedwireless networks, how to provide
efficient quality-of-service (QoS) provisioning for primary
user (PU) has been widely accepted as a critical important
issue. In existing works, PU’s QoS protection is usually imple-
mented by imposing the average/peak interference power
constraint on secondary users (SU) [38–42] or guaranteeing
PU’s minimum average/instantaneous transmission rate [43–
46]. However, the abovementioned methods cannot provide
accurate and fine-grained delay QoS protection for PU due to
the following reasons. First, it is difficult to build the accurate
relationship between PU’s maximum allowed interference
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power and its delay QoS requirement. Second, guaranteeing
PU’s minimum average/instantaneous transmission rate can
only reflect two extreme cases of PU’s delay requirements.
Specifically, on one hand, the average transmission rate
constraint only requires that a certain amount of data should
be transmitted within the required time period and thus only
corresponds to the loose delay requirement. On the other
hand, PU’s minimum instantaneous rate requires that the
transmission rate cannot be below the given threshold at any
time, which implies that the instantaneous rate constraint
corresponds to a very stringent delay requirement. Moreover,
theminimum instantaneous transmission rate usually cannot
be satisfied due to the stochastic feature of wireless channels.
Consequently, there is an urgent need to establish an efficient
framework to accurately describe a wide range of PU’s delay
QoS requirements. Moreover, it is also crucial to develop
the resource allocation scheme which can not only optimize
SU’s energy efficiency, but also meet PU’s various delay
requirements.

Based on the above analysis, we in this paper investigate
PU’s delay QoS provisioning technique over energy-efficient
spectrum-sharing basedWAHSNs. Specifically, by employing
the theory of statistical delay QoS provisioning, we first build
an efficient PU’s delay QoS protection framework which is
described by PU’s queueing-delay-bound violation probability.
Different from currently widely used PU’s QoS protection
approaches, our adopted framework can quantitatively and
accurately describe PU’s fine-grained delay requirement by a
single parameter calledPU’s delayQoS exponent. Based on the
established PU’s statistical delay QoS protection framework,
we formulate the optimization problem aiming at maximiz-
ing the average energy efficiency of the sensor node in the
WAHSN while meeting PU’s statistical delay QoS require-
ment as well as satisfying the sensor node’s average trans-
mission rate and average and peak transmitting power con-
straints. To solve our formulated fractional-structured non-
convex problem, we first adopt the fractional programming
technique to convert the original fractional-structured prob-
lem to the parametric nonconvex program. Then, by employ-
ing the theories of convex hull and probabilistic transmission,
we convert the parametric nonconvex problem to the equiva-
lent convex problem and obtain the optimal power allocation
strategy under the given parameter via Lagrangian method.
Finally, the optimal energy efficiency of the sensor node is
derived by using the Dinkelbach method. Simulation results
illustrate that our obtained optimal power allocation strategy
can adapt to both PU’s delay QoS requirement and channel
conditions. Moreover, PU’s delay QoS requirement will sig-
nificantly affect sensor node’s energy efficiency.

The rest of this paper is organized as follows. In Section 2,
we present the system model. In Section 3, we first establish
PU’s statistical delay QoS protection frame and then obtain
the optimal power allocation strategy which can maximize
the average energy efficiency of each sensor node subject to
PU’s delay QoS requirement as well as SU’s average transmis-
sion rate and average and peak transmitting power con-
straints. Simulation results are provided in Section 4. This
paper concludes with Section 5.

Frame 1 Frame 2

Random access

Frame K

Primary sender (PS)

Primary receiver (PR)

Fusion center of WAHSN

Sensor node

Information link
Interference link

Figure 1: System model for the spectrum-sharing based wireless ad
hoc sensor networks.

2. System Model

We consider that one wireless ad hoc sensor network
(WAHSN) coexists with one primary network by sharing a
certain portion of spectrum licensed to the primary network,
as shown in Figure 1. Thus, the WAHSN considered in this
paper can be viewed as the secondary network. Specifically,
the primary network includes one primary sender (PS) and
one primary receiver (PR). TheWAHSN includes one fusion
center and𝐾 sensor nodes.The sensor nodes collect required
information from the environment and send the collected
information to the fusion center. Thus, we in this paper
denote the sensor node as the secondary sender (SS) and
denote the fusion center as the secondary receiver (SR).

The channel gains between PS and PR, the 𝑘th SS and 𝑘th
SR, PS and the 𝑘th SR, and 𝑘th SS and PR are denoted byℎpp, ℎ𝑘ss, ℎ𝑘ps, and ℎ𝑘sp, respectively, where 𝑘 ∈ {1, 2, . . . , 𝐾}.
All channel gains are assumed to be stationary, ergodic,
independent, and block fading processes and follow Rayleigh
fading model. Thus, all channel gains remain unchanged
within each frame with duration 𝑇𝑓 but independently vary
from one frame to another. Moreover, we also assume that PS
transmits with constant power, but SS transmits with variable
power.We also assume that theWAHSN is synchronizedwith
the primary network, which means that all sensor nodes in
theWAHSN know the beginning and ending instants of each
frame. Note that we in this paper assume that the channel
gains ℎpp and ℎ𝑘sp (𝑘 ∈ {1, 2, . . . , 𝐾}) are available forWAHSN.
One possible approach for obtaining this knowledge is to
perform cooperation with primary networks. Furthermore,
due to the large number of sensor nodes and limited wireless
spectrum resource, the randomaccessmechanism is employed
for theWAHSN. In particular, at the beginning of each frame,
each sensor node in theWAHSN tries to access the spectrum
licensed to primary network with probability 𝑃acc. If only one
sensor node tries to access the spectrum, the sensor node can
successfully transmit the information to the fusion center;
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Figure 2: Queueing model for primary sender.

otherwise, collision will occur at the fusion center or all
sensor nodes remain silent. Consequently, the probability
that the given sensor node can successfully send information
to the fusion center, denoted by 𝑃succ, is determined by

𝑃succ = 𝑃acc (1 − 𝑃acc)𝐾−1 . (1)

In this paper, we aim at providing the statistical queueing-
delay QoS protection for PS, which will be detailed in the
following section.

3. Energy-Efficient Power Allocation Strategy
with PU’s Statistical Delay QoS Protection

3.1. Statistical Delay QoS Protection for PU. In wireless com-
munications systems, delay includes several components,
such as propagation delay, signal processing delay, and encod-
ing/decoding delay. However, due to the stochastic nature of
wireless channels which causes the highly time-varying fea-
ture of queue’s service rate, queueing-delay has been widely
recognized as an important contributor for the delay uncer-
tainty. Moreover, the dynamics of wireless channels also
cause that deterministic/hard delay provisioning is often
unrealistic for practical wireless systems. Consequently, sta-
tistical approach can be better suited for the queueing-delay
protection in wireless networks.

To perform statistical delay QoS protection for the pri-
mary network, we consider that there is a queue at PS as
shown in Figure 2. Specifically, the upper layer of PS delivers
data to the link layer and then the received data, which will be
divided into link layer frames, is stored in the queue. PS will
split the link layer frames into bit-streams and deliver them
to the physical layer for transmission.

Based on the statistical QoS provisioning theory, PS’s sta-
tisticalQoS requirement can be described by the queue-length
bound violation probability, which can be written as [47, 48]

Pr {𝑄p ≥ 𝑄th} ≤ 𝑃th, (2)

where 𝑄p denotes PU’s queue-length, 𝑄th represents the
predefined queue-length threshold of PU, and 𝑃th denotes
the required violation probability, respectively. The above
inequality (2) requires that the probability of PS’s queue-
length𝑄p exceeding the given threshold𝑄th cannot be larger

than the targeted probability requirement 𝑃th (in this paper,
we assume that the queue size of PS is infinite implying that
no queue overflow will happen and thus we use queue-length
bound violation probability as the QoS provisioning metric. If
the queue size of PS is finite, we can employ queue-overflow
violation probability Pr{QueueOverflow} ≤ 𝑃th for statistical
QoS protection, where we require that PS’s queue-overflow
probability cannot exceed the predefined threshold).

If we consider delay as the performance metric, we
can also convert the abovementioned queue-length bound
violation probability to the corresponding queueing-delay-
bound violation probability, which is given by [47, 48]

Pr {𝐷p ≥ 𝐷th} ≤ 𝑃th, (3)

where 𝐷p denotes PU’s queueing-delay and 𝐷th represents
PU’s queueing-delay threshold. Similar to (2), inequality (3)
requires that the probability of PS’s queue-delay𝐷p exceeding
the given threshold 𝐷th need below the targeted probability
requirement 𝑃th. Moreover, larger values of 𝐷th and 𝑃th
imply looser delay requirement and smaller values of 𝐷th
and 𝑃th mean more stringent delay constraint. Furthermore,
by employing the large derivation principle, PU’s queueing-
delay-bound violation probability can be approximately deter-
mined by [48]

Pr {𝐷p ≥ 𝐷th} ≈ 𝑒−𝜃p𝐸PU𝐵 (𝜃p)𝐷th , (4)

where 𝜃p is called the PU’s QoS exponent and 𝐸PU𝐵 (𝜃p) is the
effective bandwidth of PU’s data arrival process that deter-
mines theminimumconstant service rate required to support
the given data arrival process under the specified delay QoS
requirement [47]. Since it is assumed that PS has constant
data arrival rate 𝑅A (nats/s/Hz) as shown in Figure 2, we have𝐸PU𝐵 (𝜃p) = 𝑇𝑓𝐵𝑅A (nats/frame). Based on (3) and (4), we can
obtain that if (3) is satisfied, we must have

𝜃p ≥ − 1
𝐸PU𝐵 (𝜃p)𝐷th

log (𝑃th) , (5)

which implies that PU’s delay QoS requirement can be quan-
titatively described by the QoS exponent 𝜃p. In particular,
larger values of 𝐷th and 𝑃th result in smaller value of 𝜃p
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and smaller values of 𝐷th and 𝑃th lead to larger value of 𝜃p.
Consequently, we can derive that small value of 𝜃p implies
loose delay QoS requirement and large value of 𝜃p represents
stringent delay constraint. Moreover, we can also obtain that
when 𝜃p → 0, PS can tolerate an arbitrary long delay; when𝜃p →∞, PS cannot allow any delay [48].

By employing the theory of effective capacity, which
defines the maximum sustainable constant data arrival rate
for the queueing system that the data service process can sup-
port under given QoS requirement [48], we can convert PU’s
queueing-delay-bound violation probability to the equivalent
effective capacity requirement. Specifically, as PS’s service rate𝑅p, as shown in Figure 2, is time-uncorrelated across different
frames, the effective capacity of PU’s service rate process,
denoted by 𝐸PU𝐶 (𝜃p), can be written as

𝐸PU𝐶 (𝜃p) = − 1𝜃p log (E {𝑒
−𝜃p𝑇𝑓𝐵𝑅p}) . (6)

Then, we can obtain that PU’s queueing-delay-bound vio-
lation probability constraint is satisfied only if the effective
capacity requirement

𝐸PU𝐶 (𝜃p) ≥ 𝑇𝑓𝐵𝑅A (7)

can be met, which implies that PS’s maximum sustainable
arrival rate cannot be smaller than the constant arrival rate.

The theories of effective bandwidth and effective capacity
provide us with a convenient yet efficient approach to per-
form accurate and fine-grained delay QoS protection for the
queueing system. Specifically, it allows us to design the service
(arrival) process of the queueing system to meet the required
statistical delay QoS requirement characterized by the queue-
length bound/delay-bound violation probability by using the
properties and statistics of the arrival (service) process. In
this paper, we mainly focus on the service rate process and
effective capacity part. Consequently, when PU’s internal
conditions change, such that congestion occurs, PU’s data
arrival rate will correspondingly vary. In this case, WAHSN
can update the statistics of PU’s data arrival rate process.
Then, WAHSN can reperform power allocation (which will
be detailed in the following section) such that PU’s data
arrival rate process 𝑅p is also time-uncorrelated as 𝑅p is
obtained based on the updated statistics of data arrival rate
process and is the function of channel gains which are
assumed to be time-uncorrelated. Moreover, if the stochastic
data arrival process for PS is considered, we can apply the
theory of effective bandwidth to determine the minimum
constant service rate𝐸PU𝐵 (𝜃p)needed for the given data arrival
process.Then, the statistical QoS requirement for PS becomes𝐸PU𝐶 (𝜃p) ≥ 𝐸PU𝐵 (𝜃p), which implies that the effective capacity
of the service rate process cannot be smaller than the effective
bandwidth of the data arrival process.

3.2. Optimization Problem Formulation. Recall that the suc-
cessful access probability of each sensor node is 𝑃succ as
given by (1). Consequently, the service rates of PS-PR and
SS-SR links for any given frame, denoted by 𝑅p(𝑃s(𝜃p, h))
(nats/s/Hz) and 𝑅s(𝑃s(𝜃p, h)) (nats/s/Hz), respectively, are

determined by (we omit the index 𝑘 ∈ {1, 2, . . . , 𝐾} for brevity
and the SS-SR link denotes the link from the sensor node to
fusion center)

𝑅p (𝑃s (𝜃p, h))

=
{{{{{{{{{{{{{

log(1 + ℎpp𝑃p
ℎsp𝑃s (𝜃p, h) + 𝜎2) with probability 𝑃succ,

log(1 + ℎpp𝑃p𝜎2 ) with probability (1 − 𝑃succ) ,
(8)

𝑅s (𝑃s (𝜃p, h))

= {{{{{{{
log(1 + ℎss𝑃s (𝜃p, h)ℎps𝑃p + 𝜎2 ) with probability 𝑃succ,
0 with probability (1 − 𝑃succ) ,

(9)

respectively, where h ≜ {ℎss, ℎps, ℎsp, ℎpp} is the network
gain vector (NGV), 𝑃p is PS’s constant transmitting power,𝑃s(𝜃p, h) denotes SS’s transmitting power as the function of
PU’s QoS exponent 𝜃p and NGV h, and 𝜎2 represents the
variance of additive white Gaussian noise (AWGN). Then,
PS’s effective capacity of the service rate process given by (8)
is determined by

𝐸PU𝐶 (𝜃p)
= − 1𝜃p log (𝑃succ ⋅ E {𝑒

−𝜃p𝑇𝑓𝐵 log(1+ℎpp𝑃p/(ℎsp𝑃s(𝜃p ,h)+𝜎2))}
+ (1 − 𝑃succ) ⋅ E {𝑒−𝜃p𝑇𝑓𝐵 log(1+ℎpp𝑃p/𝜎2)}) .

(10)

In this paper, we aim at maximizing the sensor node’s
normalized average energy efficiency while meeting PS’s
statistical delay QoS requirement as well as satisfying sensor
node’s average data transmission rate constraint and the
average and peak transmitting power constraints, which can
be mathematically formulated as

(P1) ΓoptEE = max
𝑃s(𝜃p ,h)≥0

Eh {𝑃succ ⋅ 𝑅s (𝑃s (𝜃p, h))}
Eh {𝜉 ⋅ 𝑃succ ⋅ 𝑃s (𝜃p, h)} + 𝑃cir , (11)

s.t. Eh {𝑓 (𝑃s (𝜃p, h))} + 𝑒−𝛽𝑅A ≥ 0, (12)
Eh {𝑃succ ⋅ 𝑅s (𝑃s (𝜃p, h))} ≥ 𝑅th,

(13)

Eh {𝑃succ ⋅ 𝑃s (𝜃p, h)} ≤ 𝑃av, (14)

𝑃s (𝜃p, h) ≤ 𝑃pk, ∀h, (15)

where

𝑓 (𝑃s (𝜃p, h)) = −𝑃succ [1 + ℎpp𝑃p
ℎsp𝑃s (𝜃p, h) + 𝜎2]

−𝛽

− (1 − 𝑃succ) [1 + ℎpp𝑃p𝜎2 ]
−𝛽 ,

(16)
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𝛽 = 𝑇𝑓𝐵𝜃p denotes the normalized PS’s QoS exponent, 𝑅th
denotes the minimum required transmission rate of the SS-
SR link, 𝜉 is the amplifier coefficient,𝑃cir represents the power
consumption for hardware components, and 𝑃av and 𝑃pk
denote the maximum allowed average and peak transmitting
power for SS, respectively. Moreover, (12) represents PU’s
effective capacity requirement which is obtained based on (7)
and (10).

3.3. Optimal Power Allocation Scheme. As the numerator
and denominator of the objective function given by (11)
are concave and affine, respectively, we can adopt fractional
programming to solve problem (P1) [49]. Specifically, by
introducing the nonnegative parameter 𝜂, we can construct
the new optimization problem, which is given by

(P2) J (𝜂) = max
𝑃s(𝜃p ,h,𝜂)≥0

Eh {𝐽 (𝜂, 𝑃s (𝜃p, h, 𝜂))} , (17)

s.t. Eh {𝑓 (𝑃s (𝜃p, h, 𝜂))} + 𝑒−𝛽𝑅A
≥ 0,

(18)

Eh {𝑃succ ⋅ 𝑅s (𝑃s (𝜃p, h, 𝜂))}
≥ 𝑅th, (19)

Eh {𝑃succ ⋅ 𝑃s (𝜃p, h, 𝜂)} ≤ 𝑃av,
(20)

𝑃s (𝜃p, h, 𝜂) ≤ 𝑃pk, ∀h, (21)

where

𝐽 (𝜂, 𝑃s (𝜃p, h, 𝜂))
= 𝑃succ ⋅ 𝑅s (𝑃s (𝜃p, h, 𝜂))
− 𝜂 [𝜉 ⋅ 𝑃succ ⋅ 𝑃s (𝜃p, h, 𝜂) + 𝑃cir] .

(22)

Note that as we introduced the parameter 𝜂 to convert
the fractionally structured objective function to the above
linearly additive function, the sensor node’s power allocation
strategy 𝑃s should also be the function of parameter 𝜂, where
we use 𝑃s(𝜃p, h, 𝜂) to replace 𝑃s(𝜃p, h) in the above problem(P2).

We can easily prove that the objective function of problem(P2) and SU’s average transmission rate constraint given by
(13) are both concave.Moreover, SU’s average and peak trans-
mitting power constraint given by (14) and (15), respectively,
are both affine. Thus, the convexity of (P2) is determined by
that of PU’s statistical delay QoS requirement given by (12).
We can obtain from (16) that

𝑑𝑓 (𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂) = − 𝑃succ ⋅ 𝛽ℎspℎpp𝑃p

[ℎsp𝑃s (𝜃p, h, 𝜂) + 𝜎2]2 (1

+ ℎpp𝑃p
ℎsp𝑃s (𝜃p, h, 𝜂) + 𝜎2)

−𝛽−1

< 0,

𝑑2𝑓 (𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)2 = 𝑑𝑓 (𝑃s (𝜃p, h, 𝜂))𝑑𝑃s (𝜃p, h, 𝜂)
⋅ ℎsp [(𝛽 − 1) ℎpp𝑃p − 2ℎsp𝑃s (𝜃p, h, 𝜂) − 2𝜎2]
(ℎsp𝑃s (𝜃p, h, 𝜂) + 𝜎2) [ℎpp𝑃p + ℎsp𝑃s (𝜃p, h, 𝜂) + 𝜎2] ,

(23)

which demonstrate that 𝑓(𝑃s(𝜃p, h, 𝜂)) is a decreasing func-
tion of 𝑃s(𝜃p, h, 𝜂) but is not concave over 𝑃s(𝜃p, h, 𝜂) as𝑑2𝑓(𝑃s(𝜃p, h, 𝜂))/𝑑𝑃s(𝜃p, h, 𝜂)2 ≤ 0 does not hold. How-
ever, we can determine the unique inflexion point Pinf for𝑓(𝑃s(𝜃p, h, 𝜂)), which is given by

Pinf = (𝛽 − 1) ℎpp𝑃p − 2𝜎
2

2ℎsp . (24)

Then, we can obtain that 𝑓(𝑃s(𝜃p, h, 𝜂)) is concave for𝑃s(𝜃p, h, 𝜂) ∈ (−∞,Pinf ] and is convex for 𝑃s(𝜃p, h, 𝜂) ∈[Pinf ,∞). Consequently, although problem (P2) is not con-
vex, we can still solve this nonconvex problem by employing
the convex hull and probabilistic transmission techniques.
Before discussing how to derive the optimal power allocation
strategy, we first briefly describe the theories of convex hull
and probabilistic transmission as follows.

(i) Convex Hull. For a nonconvex region, all convex
combination of the points in the region is defined as
its convex hull. Moreover, it has been shown that the
boundary function of the convex hull for any given
two-dimensional plane is the straight line segment
[50].

(ii) Probabilistic Transmission. Denote 𝑦 = V(𝑥) as the
straight line with the end points (𝑥1, V(𝑥1)) and (𝑥2,
V(𝑥2)). Then, any point on the line can be achieved
by 𝜉(𝑥1, V(𝑥1)) + (1 − 𝜉)(𝑥2, V(𝑥2)), where 𝜉 ∈ [0, 1]
denotes the probability that we use point (𝑥1, V(𝑥1))
and (1 − 𝜉) represents the probability for using point(𝑥2, V(𝑥2)).

Based on the abovementioned techniques, we can convert the
nonconvex problem (P2) to the equivalent strictly concave
problem, which can be analyzed from the following three
cases.

Case 1. If Pinf < 0 or Pinf ∈ (0, 𝑃pk) but the following ine-
quality

𝑓 (𝑃pk) − 𝑓 (0)𝑃pk > 𝑑𝑓 (𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)

𝑃s(𝜃p ,h,𝜂)=0 (25)

is satisfied, we can obtain the following conclusions.

(1) If Pinf < 0, it is easy to derive that 𝑓(𝑃s(𝜃p, h, 𝜂))
is convex over 𝑃s(𝜃p, h, 𝜂) ∈ [0, 𝑃pk]. Thus, based
on the definition of convex function, we can obtain
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that 𝑓(𝑃s(𝜃p, h, 𝜂)) in the range of (0, 𝑃pk) is below
the straight line with the end points (0, 𝑓(0)) and(𝑃pk, 𝑓(𝑃pk)).

(2) If Pinf ∈ (0, 𝑃pk), it is obvious that 𝑓(𝑃s(𝜃p, h, 𝜂)) is
concave for 𝑃s(𝜃p, h, 𝜂) ∈ [0,Pinf ] but is convex for𝑃s(𝜃p, h, 𝜂) ∈ [Pinf , 𝑃pk]. However, (25) implies that𝑓(𝑃s(𝜃p, h, 𝜂)) in the range of (0, 𝑃pk) is also below
the straight line with the end points (0, 𝑓(0)) and(𝑃pk, 𝑓(𝑃pk)).

Consequently, the boundary function for the convex hull of
function 𝑓(𝑃s(𝜃p, h, 𝜂)) in the range of [0, 𝑃pk], denoted by
�̃�(𝑃s(𝜃p, h)), is the straight line with the end points (0, 𝑓(0))
and (𝑃pk, 𝑓(𝑃pk)), which can be mathematically written as

�̃� (𝑃s (𝜃p, h, 𝜂)) = 𝑓 (0)
+ 𝑓 (𝑃pk) − 𝑓 (0)𝑃pk 𝑃s (𝜃p, h, 𝜂) .

(26)

Then, based on the probabilistic transmission technique,
we can achieve all the points along the boundary func-
tion �̃�(𝑃s(𝜃p, h, 𝜂)), where sensor node’s transmitting power𝑃s(𝜃p, h, 𝜂) can only equal 0 and 𝑃pk. Therefore, sensor node’s
transmission rate 𝑅s(𝑃s(𝜃p, h, 𝜂)) also needs to be modi-
fied. We denote sensor node’s reformulated transmission
rate by �̃�s(𝑃s(𝜃p, h, 𝜂)). Then, by employing the probabilis-
tic transmission technique, when 𝑃s(𝜃p, h, 𝜂) ∈ [0, 𝑃pk],�̃�s(𝑃s(𝜃p, h, 𝜂)) is given by

�̃�s (𝑃s (𝜃p, h, 𝜂)) = {{{{{
𝑃s (𝜃p, h, 𝜂)𝑃pk log(1 + ℎss𝑃pkℎps𝑃p + 𝜎2) with probability 𝑃succ,
0 with probability (1 − 𝑃succ)

(27)

which implies that the reformulated transmission rate�̃�s(h, 𝑃s(𝜃p, h, 𝜂)) is also the straight line segment with two
end points (0, 𝑅s(0)) and (𝑃pk, 𝑅s(𝑃pk)). That is to say, when
one sensor node accesses the spectrum via random access,
the probability that the sensor node uses power 𝑃pk for
transmission is 𝑃s(𝜃p, h, 𝜂)/𝑃pk and the probability that the
sensor node gives up the transmission opportunity is (1 −𝑃s(𝜃p, h, 𝜂)/𝑃pk).
Case 2. If Pinf > 𝑃pk, we can derive that 𝑓(𝑃s(𝜃p, h, 𝜂)) is
concave for 𝑃s(𝜃p, h, 𝜂) ∈ [0, 𝑃pk]. Therefore, in this case, the
boundary function �̃�(𝑃s(𝜃p, h, 𝜂)) for the convex hull is equal
to 𝑓(𝑃s(𝜃p, h, 𝜂)) and thus we have

�̃� (𝑃s (𝜃p, h, 𝜂))
= −𝑃succ [1 + ℎpp𝑃p

ℎsp𝑃s (𝜃p, h, 𝜂) + 𝜎2]
−𝛽

− (1 − 𝑃succ) [1 + ℎpp𝑃p𝜎2 ]
−𝛽 .

(28)

Correspondingly, in this case, sensor node’s reformulated
transmission rate �̃�s(𝑃s(𝜃p, h, 𝜂)) is also equal to the original
rate 𝑅s(𝑃s(𝜃p, h, 𝜂)); that is,
�̃�s (𝑃s (𝜃p, h, 𝜂))

= {{{{{
log(1 + ℎss𝑃s (𝜃p, h, 𝜂)ℎps𝑃p + 𝜎2 ) with probability 𝑃succ,
0 with probability (1 − 𝑃succ) .

(29)

Note that as 𝑓(𝑃s(𝜃p, h, 𝜂)) is concave, the boundary function
for the convex hull is exactly the same as the original

function 𝑓(𝑃s(𝜃p, h, 𝜂)) and thus it is not necessary to adopt
probabilistic transmission technique in this case.

Case 3. IfPinf ∈ (0, 𝑃pk) and the following inequality

𝑓 (𝑃pk) − 𝑓 (0)𝑃pk < 𝑑𝑓 (𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)

𝑃s(𝜃p ,h,𝜂)=0 (30)

is satisfied, we have that 𝑓(𝑃s(𝜃p, h, 𝜂)) is concave for𝑃s(𝜃p, h, 𝜂) ∈ [0,Pinf ] and is convex for 𝑃s(𝜃p, h) ∈[Pinf , 𝑃pk]. However, different from Case 1 in which function𝑓(𝑃s(𝜃p, h, 𝜂)) is completely below the straight line with the
end points (0, 𝑓(0)) and (𝑃pk, 𝑓(𝑃pk)) in the range of (0, 𝑃pk),
there must exist one unique cross-point denoted by Pcro in
this case such that

(i) function 𝑓(𝑃s(𝜃p, h, 𝜂)) is above the straight line with
end points (0, 𝑓(0)) and (𝑃pk, 𝑓(𝑃pk)) for𝑃s(𝜃p, h, 𝜂) ∈[0,Pcro];

(ii) function 𝑓(𝑃s(𝜃p, h, 𝜂)) is below the straight line with
end points (0, 𝑓(0)) and (𝑃pk, 𝑓(𝑃pk)) for𝑃s(𝜃p, h, 𝜂) ∈[Pcro, 𝑃pk].

Thus, based on the definition of convex hull, to determine
the boundary function for the convex hull of function𝑓(𝑃s(𝜃p, h, 𝜂)), we need to find the unique tangent point
for 𝑓(𝑃s(𝜃p, h, 𝜂)) and the straight line with two end points(0, 𝑓(0)) and (𝑃pk, 𝑓(𝑃pk)). We denote the tangent point by
Ptan and thenPtan can be determined by

𝑓 (𝑃pk) − 𝑓 (0)𝑃pk = 𝑑𝑓 (𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)

𝑃s(𝜃p ,h,𝜂)=Ptan

. (31)

Based on the obtained tangent point Ptan, the boundary
function �̃�(𝑃s(𝜃p, h, 𝜂)) is equal to the original function
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𝑓(𝑃s(𝜃p, h, 𝜂)) when 𝑃s(𝜃p, h, 𝜂) ∈ [0,Ptan] and becomes
a straight line when 𝑃s(𝜃p, h) ∈ [Ptan, 𝑃pk]. Consequently, the boundary function �̃�(𝑃s(𝜃p, h, 𝜂)) can be mathematically

written as

�̃� (𝑃s (𝜃p, h, 𝜂)) =
{{{{{{{

𝑓(𝑃s (𝜃p, h, 𝜂)) , 𝑃s (𝜃p, h) ∈ [0,Ptan] ,
𝑓 (Ptan) + 𝑓 (𝑃pk) − 𝑓 (Ptan)𝑃pk −Ptan

(𝑃s (𝜃p, h) −Ptan) , 𝑃s (𝜃p, h, 𝜂) ∈ [Ptan, 𝑃pk] . (32)

Equation (32) implies that the probabilistic transmission
technique only needs to be used to realize the straight line

with the end points (Ptan, 𝑓(Ptan)) and (𝑃pk, 𝑓(𝑃pk)). Then,
by adopting the probabilistic transmission technique, we can
also modify sensor node’s transmission rate as

�̃�s (𝑃s (𝜃p, h, 𝜂)) =
{{{{{{{

𝑅s (𝑃s (𝜃p, h, 𝜂)) , 𝑃s (𝜃p, h, 𝜂) ∈ [0,Ptan] ,
𝑅s (Ptan) + 𝑅s (𝑃pk) − 𝑅s (Ptan)𝑃pk −Ptan

(𝑃s (𝜃p, h, 𝜂) −Ptan) , 𝑃s (𝜃p, h, 𝜂) ∈ [Ptan, 𝑃pk] . (33)

Based on the above analysis, we can convert the noncon-
vex problem (P2) to the strictly concave problem, which is
determined by

(P3) J̃ (𝜂) = max
𝑃s(𝜃p ,h,𝜂)≥0

Eh {�̃� (𝜂, 𝑃s (𝜃p, h, 𝜂))} , (34)

s.t. Eh {�̃� (𝑃s (𝜃p, h, 𝜂))} + 𝑒−𝛽𝑅A
≥ 0,

(35)

Eh {𝑃succ ⋅ �̃�s (𝑃s (𝜃p, h, 𝜂))}
≥ 𝑅th, (36)

Eqs. (20) and (21) , (37)

where

�̃� (𝜂, 𝑃s (𝜃p, h, 𝜂))
= 𝑃succ ⋅ �̃�s (𝑃s (𝜃p, h, 𝜂))
− 𝜂 [𝜉 ⋅ 𝑃succ ⋅ 𝑃s (𝜃p, h, 𝜂) + 𝑃cir] .

(38)

Recall that �̃�s(𝑃s(𝜃p, h, 𝜂)) denotes sensor node’s reformu-
lated transmission rate under the probabilistic transmission
given by (27), (29), and (33), respectively. �̃�(𝑃s(𝜃p, h, 𝜂))
represents the boundary function for the convex hull given
by (26), (28), and (32), respectively. As the above problem(P3) is strictly concave, we can obtain the optimal solution
via Lagrangian method. Specifically, we can construct the
Lagrangian function, denoted byL(𝜆, 𝜇, 𝛿, 𝑃s(𝜃p, h, 𝜂)), as

L (𝜆, 𝜇, 𝛿, 𝑃s (𝜃p, h, 𝜂))
= Eh {𝐿 (𝜆, 𝜇, 𝛿, 𝑃s (𝜃p, h, 𝜂))} − 𝜂𝑃cir + 𝜆𝑒𝛽𝑅A
− 𝜇𝑅th + 𝛿𝑃av,

(39)

where

𝐿 (𝜆, 𝜇, 𝛿, 𝑃s (𝜃p, h, 𝜂))
= 𝑃succ (1 + 𝜇) �̃�s (𝑃s (𝜃p, h, 𝜂))
+ 𝜆�̃� (𝑃s (𝜃p, h, 𝜂))
− (𝜂𝜉𝑃succ + 𝛿) 𝑃s (𝜃p, h, 𝜂) ,

(40)

and 𝜆, 𝜇, and 𝛿 are Lagrangian multipliers associated with
constraints (35), (36), and (14), respectively. We denote the
optimal solution of problem (P3) by 𝑃∗s (𝜃p, h, 𝜂). Then, based
on theKarush-Kuhn-Tucker (KKT) conditions, we can obtain

𝑑𝐿 (𝜆, 𝜇, 𝛿, 𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)

𝑃s(𝜃p ,h,𝜂)=𝑃∗s (𝜃p ,h,𝜂)
= 0,

if 𝑃∗s (𝜃p, h, 𝜂) ∈ (0, 𝑃pk) ,
𝑑𝐿 (𝜆, 𝜇, 𝛿, 𝑃s (𝜃p, h, 𝜂))

𝑑𝑃s (𝜃p, h, 𝜂)
𝑃s(𝜃p ,h,𝜂)=𝑃∗s (𝜃p ,h,𝜂)

< 0,
if 𝑃∗s (𝜃p, h, 𝜂) = 0,

𝑑𝐿 (𝜆, 𝜇, 𝛿, 𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)

𝑃s(𝜃p ,h,𝜂)=𝑃∗s (𝜃p ,h,𝜂)
> 0,

if 𝑃∗s (𝜃p, h, 𝜂) = 𝑃pk,

(41)

where

𝑑𝐿 (𝜆, 𝜇, 𝛿, 𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)

= 𝑃succ (1 + 𝜇) 𝑑�̃�s (𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)

+ 𝜆𝑑�̃� (𝑃s (𝜃p, h, 𝜂))𝑑𝑃s (𝜃p, h, 𝜂) − 𝜂𝜉𝑃succ − 𝛿.

(42)
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Denote the optimal Lagrangianmultipliers by 𝜆∗, 𝜇∗, and𝛿∗, respectively. Then, the optimal solution 𝑃∗s (𝜃p, h, 𝜂) for
problem (P3) is determined as follows:

Case 1.

𝑃∗s (𝜃p, h, 𝜂)

=
{{{{{{{{{{{{{{{

0, if
𝑑𝐿 (𝜆∗, 𝜇∗, 𝛿∗, 𝑃s (𝜃p, h, 𝜂))

𝑑𝑃s (𝜃p, h, 𝜂) < 0,

𝑃pk, if
𝑑𝐿 (𝜆∗, 𝜇∗, 𝛿∗, 𝑃s (𝜃p, h, 𝜂))

𝑑𝑃s (𝜃p, h, 𝜂) > 0.
(43)

Case 2.

𝑃∗s (𝜃p, h, 𝜂)

=

{{{{{{{{{{{{{{{{{{{{{{{{{

0, if
𝑑𝐿 (𝜆∗, 𝜇∗, 𝛿∗, 𝑃s (𝜃p, h, 𝜂))

𝑑𝑃s (𝜃p, h, 𝜂)
𝑃∗s (𝜃p ,h,𝜂)=0

< 0,

𝑃pk, if
𝑑𝐿 (𝜆∗, 𝜇∗, 𝛿∗, 𝑃s (𝜃p, h, 𝜂))

𝑑𝑃s (𝜃p, h, 𝜂)
𝑃∗s (𝜃p ,h,𝜂)=𝑃pk

> 0,
�̃�1, otherwise,

(44)

where �̃�1 ∈ (0, 𝑃pk) and it is the solution to the following
equality:

𝑃succ (1 + 𝜇) 𝑑�̃�s (𝑃s (𝜃p, h, 𝜂))
𝑑𝑃s (𝜃p, h, 𝜂)

+ 𝜆𝑑�̃� (𝑃s (𝜃p, h, 𝜂))𝑑𝑃s (𝜃p, h, 𝜂) − 𝜂𝜉𝑃succ − 𝛿 = 0.
(45)

Case 3.

𝑃∗s (𝜃p, h, 𝜂)

=

{{{{{{{{{{{{{{{{{{{{{{{{{

0, if
𝑑𝐿 (𝜆∗, 𝜇∗, 𝛿∗, 𝑃s (𝜃p, h, 𝜂))

𝑑𝑃s (𝜃p, h, 𝜂)
𝑃∗s (𝜃p ,h,𝜂)=0

< 0,

𝑃pk, if
𝑑𝐿 (𝜆∗, 𝜇∗, 𝛿∗, 𝑃s (𝜃p, h, 𝜂))

𝑑𝑃s (𝜃p, h, 𝜂)
𝑃∗s (𝜃p ,h,𝜂)=Ptan

> 0,
�̃�2, otherwise,

(46)

where �̃�2 ∈ (0,Ptan) is the solution to 𝑑𝐿(𝜆, 𝜇, 𝛿, 𝑃s(𝜃p, h,𝜂))/𝑑𝑃s(𝜃p, h, 𝜂) = 0.
Although (43)–(46) determine the optimal solution of

problem (P3), we can observe that our obtained optimal solu-
tion belongs to the range that the boundary function �̃�(𝑃s(𝜃p,
h, 𝜂)) overlaps with the original function 𝑓(𝑃s(𝜃p, h, 𝜂)).
Consequently, (43)–(46) also determine the optimal solution
of nonconvex problem (P2).

As we convert the original EE-maximization problem(P1) with the fractionally structured objective function to

the parametric problem (P2) with the linearly additive
objective function by employing the fractional programming
approach, we also need to determine the optimal solution
to the original problem (P1) based on (43)–(46). According
to the fractional programming theory, if we can find the
parameter 𝜂∗ such that

J (𝜂∗)
= Eh {𝐽 (𝜂∗, 𝑃s (𝜃p, h, 𝜂∗))}𝑃s(𝜃p ,h,𝜂∗)=𝑃∗s (𝜃p ,h,𝜂∗)
= 0,

(47)

then we must have ΓoptEE = 𝜂∗, where ΓoptEE denotes sensor
node’s maximum energy efficiency and can be determined by
Algorithm 1. Note that our obtained optimal power allocation
scheme can be dynamically adjusted based onPU’sQoS expo-
nent 𝜃p. Consequently, how to derive PU’s QoS exponent is a
critically important issue. In realistic wireless systems, each
type of services/applications for a particular wireless system
usually has similar delay QoS requirement. Then, WAHSN
can determine the corresponding values of 𝜃p based on the
service types of primary networks.Moreover, we in this paper
mainly focus on the single link scenario. However, our work
can also extend to the multilink scenario. Specifically, on one
hand, if each PU’s licensed channel is only allowed to be
shared by one SS-SR link, then our proposed power allocation
scheme can be directly applied. On the other hand, if each
PU’s licensed channel is allowed to be shared by all 𝑁 SS-
SR links, we can also adopt the theories of convex hull and
probabilistic transmission to convert the original nonconvex
problem to the equivalent convex problem, where the inflex-
ion point in the single link scenario is replaced by the
inflexion hyperplane in the multilink scenario.

4. Simulation Results

In this section, we will evaluate the performance of our
proposed energy-efficient power allocation scheme by simu-
lations. Specifically, in our simulations, we set that the band-
width 𝐵 = 105Hz, the frame duration𝑇𝑓 = 2ms, the number
of sensor nodes 𝐾 = 10, PU’s constant transmitting power𝑃p = 100mW, sensor node’smaximumallowed average trans-
mitting power 𝑃av = 100mW, and sensor node’s maximum
allowed peak transmitting power 𝑃pk = 150mW. Moreover,
we also set PU’s data arrival rate 𝑅A = 1.5 nats/s/Hz, the
amplifier coefficient of the sensor node 𝜉 = 0.2, the constant
circuit power of the sensor node 𝑃cir = 50mW, and the noise
power 𝜎2 = 10mW.

Figure 3 shows the average energy efficiency of the sensor
node achieved by our proposed optimal power allocation
scheme as the function of PU’s QoS requirement described by
PU’s QoS exponent 𝜃p with different values of sensor node’s
access probability 𝑃acc. We can observe from Figure 3 that,
under the given access probability 𝑃acc, the sensor node can
achieve the highest energy efficiency for the small value of
PU’sQoS exponent 𝜃p implying loose delayQoS requirement.
Moreover, the energy efficiency of the sensor node decreases
as the value of PU’sQoS exponent 𝜃p increases, which denotes
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(1) Initialization: 𝑛 = 0 and 𝜂0 where 𝜂0 satisfies
|J(𝜂0)| = |Eh{𝐽(𝜂0, 𝑃s(𝜃p, h, 𝜂0))}| > 0

(2) for 𝑛 = 0, 1, 2, . . . do
(3) Let 𝜂 = 𝜂𝑛
(4) Solve problem (P2) with 𝜂𝑛, where the optimal solution denoted 𝑃∗s (𝜃p, h, 𝜂𝑛) is determined by (43)–(46).
(5) if |J(𝜂𝑛)| = |Eh{𝐽(𝜂𝑛, 𝑃∗s (𝜃p, h, 𝜂0))}| > 𝜀 then
(6) Update parameter 𝜂𝑛 by

𝜂𝑛+1 = 𝜂𝑛 − J(𝜂𝑛)
J(𝜂𝑛) =

Eh{𝑃succ ⋅ 𝑅s(𝑃∗s (𝜃p, h, 𝜂𝑛))}
Eh{𝜉 ⋅ 𝑃succ ⋅ 𝑃∗s (𝜃p, h, 𝜂𝑛)} + 𝑃cir

(7) Let 𝑛 = 𝑛 + 1
(8) else
(9) The optimal power allocation strategy 𝑃opt

s (𝜃p, h) and the sensor node’s maximum average
energy-efficiency ΓoptEE are determined by

𝑃opt
s (𝜃p, h) = 𝑃∗s (𝜃p, h, 𝜂𝑛)
ΓoptEE = 𝜂𝑛 = Eh{𝑃succ ⋅ 𝑅s(𝑃∗s (𝜃p, h, 𝜂𝑛))}

Eh{𝜉 ⋅ 𝑃succ ⋅ 𝑃∗s (𝜃p, h, 𝜂𝑛)} + 𝑃cir
(10) end if
(11) end for
(12) return 𝑃opt

s (𝜃p, h) and ΓoptEE

Algorithm 1: Algorithm to determine sensor node’s maximum average energy efficiency.
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Figure 3: Optimal average energy efficiency of the sensor node
versus PU’s QoS exponent 𝜃p under different values of access
probability 𝑃acc.

that the sensor node can only achieve lower energy efficiency
when PU’s delay QoS requirement becomes stringent. Fur-
thermore, we can also observe that the sensor node can only
achieve zero energy efficiency; that is, the sensor node stops
its transmission, when PU’s delay QoS requirement becomes
extremely stringent resulting in large value of 𝜃p. Figure 3
also illustrates that under the given value of 𝜃p, that is, the

given PU’s delay QoS requirement, the sensor node’s energy
efficiency is the decreasing function of the access probability𝑃acc.Themain reason is that the collision among sensor nodes
increases for larger value of 𝑃acc. Consequently, the sensor
node will waste more energy on spectrum access process and
thus can only achieve lower energy efficiency.

To more explicitly demonstrate the relationship between
the sensor node’s achievable energy efficiency and PU’s delay
QoS requirement, Figure 4 depicts the energy efficiency
that the sensor node can achieve under our proposed power
allocation scheme as the function of PU’s delay threshold𝐷th
and its maximum allowed violation probability 𝑃th under
different values of the access probability 𝑃acc where we can
observe similar phenomenon as in Figure 3. In particular,
the sensor can achieve higher energy efficiency under the
larger values of 𝐷th and 𝑃th but can only get lower energy
efficiency under the smaller values of 𝐷th and 𝑃th. Such
phenomenon can be explained based on the analysis in
Section 3.1. Specifically, we have obtained that the larger
values of 𝐷th and 𝑃th result in smaller value of 𝜃p implying
looser PU’s delay requirement. On the contrary, the smaller
values of 𝐷th and 𝑃th cause larger value of 𝜃p denoting more
stringent PU’s delay demand. Therefore, we can obtain the
curves demonstrated in Figure 4.

Figure 5 shows the optimal energy efficiency achieved
by the sensor node under the proposed power allocation
scheme versus the number of sensor nodes 𝐾 and the access
probability𝑃acc.We can observe from Figure 5 that, under the
given number of sensor nodes, the energy efficiency achieved
by the sensor node first increases as the value of𝑃acc increases
and then decreases while keeping increasing the value of𝑃acc. Such the phenomenon can be explained as follows.
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Figure 4: Optimal average energy efficiency of the sensor node
as the function of PU’s maximum allowed delay-bound 𝐷th and
violation probability threshold 𝑃th under different values of access
probability 𝑃acc.
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Figure 5: Optimal average energy efficiency of the sensor node
as the function of the number of sensor nodes and the access
probability 𝑃acc.

Specifically, on one hand, when the value of 𝑃acc is small, the
probability that all sensor nodes stay silent in each slot is large
such that the spectrum resource is not efficiently utilized by
the WAHSN. Consequently, increasing the value of 𝑃acc will
improve the energy efficiency of the sensor node when the
value of 𝑃acc is small. On the other hand, when the value of𝑃acc is large, the probability that the collision among sensor
nodes in each slot is high as each sensor nodewill try to access
the spectrum with large probability. Therefore, the energy
efficiency of the sensor node will be degraded if we keep
increasing the value of 𝑃acc. Based on the above analysis, we
can conclude that it is critically important to find the optimal
access probability as the energy efficiency achieved by the
sensor node is highly related to𝑃acc. Consequently, to achieve
the aforementioned goal, Figure 6 shows the relationship
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Figure 6: Optimal access probability of the sensor node that
achieves the optimal average energy efficiency versus the number
of sensor nodes.
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Figure 7: Optimal average energy efficiency of the sensor node
versus PU’s data arrival rate 𝑅A under different values of PU’s QoS
exponent 𝜃p and sensor node’s access probability 𝑃acc.

between the optimal access probability of the sensor node and
the number of sensor nodes. We can observe from Figure 6
that the optimal access probability is the decreasing function
of the number of sensor nodes. This is because when the
number of sensor nodes is small, the competition among
sensor nodes is not fierce and thus the sensor node can
access the spectrum with high probability. On the contrary,
when the number of sensor nodes is small, the sensor node
needs to lower the access probability to avoid high collision
probability.

Figure 7 depicts the energy efficiency of the sensor node
as the function of PU’s data arrival rate under different PU’s
delay QoS requirements and values of sensor node’s access
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Figure 8: Optimal average energy efficiency of the sensor node
versus PU’s transmitting power𝑃p under different values of PU’sQoS
exponent 𝜃p and sensor node’s access probability 𝑃acc.

probability. We can observe from Figure 7 that, under the
same PU’s delay QoS requirement and sensor node’s access
probability, the energy efficiency achieved by the sensor node
decreases as PU’s data arrival rate increases. This is because
that under the same PU’s delay QoS requirement, that is,
the identical value of PU’s QoS exponent 𝜃p, increasing PU’s
data arrival rate requires larger PU’s service rate, which
demands the sensor node to introduce smaller interference
power on PR. Consequently, the sensor node can only achieve
lower throughput and thus get smaller energy efficiency
while increasing PU’s data arrival rate. Moreover, we can
also observe similar phenomenon that the sensor node can
achieve higher energy efficiency under smaller values of 𝜃p
and 𝑃acc but can only get lower energy efficiency under larger
values of 𝜃p and 𝑃acc.

Figure 8 shows the sensor node’s energy efficiency versus
PU’s transmitting power under different values of PU’s QoS
exponent 𝜃p and sensor node’s access probability 𝑃acc. We
can observe from this figure that, under the same PU’s
delay QoS requirement and sensor node’s access probability,
the sensor node’s energy efficiency dynamically varies with
PU’s transmitting power. Specifically, when PU’s transmitting
power is small, the sensor node’s energy efficiency is zero
because the sensor node needs to stop its transmission to
guarantee PU meeting the targeted delay QoS requirement
and thus can only get the zero energy efficiency. When PU’s
transmitting power is increasing, the sensor node can obtain
nonzero energy efficiency. However, if we keep increasing
PU’s transmitting power, the sensor node’s energy efficiency
decreases. This is mainly because larger PU’s transmitting
power will impose larger interference on the sensor node.
Consequently, the throughput achieved by the sensor node
decreases and thus can only get lower energy efficiency.

5. Conclusions

In this paper, we developed the statistical delay quality-
of-service (QoS) provisioning framework for the energy-
efficient spectrum-sharing based wireless ad hoc sensor
network (WAHSN). Based on the established PU’s delay QoS
provisioning framework, we further formulated the noncon-
vex optimization problem which aims at maximizing the
average energy efficiency of the sensor node while meeting
PU’s statistical delayQoS requirement as well as satisfying the
sensor node’s average transmission rate and average and peak
transmitting power constraints. To solve our formulated non-
convex optimization problem, we first used fractional pro-
gramming to convert the original fractional-structured prob-
lem to the parametric nonconvex program. Then, by adopting
the theories of convex hull and probabilistic transmission, we
converted the parametric nonconvex problem to the equiva-
lent convex problem and obtain the optimal power allocation
strategy under the given parameter via Lagrangian method.
Finally, we derived the optimal average energy efficiency of
the sensor node in theWAHSN by employing theDinkelbach
method. Simulation results show that our derived optimal
power allocation strategy can be dynamically adjusted based
on PU’s delay QoS requirement as well as the channel condi-
tions. Moreover, the impact of PU’s delay QoS requirement
on sensor node’s energy efficiency is also illustrated.
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Wireless sensor networks (WSN) empower applications for critical decision-making through collaborative computing, communi-
cations, and distributed sensing. However, they face several challenges due to their peculiar use in a wide variety of applications.
One of the inherent challenges with any battery operated sensor is the efficient consumption of energy and its effect on network
lifetime. In this paper, we introduce a novel grid-based hybrid network deployment (GHND) framework which ensures energy
efficiency and load balancing in wireless sensor networks. This research is particularly focused on the merge and split technique to
achieve even distribution of sensor nodes across the grid. Low density neighboring zones are merged together whereas high density
zones are strategically split to achieve optimum balance. Extensive simulations reveal that the proposed method outperforms state-
of-the-art techniques in terms of load balancing, network lifetime, and total energy consumption.

1. Introduction

Wireless sensor network with its sole purpose of data collec-
tion, processing, and communicating to other nodes in the
network is extensively used for diverse sets of applications
such as surveillance, weather forecasting, forest fire detection,
smart homes, and health care and other biomedical applica-
tions. Sensor networks are aimed at operating in unattended
hostile environments for longer periods of time. Nodes in
WSNare typically battery operated having an inherent energy
limitation. The scarce energy resource and the unpleasant
environmental constraints make replacement or recharging
of the battery very hard or even impossible in certain situa-
tions like battle field, volcano detection, deep sea sensing, and
so forth. Therefore battery usage must be properly managed
in order tominimize energy consumption across the network
[1, 2].

In WSN single-hop routing, though simpler, consumes
more energy where signals are transmitted with large trans-
mission power in order to reach destination. On the other

hand, the limited radio range of the node and other envi-
ronmental factors (obstacles, noise, interference, etc.) make
single-hop communication infeasible. In WSN, sensor nodes
cooperate with each other to collect data and then forward it
in a hierarchical manner [3] making it a multihop network.

In WSN nodes are often randomly distributed across a
given geographical area. In such situation some regions in
the network get densely populated whereas others receive
less number of nodes. Cluster-based and grid-based tech-
niques [4, 5] are used to cope with this problem. Cluster-
based schemes minimize energy consumption and simplify
network management by treating related nodes in groups.
Cluster-based approaches increase scalability and robustness
and provide load balancing and data aggregation [1, 2, 6].
Grid-based clustering techniques are adopted for efficient
clustering where the whole area is divided into virtual grids.
The decision of selecting cluster head (CH) per grid is
usually done by the nodes themselves whichmakes it suitable
for large scale networks. Grid-based techniques are popular
due to its simplicity, scalability, and uniformity in energy
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consumption across the network [7]. In literature, different
energy efficient cluster-based and grid-based algorithms have
been proposed such as LEACH [8], PEGASIS [9], CBDAS
[10], and GBDD [11] but still load balancing and energy
efficiency are open issues because of the randomized nature of
WSN. The iterative process of cluster formation and CH res-
election requires transmitting continuous control messages
which results in extensive energy consumption of the nodes
and leads to poor performance of the network.

This paper focuses on a technique that can ensure
load balancing and intelligent selection and reselection of
zone head (ZH) to maximize network lifetime. Our main
contribution is to develop a robust network model, which
has been developed to deal with variability in deployment
area, node density, and grid size. The network is divided
into equal squared size grids and the number of nodes in
each zone is determined by their coordinates. Merge and split
technique is proposed to achieve load balancing. Nodes are
mergedwith their neighboring zones on the basis ofWeighted
Merge Score (WMS). Furthermore, four splitting strategies
are proposed in order to split the zone if the number of nodes
exceeds upper bound (UB). After the topology construction,
the zone head (ZH) selected is the one having the maximum
average distance value (ADV). The role of zone head is
rotated to increase network stability and overall network
lifetime.

The rest of the paper is organized as follows. Section 2 is
about related work. Section 3 focuses on the proposed net-
workmodel. Simulation results are discussed in Section 4 and
the paper is concluded with future directions.

2. Related Work

In existing literature, many researchers [8–22] have discussed
different clustering techniques but still issues such as load bal-
ancing, ZH selection and reselection, and energy consump-
tion exist. In addition, topology management is also very
important to uniformly distribute the nodes in clusters/grids
and make the network efficient [2, 3]. Keeping in view the
above-mentioned issues, relevant existing approaches are
briefly discussed below.

2.1. Clustering Approaches. In clustering multihop transmis-
sion is used to avoid long transmission between CH and
base station (BS) in order to save energy [4–7]. Efficient and
scalable sensor network can be achieved through clustering.
It has attracted much attention of the researchers and few of
them are discussed here. In LEACH [8], nodes form clusters
in a distributed manner and are self-organized. CH is ran-
domly selected for each round; CH depends on a random
number between 0 and 1. If the selected number is less than
a threshold, node becomes a cluster head for the current
round. LEACH-C [12] is the modified version of LEACH.
The number of cluster heads is determined by BS and varies
from round to round due to the lack of coordination between
nodes; in LEACH-C the number of cluster heads in each
round equals a determined optimum value. These methods
address one-hop transmission which is not suitable for large
scale networks.

TheMuruganathan et al. algorithm [13] splits the network
into two subclusters which are further divided until the
desired number of cluster heads is approached to achieve
even load distribution. In Cluster-Based Energy Efficient
Data Collecting and Aggregation Protocol (CEDCAP) [14]
the sink node selects the cluster head based on the infor-
mation (location and residual energy) received from the
nodes in the cluster. Power Efficient Gathering in Sensor
Information Systems (PEGASIS) [9] uses a greedy algorithm
to link nodes through chain. Data is fused from node to
node and finally forwarded by the leader towards BS. Only
one node can transmit data at a time and the node closest
to BS is elected as chain leader. PEGASIS improves energy
consumption throughmultihop communication but has high
transmission delay if network size is increased.

Typically clustering techniques do not ensure load bal-
ancing. The techniques discussed here are used to simplify
management and minimize the energy consumption of sen-
sor nodes. Besides all these amenities, clustering often leads
to hotspot problem where certain number of nodes expire
early because of excessive usage of those nodes. This results
in network partitioning and polarization of nodes.

2.2. Grid-Clustering Approach. Grid-based clustering is one
of the popular methods of clustering in which the whole
network area is divided into virtual grids [23–25]. In Grid-
Based Data Dissemination (GBDD) [11], the network is
divided into grids (also called cells) initiated by the BS. The
first node interested in communicating data is set as the
crossing point (CP) for the grid and its coordinates become
the reference point for the grid creation. In Cycle-Based Data
Aggregation Scheme (CBDAS) [10], each cell head is linked
with another cell head to make a cyclic chain. In each round,
a cell head having high residual energy is selected as cycle
head by the BS. In both approaches, it is often difficult to
achieve preferred number of grids required by the network
scenario. One attempt made in literature is the distributed
uniform clustering algorithm [15] that decreases differences
in cluster sizes.

In a similar approach by Zeng [16] the whole network
is partitioned into grids based on the node location where
midpoints are computed using the membership degree. In
another approach [26] the network is divided into two levels
of square shaped grids: low level and high level. Low level is
for in-cluster data collection whereas high level is used for
intercluster data transmission. Fan-Shaped Clustering (FSC)
grid-based method is proposed in [27], which divides the
whole network into rings and each ring is further subdivided
to form fan-shaped clusters. In [24], the authors have used
Bollinger Bands method for CH selection of each square
shaped grid. In this scheme, the node is elected as CH with
maximum and minimum energy change based on upper and
lower Bollinger Bands, respectively.

One of the main limitations of grid-based clustering is
the restriction on the number of grids and suitable grid size.
Often it becomes difficult to achieve the desired number
of grids for a particular deployment scenario. Secondly, the
network performance is affected in case of nonuniform
deployment. Moreover, grid-based techniques in some cases
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do not give fair selection of CH with respect to all nodes in
the network.

2.3. Variable Clustering. Clusters with different sizes have
been widely praised in literature for achieving energy effi-
ciency. Inmany-to-one data forwarding pattern in clustering,
the nodes closer to the BS are frequently used as potential data
forwarders thus consuming comparatively more energy [17,
18, 28]. In Unequal Clustering Size Model [19] sensing field is
circular and is divided into two layers. Cluster in each layer
will have different shape and size. Area covered by clusters
can be changed in each layer by changing radius of the layer.
In Grid Sectoring [20] the area of interest is further divided
into small sectors. This process continues until an optimum
number of clusters are achieved (the desired optimum value
is 5 percent of the total number of nodes). In these methods
number of nodes per cluster can vary greatly and can result
in isolated nodes.

A nonuniform deterministic node distribution is pro-
posed by Chatterjee and Das [21] in which the number of
nodes increases towards sink node. The problem of energy
hole due to uniform clustering is addressed in [21]. Energy
Aware Distributed Clustering (EADC) [29] is proposed for
nonuniform distribution of nodes to balance load across the
network. However, the problem is that some of the nodesmay
be redundant and consume extra energy which was ignored
by the authors.This problem has been addressed by Nokhanji
et al. [30], by identifying the redundant nodes and turning
them off according to a schedule based on their residual
energy.

Unequal clustering mechanism with intercluster multi-
hop routing is adopted in [31]. In this approach thewhole net-
work is partitioned into variable size clusters in which cluster
head reserves more energy for intercluster communication
in order to avoid hotspot problem. Authors have used energy
aware multihop routing system to balance and minimize the
energy load of the CH for intercluster communication.

Variable size clustering algorithms can result in balanced
energy consumptionmaximizing network lifetime. However,
extra advertisements for cluster head selection may lead to
extra computation and energy overhead. Looking at the above
discussion, we can summarize that the services provided by
different clustering techniques still have several shortcomings
that need to be addressed, for instance, networkmanagement
overhead, hotspot problem, and broadcasting issues. The
above discussion also shows that grid-based system is a better
option but the dynamic nature of sensor networks makes it
difficult to predict the size of grids and number of nodes.
As mentioned above, the problems of hotspot, nonuniform
distribution of nodes (load balancing), and computation
overhead have been addressed in the proposed technique.
Furthermore, the proposed technique not only is energy
efficient but also performs better on load balancing when
compared with state-of-the-art techniques.

3. Proposed Technique

To address the problem of load balancing and energy con-
sumption mentioned in the previous section, we propose

grid-based hybrid network deployment (GHND) framework
with variable grid size. The proposed hybrid approach evenly
distributes the load across the network, improves network
management, and extends network lifetime. Randomdeploy-
ment often leads to uneven distribution of nodes. The
proposed technique overcomes this problem by employing
merge and split technique. This technique overcomes hotspot
problem and improves networkmanagement when the nodes
are evenly distributed. Figure 1 presents the proposed frame-
work. The process is divided into the following main phases.

3.1. Deployment Phase. The total number of nodes𝑁 (where
𝑁 = 1, 2, 3, . . . , 𝑛) is randomly deployed in a square targeted
area (𝐴 = 𝐹𝐻 × 𝐹𝑊), where 𝐹𝐻 and 𝐹𝑊 are the field
height and width, respectively. We assume some default node
parameters, for instance, coordinates, node ID, and energy
level. Once the topology is built and nodes are deployed, they
share this configuration information with the base station.
This information is later used by BS for carrying out the grid
formation procedure more efficiently.

3.2. Grid Formation. In this phase the information collected
from different nodes is used to form zones and construct
topology as presented in Algorithm 1. We propose a novel
technique for grid formation which is further divided into
two main steps.

3.2.1. Zone Formation. Base station divides the entire net-
work into virtual grids on the basis of the following parame-
ters:

𝑍: number of zones/grids
Zn: zone number
Nz: number of nodes per zone
ZH𝑇: number of zone heads
𝐹𝐻: height of field
𝐹𝑊: width of field
𝑍𝐻: height of each zone/grid
𝑍𝑊: width of each zone/grid
𝑅: rows
𝐶: columns
𝑀: dimension of the field
SC: candidate for splitting
𝑍𝑥𝑠, 𝑍𝑦𝑠: starting coordinates of zone
𝑍𝑥𝑒, 𝑍𝑦𝑒: ending coordinates of zone
nz: neighboring zone
(𝑛𝑥, 𝑛𝑦): coordinates of a node
(ZC𝑥,ZC𝑦): centroid coordinates of a zone

Each grid represents a single zone identified by unique
zone ID. Once the zone formation phase is completed, BS
determines the number of nodes per zone by calculating
the starting and ending point of each zone as mentioned in
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(1) procedure Zone Formation
(2) Input: number of zones, 𝑍; height and width of deployment area,

𝑀; zone width, ZW; zone height, ZH;
(3) for Zn = 1 to 𝑍 do
(4) 𝑅 = ⌈(Zn)/𝑀⌉
(5) 𝐶 = [(Zn − 1) mod𝑀] + 1
(6) 𝑍𝑥𝑠 = 𝐶 ∗ ZH − ZW
(7) 𝑍𝑦𝑠 = 𝑅 ∗ ZW − ZH
(8) 𝑍𝑥𝑒 = 𝑍𝑥𝑠 + ZW
(9) 𝑍𝑦𝑒 = 𝑍𝑦𝑠 + ZH
(10) for 𝑛 = 1 to𝑁 do
(11) if (𝑛𝑥 ≥ 𝑍𝑥𝑠 & 𝑛𝑥 < 𝑍𝑥𝑒 & 𝑛𝑦 ≥ 𝑍𝑦𝑠 & 𝑛𝑦 < 𝑍𝑦𝑒) then
(12) IncrementZD(Zn)
(13) NodeInZone(𝑛) = Zn
(14) end if
(15) end for
(16) end for
(17) end procedure
(18)Output: Zone formed, Zn.

Algorithm 1: Zone formation.

Deployment
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Zone formation phase
Zone formation
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Figure 1: Framework of the proposed technique.

Algorithm 1. Figure 2 shows zone formation where nodes are
randomly deployed across𝑀×𝑀 grids. In this figure, 𝐶0 to𝐶𝑚−1 are the columns and𝑅0 to𝑅𝑚−1 represent rows. (𝑍𝑥, 𝑍𝑦)
and (𝑍𝑥𝑒, 𝑍𝑦𝑒) represent the start and end of each zone. Zone
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Figure 2: Zone formation.

height (𝑍𝐻) and zone width (𝑍𝑊) of each grid are calculated
as

𝑍𝐻 = 𝐹𝐻𝑀 ,

𝑍𝑊 = 𝐹𝑊𝑀 .
(1)

3.2.2. Merging and Splitting. As discussed earlier, sensor
nodes are assumed to be deployed randomly which may lead
to uneven distribution of nodes. This can intern in hotspot
problem where the entire network is split into stern zones
where nodes in the particular zone are isolated from the rest
of the network. In order to evenly distribute nodes, themerge
and split technique is used. Equation (2) calculates threshold
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(1) procedure merging of zones
(2) Input: height and width of deployment area,𝑀; lower bound for merging, LB;

number of zones, 𝑍; weighted score for distance,𝐷; weighted score for density, 𝜎;
(3) for Zn = 1 to 𝑍 do
(4) if (zone density(Zn) < LB) then
(5) 𝑅 = ⌈(Zn/𝑀)⌉ + 1
(6) 𝐶 = [(Zn − 1) mod𝑀] + 2
(7) neigh zone den = zone density(nz)
(8) Determine the nodes in current zone (Zn)
(9) for 𝑗 = 1 to length(NodesInZn) do
(10) for 𝑖 = 1 to length(nz) do
(11) dist = √(𝑛𝑥 − ZC𝑥)2 + (𝑛𝑦 − ZC𝑦)2
(12) den = zone density(nz(𝑖))
(13) WMS = [(𝐷 ∗ dist) + (𝜎 ∗ den)]
(14) end for
(15) MinWMS = nz(minwms)
(16) Assign node to new zone
(17) end for
(18) Eliminate merged zone
(19) end if
(20) end for
(21) end procedure

Algorithm 2: Merging of zones.

scores for both splitting and merging of zones; this score is
called Interbound Gap (IBG). If the number of nodes in a
particular zone is less than the minimum threshold (lower
bound) then BS will merge nodes with its neighboring zone.
In case the number exceeds the maximum threshold (upper
bound), then the zone will be further split into subzones
according to the proposed splitting strategy,

IBG = UB − LB. (2)

While using merge and split technique, parameters such as
density of nodes within a zone, number of grids, and deploy-
ment area are considered. The number of grids is inversely
proportional to the average number of nodes per zone. If
the grid dimension (𝑀) is increased while keeping the node
density constant, the average number of nodes per zone
will therefore be reduced. In order to achieve optimum grid
dimension, the total number of zones must be adjusted
according to the number of nodes. This is an important
concern for increasing network lifetime. For instance, if there
are far fewer nodes per zone, this may result in void zones
where node density is less and more computational power is
wasted.

3.2.3. Merging of LowDensity Zone (LDZ). Zones having less
number of nodes than LBwill bemergedwith nearby zone(s).
Merging of nodes depends on the density (den) and distance
(dist) from the neighboring zone. If nodes in the LDZ are
scattered and are not close to each other, it may not be
possible to merge them with one zone, and it may lead
towards hotspot problem. To address the hotspot problem,
Weighted Merge Score (WMS) is introduced, a metric that
will decide to merge nodes with different neighboring zones.

In WMS, parameters such as distance and density are given
weights represented by𝐷 and 𝜎, respectively, as shown in (3).

Nodes are merged with their neighboring zones on the
basis ofWMS. Algorithm 2 calculatesWMS to determine the
best neighboring zone for merging. To calculate the score,
distance from center and density of the neighboring zone is
considered. Best candidate zone is selected having minimum
score. The zone which is to be merged with its neighboring
zone is called the interest zone. Nodes having the same color
mean they have been combined in one zone as shown in
Figure 3,

WMS = [(𝐷 ∗ dist) + (𝜎 ∗ den)] . (3)

3.2.4. Splitting of High Density Zone (HDZ). In random
deployment, zones can be dense. In order to evenly distribute
the load and balance the network, HDZ will be split into
subzones as shown in Algorithm 3. Base station carefully
observes the density of nodes in different zones and adopts
one of the splitting strategies. Four splitting strategies are
proposed for zone splitting: (1) Horizontal Splitting, (2)
Vertical Splitting, (3) Diagonal 45∘ Splitting, and (4)Diagonal
135∘ Splitting. The percentage of optimal order in which the
splitting takes place is shown in Figure 5. This is achieved by
running more than 500 simulations (see Figure 4). It is clear
from Figure 5 that Horizontal Splitting Ratio (HSR) was
adopted most of the time for splitting of zones. Hence, HSR
is more commonly employed scheme than Vertical Splitting
Ratio (VSR), Diagonal 45∘ Splitting Ratio (D45SR), and
Diagonal 135 Splitting Ratio (D135SR).

Optimal range ratio (ORR) is required to split the zones,
which is defined from 0.75 to 1.0 after extensive simulations.
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(1) procedure Zone splitting
(2) Input: Optimal Range Ratio to split the zone, ORR; Candidate zone for splitting, SC;

Upper Bound for splitting, UB; height and width of deployment area,𝑀;
(3) if Zone is Cand zone SC then
(4) if (zone density SC > UB) then
(5) Find the indices of nodes in SC
(6) end if
(7) 𝑅 = ⌈(SC/𝑀)⌉
(8) 𝐶 = ((SC − 1) mod𝑀) + 1
(9) if (ORR ≥ 0.75 and ≤ 1) then
(10) Split horizontally
(11) Go to End
(12) end if
(13) if (ORR ≥ 0.75 and ≤ 1) then
(14) Split vertically
(15) Go to End
(16) end if
(17) if (ORR ≥ 0.75 and ≤ 1) then
(18) Split diagonally (45∘)
(19) Go to End
(20) end if
(21) if (ORR ≥ 0.75 and ≤ 1) then
(22) Split diagonally (135∘)
(23) Go to End
(24) end if
(25) end if
(26) end procedure

Algorithm 3: Zone splitting.

Various splitting strategies are evaluated in a defined order
until a splitting strategy is selected which falls in the required
range. Once a strategy is selected, no further computations
are required for splitting in that particular iteration. The split
zones get unique zone IDs for further processing.

In Figure 5, the merging and splitting of zones is shown
by different colors. Nodes having same color imply that they

belong to the same zone. Density of Zone 13 is less than LB
and is merged with Zone 14. The number of nodes in Zone
1 and Zone 2 is exceeding the UB limit and that is why they
were split into subzones, which is shown in Figure 5.

3.3. Zone Head Selection Phase. Zone head selection is very
crucial for any energy efficient protocol. ZH is responsible for
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data aggregation prior to forwarding the data to BS for further
processing or making any decision upon the received data.
ZH selection is an important process; therefore, it is required
to define a criteria before selection of the ZH.

3.3.1. ZH Selection Criteria. The performance of a zone
directly depends on the ZH; therefore, it is significant to
select the best node as the ZH among available nodes. In the
proposed technique two parameters (1) energy level (EL) and
(2) average distance value (ADV) are aggregated to come up
with Cumulative Value (CV) of a single node 𝑖 as follows:

CV𝑖 = Aggregate (EL𝑖 + 1
ADV𝑖

) . (4)

The energy level of the node 𝑖 is represented by EL; initially
it will be the same for all nodes. Higher value of EL increases
the chance of the candidate node for becoming the ZH, where
ADV is the average distance value of each individual node in
that specific zone as shown in (7). The ADV is the distance of
a node from all other nodes within the zone and from center
of the zone as shown in (5) and (6), respectively. Minimum
value of ADV, calculated by BS, will increase node’s chance to
be a ZH. Base station will get the ADV of all nodes within the
network, which will be calculated once

𝑑 (𝑖, 𝑗) = √(𝑖𝑥 − 𝑗𝑥)2 + (𝑖𝑦 − 𝑐𝑦)2, (5)

where 𝑑(𝑖, 𝑗) is distance of a node from other nodes in its
zone. In order to know how far a node is from other nodes
which are in direct transmission with it, consider

cent (𝑖, 𝑐) = √(𝑖𝑥 − 𝑐𝑥)2 + (𝑖𝑦 − 𝑐𝑦)2, (6)

where cent(𝑖, 𝑐) is the center of zone. In order to know the
position of the node in its zone, consider

ADV𝑖 = 𝛼 ∗ cent (𝑖, 𝑐) + 𝛽
𝑛 − 1

𝑛

∑
𝑗=1

𝑑 (𝑖, 𝑗) , 𝑗 ̸= 𝑖, (7)

where 𝛼 and 𝛽 are weighted indices assigned to centroid and
distance from other nodes.

3.3.2. Zone Head Selection. Once the ZH criteria are set and
zones are formed, ZH is selected for each individual zone
according to (4). Base station will have the collection list that
will have CV of all nodes against each zone in the network.
Node with maximum CV will be selected as ZH for that
specific zone as shown in Algorithm 4.

The main advantage of having a collection list is to
avoid any broadcast and communication of any maintenance
messages during reselection process of ZH. The reselection
process is decentralizedwhere the base station is not involved.
This approach significantly reduces the number of messages
exchanged (in broadcast or unicast) in the reselection process
of ZH in a zone eventually reducing energy consumption
and thus maximizing network lifetime. The lifetime of a
ZH for one complete iteration is determined by a Threshold
Value (TV). Further details about TV are discussed in the
reselection phase.

3.4. Data Transmission Phase. Once nodes join ZH they will
start sending their sensed data to the ZH as per their assigned
schedule of transmission. Nodes will share their data with
their respective ZH according to TDMA schedule. Member
nodeswill transmit collected data to ZHduring their assigned
time slot. This enables nodes to keep their radio off until
its transmission time occurs. The sleep periods save node
energy. In wakeup periods ZHs will aggregate and compress
the received data and will forward it to the BS.

3.5. Reselection Phase. In this phase, the focus is to minimize
the energy consumption in reselection process of ZH. Instead
of carrying out periodic reselection of ZH that leads to
extra energy consumption and network overhead, GHND
dynamically initiates the process of reselection based on the
energy level (EL) of the zone head. In a given iteration, if the
EL value is less than or equal to TV (EL ≤ TV) the corre-
sponding zone head will change as shown in Algorithm 5.
The number of iterations is independent of the zone and
the reselection is carried out per zone when required. The
number of iterations can be different for each zone to
minimize the traffic generated in the network and also to not
disturb the overall network.

In Algorithm 5 the value of 𝑋 is calculated as in the
following equation:

𝑋 = (initial CV𝑖 − updated CV𝑖) − EFP. (8)

Here EFP (Error Factor Percent) represents the percentage of
marginal error.

The value of TV is not fixed but is varied according to the
traffic generated by the ZH. In case of fixing TV to a certain
value, a situation arises where all candidate nodes fail to be
elected as ZH leading to flat network scenario. In order to
prevent such occurrence, the value of TV is set to change
with respect to decrease in the EL and is therefore periodically
monitored by ZH. For this purpose every ZH maintains two
lists, trusted and untrusted. Nodes in the trusted list are
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(1) procedure Zone Head selection
(2) Input: Cumulative Value of node, CV; Threshold Value,

TV; Calculate CV of all Nodes
Zone(𝑖) = [CVs of all nodes in ZH(𝑖)]
/∗ select node with maximum CV ∗/
ZH(𝑖) = CVmax(𝑖)
BS exchange Collection list and TV with ZH(𝑖)
Member nodes register with ZH(𝑖)

(3) if CVZH(𝑖) > TV then
(4) Remain ZH
(5) else
(6) Reselect ZH
(7) end if
(8) end procedure
(9) Output: Zone Head, ZH.

Algorithm 4: Zone head selection.

normal nodes and can compete for ZH selection process
whereas untrusted list contains black listed nodes which are
taken out of the process. Any drastic change in ELwill put the
node in the not trusted list and will be shared with BS.

4. Simulation and Results

To start with the simulation setup, we havemade few assump-
tions such as the following:

(1) all the sensor nodes and BS are static after deploy-
ment;

(2) BS is located outside the field boundary and is known
to every node in the network;

(3) sensor nodes have the information of their location
and initial energy;

(4) nodes already have their unique IDs.

Performance of the proposed algorithm is evaluated by
carrying out extensive simulations. We have also compared
the performance with several state-of-the-art energy efficient
cluster-based and grid-based protocols including LEACH[8],
CBDAS [10], PEGASIS [9], andDirect.The simulation results
reveal that total energy consumption during zone formation,
ZH selection, reselection of ZH, and transmission has been
reduced. All simulations were carried out using MATLAB
R2013a.

4.1. Simulation Setup. To analyze the energy consumption of
each node, first-order radio model [12] is used as shown in
(9), (10), and (11), respectively. To run circuitry of the trans-
mitter and receiver, a radio dissipates 𝐸elec = 50 nJ/bit, where
𝐸elec is the circuit energy consumption. At the sender node,
transmission amplifier further consumes 𝐸amp𝑑2 amount
of energy where 𝐸amp is the consumption of energy while
transmitting packets (𝐸amp = 100 pJ/bit/m2) and 𝑑 is the
distance between nodes. To transmit 𝑘 bits of message over a
distance 𝑑 by using first-order radio model, the transmission
energy consumed (𝐸𝑇𝑋) is given by the following:

𝐸𝑇𝑋 (𝑘, 𝑑) = 𝐸elec × 𝑘 + 𝐸amp × 𝑘 × 𝑑2. (9)

Energy consumption at the receiving end (𝐸𝑅𝑋) is shown
as

𝐸𝑅𝑋 (𝑘) = 𝐸elec × 𝑘. (10)

Total transmission consumption is generalized as follows:

𝐸total (𝑘) = (𝐸elec × 𝑘 + 𝐸amp × 𝑘 × 𝑑2) + (𝐸elec × 𝑘) . (11)

Performance results for different metrics have been
obtained by varying certain parameters: initial energy, grid
size, number of nodes, network lifespan, and total energy
consumed. These parameters are discussed in the following.
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(1) procedure Zone Head Reselection
(2) Input: Energy Level of Current Zone Head, oldELZH; Threshold Value, TV;

Cumulative Value of each node, CV; Candidate Zone Head, CZH;
difference of Initial and updated CV,𝑋;

(3) if (newELZH = oldELZH − oldELZH × 0.1) then
(4) if ELZH ≤ TV then
(5) Ask first CZH to send updated CV
(6) if first CZH reply exceeds timer then
(7) Fetch CV from second CZH
(8) else
(9) Compare updated CV and initial CV
(10) if difference < 𝑋 then
(11) Select first CZH as new ZH
(12) ZHcurrent← member node
(13) ZHnew ← first CZH
(14) else
(15) Fetch CV from second CZH
(16) end if
(17) end if
(18) else
(19) Remain as ZH
(20) end if
(21) else
(22) Continue Transmission
(23) end if
(24) end procedure
(25) Output: New Zone Head, ZHnew.

Algorithm 5: Zone head reselection process.

4.2. Effect of Initial Energy. The initial energy of all nodes
is set to 0.25 J, 0.5 J, and 1.0 J for evaluating Direct, LEACH,
CBDAS, PEGASIS, and our proposed method (GHND) to
determine the number of rounds when 1%, 25%, 50%, 75%,
and 100% nodes of the network die. Figures 6, 7, and 8
show that our proposedmethod has larger number of rounds
than other techniques. This is because the control messages
are reduced in ZH selection and reselection process. This
increases the number of rounds and maximizes network
lifetime as shown in Figures 6, 7, and 8.

4.3. Effect of Grid Size. To evaluate the impact of grid size,
whole sensor field is partitioned into grid sizes of 6 × 6,
8 × 8, and 10 × 10 grids as illustrated in Figures 9, 10, and 11.
LEACH is not included in this evaluation as it is not a grid-
based protocol. The proposed technique is better than other
approaches in terms of number of rounds achieved as shown
in Figures 9, 10, and 11. In all three approaches the proposed
technique has achieved maximum number of rounds thereby
improving network lifetime. This technique is approximately
1.3, 1.2, and 1.4 times better than CBDAS approach for grid
sizes 6 × 6, 8 × 8, and 10 × 10, respectively. In comparison,
grid size 10 × 10 has the maximum number of rounds among
the three approaches by keeping the same parameters such as
number of nodes (300), initial energy (𝐸0 = 0.5 J), and packet
size (2000 bits).

4.4. Effect of Number of Nodes. In each approach, the effect
of node density and initial energy is found out. In this case

N
um

be
r o

f r
ou

nd
s

Percentage of dead nodes
1 25 50 75 100

E0 = 0.25 J

0

500

1000

1500

2000

2500

Direct
PEGASIS
LEACH

CBDAS
GHND

Figure 6: Number of rounds when 1%, 25%, 50%, 75%, and 100%
nodes die in the network with initial energy 𝐸0 = 0.25 J.

the number of nodes is varied from 100 to 500 with different
initial energy values 0.25 J, 0.5 J, and 1.0 J. Figures 12, 13, and 14
show the number of rounds fromnodes 100 to 500with initial
energy values 0.25 J, 0.5 J, and 1.0 J, respectively. The graphs
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in these figures show that, for every approach, the number
of rounds increases by increasing the node density except for
the Direct method where comparatively very small change
is detected in the number of rounds. In all these figures,
GHND has more number of rounds than other approaches
for all cases of node density and initial energy. The resulting
network has better lifetime because, by increasing the node
density, the responsibilities of each zone head is distributed.
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Figure 10: Effect of grid size with respect to number of nodes. Here
grid size = 8 × 8.

4.5. Network Lifespan. To analyze the network lifespan
against each method, various simulations were run for dif-
ferent initial energy values (0.25 J, 0.50 J, and 1.0 J) for 100
nodes and packet size of 2000 bits. In Figures 15, 16, and
17, the proposed method GHND has maximum number of
rounds resulting in prolonged network lifetime. This shows
that the proposed method surpasses the currently employed
approaches in load balancing, in energy efficiency, and in
prolonging the lifetime.
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Figure 12: Effect of number of nodes with respect to initial energy.
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4.6. Total Energy Consumed. Figure 18 shows total energy
consumed (in sensing, computation, and communication)
plotted against the number of rounds for total nodes. The
graph shows that energy consumed by the proposed method
is less than other approaches with increase in number of
rounds. This is due to the even distribution of nodes across
the network resulting in steady energy consumption. In com-
parison with LEACH, CBDAS, and PEGASIS, the proposed
method maximizes the number of rounds approximately by
25.14%, 12.12%, and 46.2%, respectively.
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5. Conclusion and Future Work

In this paper, we have proposed a grid-based hybrid net-
work deployment framework for load balancing to ensure
energy efficiency in WSN. For a random node deployment
scenario, the proposed method constructs a grid by dividing
the deployment area into zones. All the nodes are associated
with their respective zones by the BS. To evenly distribute
load across the network, low density zones are merged with
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their neighboring zones and high density zones are split into
subzones. Merge and split technique is used to solve the
hotspot problem. Once the network topology is constructed,
node with maximum CV is selected as ZH across every zone.
The overheadmessages and reselection process are simplified
in our approach which helps to maximize network lifetime.
The proposed method is compared with other approaches
such as LEACH, PEGASIS, CBDAS, and Direct. Simula-
tion results show that the proposed method is better than
the above-mentioned state-of-the-art techniques by evenly
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Figure 18: Total energy consumed.

placing ZH across the field and balanced grid formation.
Our algorithm also outperforms these approaches in terms
of varying initial energy, grid dimensions, node density,
network lifetime, and total energy consumption.

This work will also be extended as an underlying topol-
ogy for other energy efficient routing and load balancing
protocols. In addition, further research is needed to make
the network framework adaptive by automatically optimizing
IBG, lower bound, upper bound, and number of grids for a
given number of nodes and network area.
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