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ABSTRACT Due to a battery constraint in wireless sensor networks (WSNs), prolonging their lifetime
is important. Energy-efficient routing techniques for WSNs play a great role in doing so. In this paper, we
articulate this problem and classify current routing protocols forWSNs into two categories according to their
orientation toward either homogeneous or heterogeneous WSNs. They are further classified into static and
mobile ones. We give an overview of these protocols in each category by summarizing their characteristics,
limitations, and applications. Finally, some open issues in energy-efficient routing protocol design for
WSNs are indicated.

INDEX TERMS Wireless sensor networks (WSNs), energy-efficient routing protocol, internet of things.

I. INTRODUCTION
Advances in micro-electro-mechanical systems, wireless
communication and distributed information processing tech-
nologies have enabled the rapid development and deployment
of wireless sensor networks (WSNs) [1]. Their applications
vary from military uses to environmental monitoring [2].
However, their nodes are normally equipped with energy-
constrained batteries to meet size and cost constraints.
Therefore, it is imperative to design energy-efficient
protocols for them in order to prolong their lifetime.

Energy consumption of a sensor node has a significant
impact on the lifetime of WSNs. The energy of a WSN
can be saved by applying different techniques, such as duty-
cycle scheduling [3], energy-efficient MAC (Medium Access
Control) [4], energy-efficient routing [5], node replace-
ment [6], energy harvesting [7], energy replenishment [8],
and energy balance [9]. As shown in Fig. 1 [10], the com-
munication needed by a typical sensor node is the biggest
power consumer. Its wireless communication module has
four states, send, receive, idle and sleep. Transmitting sig-
nals, i.e., sending and receiving, take about two thirds of
its total energy consumption, while the number of transmit-

FIGURE 1. Energy consumption of a sensor node [10].

ting data packets of a node depends to a great extent on a
routing strategy. In other words, an efficient routing protocol
can help balance the energy consumption levels amongWSN
nodes. Giving the same hardware conditions, it can help
prolong the lifetime of WSN, as well as improve the quality
of data transmission. However, traditional routing protocols
tend to focus on how to make the data packets reach fastest
their destination nodes with the shortest transmission path.
They may not be the best from the viewpoint ofWSN lifetime
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owing to energy-constrained sensor nodes. Furthermore, due
to the energy consumption at the sleep and idle states are
minimal in comparison with the others, researchers often
consider the energy consumption of the sending and receiving
states only.

Generally, the energy model is adopted from [11]. In this
model, both free-space and multipath fading channel models
are used, depending on the distance between a transmitter and
receiver. When the distance is less than a threshold value d0,
the former is used; otherwise, the latter is used. Then to
transmit an l-bit message for a distance d , the energy model
is given as follows:

ET (l, d) =

{
lEelec + lεfsd2 d < d0
lEelec + lεmpd4 d ≥ d0

where Eelec represents the electronics energy, and
εfsd2 or εmpd4, is the amplifier energy.
To receive an l-bit message, the energy is given as follows:

ER(l) = lEelec

Many routing protocols for WSNs have been proposed,
and many surveys and introductory papers on routing proto-
cols, e.g., [2], [12]–[14], are available in the literature. Their
classification in [2] is extended in [14] which is comprehen-
sive but not all the protocols described are energy-aware.
Furthermore, each protocol involved in [14] also considers
only one base station. The survey [2] divides WSN routing
protocols into four classes known as Network Structure,
Communication Model, Topology Based and Reliable Rout-
ing Schemes. The Network Structure class is subdivided
into flat and hierarchical protocols. The Communication
Model class has query, coherent and negotiation ones.
Topology Based protocols are further classified into loca-
tion and mobile agent ones. Reliable Routing Schemes refer
to either multipath or QoS (Quality of Service) ones. The
routing challenges and design issues in WSNs are given.
The work [2] comprehensively introduces various routing
protocols for WSNs. Yet it largely misses their performance
results. The work [12] presents a survey with its focus on the
scalability of routing protocols. It classifies them according
to motivations such as control overhead reduction, energy
consumption mitigation and energy balance. The work [13]
gives an exhaustive overview of intelligent routing proto-
cols. It first defines network lifetime in three aspects. Then,
it categorizes the protocols based on such algorithms as
reinforcement learning, ant colony optimization, fuzzy logic,
genetic algorithm, and neural networks. It also highlights
the performance analysis results and applications of each
surveyed routing protocol.

However, in [2], [12], and [13], most routing protocols
assume their sensors to be static. Consequently, sensors close
to sinks tend to deplete their energymore quickly than the oth-
ers and may cause ‘‘energy holes’’, also called ‘‘hot spots’’.
Clearly, a routing protocol that cannot cope with mobility
at all affect negatively the lifetime of WSNs—and a defi-
nition of network lifetime that does not explicitly account

for mobility at all may likely yield false lifetime estimation.
By introducing mobility in WSNs, mobile nodes can move
to the sensors near sinks or isolated parts of the network and
hence energy consumption in the nodes becomes even and
connectivity is better maintained [15]–[17].

All the sensor nodes in homogeneous WSNs in [2], [12],
and [13] are assumed to be of the same type, especially in their
power supply, communication bandwidth, computation and
storage capacity. Homogeneous WSNs may help researchers
understand and analyze WSNs at the beginning, but with
the expansion and in-depth research, they cannot meet the
needs for practical applications. Their network model is too
ideal and simple. In reality, heterogeneous WSNs are more
common. In intelligent building monitoring applications, for
example, there exist some nodes in monitoring air humidity
and indoor temperature, and others in monitoring light inten-
sity. These nodes have function heterogeneity. Moreover,
their initial energy may be different due to different manufac-
turers or different batch production. Their computing power
and link capacity may vary as well. Their sensing capability
and transmission range may differ. Heterogeneous WSNs are
those composed of different types of nodes to meet diverse
application requirements [18]. Traditional routing protocols
for homogeneous WSNs are not fit for heterogeneous ones.
Hence, routing protocols for heterogeneous WSNs should be
studied [19]–[21].

Table 1 provides a comparative summary of these prior sur-
veys in terms of their shared and most recent cited references.
From Table 1, we have:
i) The 2004 survey [14] presents a comprehensive survey

of earlier routing protocols, but not all described are energy-
efficient; [7] addresses various aspects of energy harvesting
sensor systems; [12] exploits routing protocols designed for
large-scale WSNs; [2] describes energy-efficient routing pro-
tocols; [15] classifies routing protocols based on different
design criteria, and discusses the mobility including mobile
sinks only, few mobile nodes act as mobile relays, all nodes
mobile and few nodes are stationary; [1] gives an overview
of WSNs from an industrial perspective; [12] discusses rout-
ing protocols based on intelligent algorithms; [16] considers
only the routing protocols with mobile sinks; [20] focuses
on hierarchical routing protocols for heterogeneous WSNs;
and [21] categorizes various heterogeneous routing proto-
cols for WSNs based upon various predefined parameters.
Besides, routing characteristics of WSNs, such as energy-
aware, cluster-based, mobility, scalability, homogeneity and
heterogeneity are given in the above surveys. Note that,
although an energy model plays an important role in the con-
servation of energy, it is not mentioned in the above surveys.
ii) This work aims to provide a new classification of WSN

protocols and their discussions. The rationale behind our clas-
sification is to categorize routing protocols for homogeneous
and heterogeneousWSNs together with static andmobile sce-
narios, with the common goal to increase energy efficiency
while maintaining WSN functionality and performance.
To the best of our knowledge, the work presented in this
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TABLE 1. Comparisons between reference of survey and this work.

paper is the first attempt at such a survey with the focus on
the energy-efficient routing protocols in these distinct types
of WSNs. Furthermore, this work aims to provide the state-
of-the-art in the subject by including the recently developed
techniques and proposals. In addition, this work gives appli-
cation scopes of each protocol which were missing in the
earlier surveys [2], [12], [14], [15], [17], [20].
iii) LEACH (Low Energy Adaptive Clustering

Hierarchy) [22] is cited and studied by almost all the survey
papers [1], [2], [7], [12]–[16], [20], [21]. This is because
cluster-based routing is more energy-efficient, more scal-
able, and more secure as compared with traditional flat
routing [14]. As the first cluster-based routing protocol, its
basic idea is that all sensor nodes are grouped into several
clusters. In each cluster, a lead node called cluster head (CH)
whose duty is to gather data and transmit data to the base
station (BS) is elected based on a predetermined probability.
It works in two phases, namely, setup and steady phases.
In the former, CH is elected by rotation and clusters are
formed. In the latter, nodes sense and transmit data to the CH.
Then the CH aggregates and sends data to the BS directly.
Thus it is not suitable for large WSNs. The main limitation
of this protocol is its random selection of CH, which may
pick up a CH that has low energy and thus dies quickly.
Therefore, many routing protocols proposed thereafter aim
to make improvements on it. For example, HEED (Hybrid
Energy-Efficient Distributed clustering approach) [23] takes
residual energy and communication cost into consideration
when selecting a CH. In contrast with LEACH, HEED
uses multi-hop communications between CHs and the BS

while LEACH uses single-hop communication. Moreover,
HEED also provides guaranteed coverage of nodes in WSNs.
However, it assumes that nodes can control their transmission
power level. This is not always a realistic assumption.

The rest of the paper is organized as follows: Section II
categorizes current routing protocols for WSNs into differ-
ent classes according to whether WSNs are homogeneous
or heterogeneous and static or mobile. Sections III and IV
give a detailed analysis of currently representative routing
protocols, with the objective to highlight the critical charac-
teristics influencing routing protocol design and applications.
A comparative summary of the current routing techniques
is also provided. Finally, conclusions and open issues are
discussed in Section V.

II. CLASSIFICATION OF ENERGY-EFFICIENT
ROUTING PROTOCOLS IN WSNs
The network layer aims to realize the communication among
sensors, and between sensors and observers, data routing
and cooperative sensing. WSN routing protocols must be
designed to meet the desired performance requirements in
energy efficiency, scalability, robustness, and convergence.

Their main goal is to establish a reliable and energy-
efficient path for WSN nodes, and achieve the longest life-
time for the entire WSN. Energy consumption in routing
is caused by neighborhood discovery, communication and
computation. We discuss the state-of-the-art representative
routing protocols for WSNs. We summarize the methods for
improving energy-efficient according to their motivation. The
classification is shown in Fig. 2.
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FIGURE 2. Classification and open issues of energy-efficient routing protocols.

Routing protocols for homogeneousWSN deal with identi-
cal nodes. Its energy-efficient routing protocols are proposed
from different points of view. They can be subdivided into
static and mobile ones. The former includes opportunistic,
cross-layer, cooperative and biologically inspired optimal
routing protocols depending on their protocol design and
principles while the latter aims to deal with not only energy
problems but also mobile scenarios. Mobile nodes can be
sources and sinks.

Routing protocols for heterogeneous WSN aim to tackle
heterogeneity as well as energy issues. According to [18],
heterogeneity can triple the average delivery rate and pro-
vide a fivefold increase in network lifetime when prop-
erly deployed. The heterogeneity is reflected via energy,
computation, network protocol and/or links.

Note that cluster-based routing is not classified as a
class in Fig. 2 for the following two reasons. One is that
such routing is widely used in both homogeneous and

heterogeneousWSNs. The other is due to limited space. Thus,
the characteristics of cluster-based routing are well described
in static heterogeneous WSNs.

III. HOMOGENEOUS WSN
A. STATIC HOMOGENEOUS WSN
1) OPPORTUNISTIC ROUTING
Opportunistic routing [24] is proposed to solve unreliable
link problems and reduce unnecessary retransmission. Thus it
can improve not only transmission reliability, but also energy
efficiency. It involves multiple forwarders to increase net-
work communication throughput by taking advantage of the
broadcast nature of wireless communication. An Extremely
Opportunistic Routing (ExOR) protocol in [24] is the first
such scheme. The MAC-independent Opportunistic Routing
and Encoding protocol (MORE) [25] is its extension.
MORE presents the first integration of opportunistic routing
with intra-flow network coding to bypass the coordination
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issue previously resolved by an ExOR’s highly structured
scheduler. Although ExOR and MORE are the two early and
famous opportunistic routing schemes, they do not take the
energy consumption issue into consideration. Therefore, they
are not further discussed in this paper.
EEOR: An Energy-Efficient Opportunistic Routing

(EEOR) protocol is proposed in [26] with the aims to reduce
energy cost in selecting and prioritizing a forwarder list
under opportunistic routing and to increase the lifetime of
a network. It is multipath routing. Its Expected Energy
Cost (EEC) is studied as a primary metric instead of its
Expected Transmission Count (ETX) in [24] and [25]. Then
a forwarder list can be prioritized based on EEC. Since the
smaller transmission power, the smaller energy consumed
to transmit one packet of data received successfully by at
least one node in a forwarder list, several algorithms are
introduced to calculate the forwarder list and EEC. EEOR
has two power models, nonadjustable and adjustable ones.
Simulation results prove that EEOR is more efficient in terms
of energy consumption, packet delivery, throughput, loss ratio
and delay than ExOR. However, one component of EEC,
namely the energy consumed for communication agreement,
is not accurately computed. Furthermore, EEOR fits for
unicast cases only.
E2R:A simple but robust multipath routing protocol named

energy efficient routing protocol (E2R) is introduced in [27].
According to [27], in some opportunistic routing protocols,
such as ExOR [24] and EEOR [26], pre-selecting a forward-
ing list beforehand can be unwise, especially for a very large
network. E2R introduces a forwarder self-selection scheme
in a data delivery phase. Its key idea is to use a node’s
own route metric value to compare with that attached in its
received data packets. If the former value is smaller than the
latter’s and the node does not overhear one of its neighbors
with a better route metric during the node’s back-off time
interval, the node selects itself as a relay node. As a result,
the less needed information of the node, the less decreased
size of the data packet, which in turn consumes less energy
during wireless transmission. Moreover, a greedy forwarding
algorithm in a route metric discovery phase is proposed to
further decrease the overhead of control messages. Simula-
tion results show that E2R achieves superior performance
in terms of packet delivery ratio, control overhead, packet
delivery delay and energy consumption over AODV (Ad-hoc
On-demand Distance Vector) [28]. Note that E2R can work

in a mobile environment. It is thus well suitable for large
scale WSNs.
K-S: Kaliszan and Stanczak [29] integrate opportunistic

routing with network coding (we named this protocol as
K-S for short) by considering the energy consumed to trans-
mit one packet of data and receive it by another node. It pro-
longs network lifetime by avoiding duplicate transmissions
without using a coordination mechanism as used by the prior
protocols [26], [27]. Giving a fixed reception probability,
a linear program is formulated and a low-complexity heuristic
algorithm is designed to solve it. Simulation results indi-
cate that K-S reduces energy up to 20% compared with
MORE [25]. Because of the characteristic of network cod-
ing, this protocol can be applied to delay-tolerant applica-
tions. It is, however, not suited for the real-time application
of WSNs.

Table 2 provides a comparative summary of the character-
istics of opportunistic routing-based protocols discussed in
this section.

2) CROSS-LAYER ROUTING
Because controllers at the network layers interact with each
other, the parameters of each layer should be jointly decided
to achieve the optimal network performance. Apart from a
stringent layered protocol, cross-layer design that violates the
principle of layered protocol and permits the interaction of
non-adjacent layers has received much attention [30], [31].
It can realize flexible and intelligent management and control
of WSNs so as to achieve high energy efficiency and extend
the WSN lifetime.
JRPRA: It represents Joint Routing, Power control

and Random access Algorithm (JRPRA) proposed by
He et al. [32]. They have performed a joint optimal design of
the physical, MAC and routing layers to maximize lifetime
of a single-sink WSN with energy constraints. Given the link
access probabilities, the problem can first be formulated as a
convex optimization problem. A distributed algorithm, called
Joint Routing and Power control Algorithm (JRPA), is then
proposed. Its power control protocol and routing strategy
protocol are regulated by a Lagrangian multiplier and work
in physical and network layers, respectively. However, the
link access probabilities are often not directly available in real
networks. Thus, the problem is deteriorated into a non-convex
problem. As a heuristic algorithm, JRPRA is then developed.
Both JRPA and JRPRA try to minimize energy consumption

TABLE 2. Comparison of the presented opportunistic routing-based protocols.
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TABLE 3. Comparison of the presented cross-layer-based routing protocols.

of the nodes by adopting correlated data gathering technique
that uses Slepian-Wolf coding [33]. JRPRA also increases
the network lifetime by adjusting link capacity. Furthermore,
it uses multipath routing in transmission according to the
total rate of data flows over a link and selects the route
by employing the Bellman-Ford shortest path algorithm.
Simulation results show that JRPRA significantly improves
the lifetime of WSN. Note that it maximizes the lifetime with
the assumption of lossless transmission. Thus, it is suitable
for the network of high stability since a network of low
stability invalidates the assumption.
LMCRTA: A distributed algorithm called Lifetime Max-

imization Cooperative Routing with Truncated Automatic
repeat request (LMCRTA) is presented in [34]. It combines
together cooperative diversity at the physical layer, truncated
automatic repeat request at the data link layer and distributed
routing strategy at the network layer. It decreases the con-
sumed energy and optimizes lifetime through the following
ways: i) integrating cooperative diversity techniques [35]
whose significance in saving energy and improving quality
of a wireless channel is proved; ii) exploiting power allo-
cation based on the average packet error rate and the aver-
age symbol error rate through two modulations, i.e., BPSK
(Binary Phase-Shift Keying) and QPSK (Quadrature Phase-
Shift Keying), and iii) choosing a cost-least routing path in
terms of channel state and residual energy. It uses the residual
energy information to balance the energy among all nodes to
avoid any energy hole, thereby prolonging the WSN lifetime.
Besides, it utilizes cyclic redundancy check appended behind
the data information as the metric of judging the correctness
of received signal instead of popularly used SNR (Signal
Noise Ratio) threshold. Simulation results show that it is
highly efficient in a high-quality channel network. However,
it has some rooms for its improvement. For example, it is
desired to evaluate the energy consumption associated with
this switching process, although it enables sensor nodes in
different states to avoid unnecessary energywaste. Since each
node is equipped with one omnidirectional antenna, which
sends signals in unnecessary transmission direction as well,
extra energy consumption is caused, which may be avoided
by using directional or smart antenna.
CLOD: The work [36] develops a robust and efficient

Cross Layer Optimal Design (CLOD) that performs schedul-
ing at the data link layer, routing at the network layer, and
congestion control at the transport layer. It reduces energy
mainly by congestion control. Node-level congestion at a

transport layer is reduced through a compressed sensing tech-
nique that attributes to decreasing transmitted bits, while link-
level congestion at the data link layer is reduced via proper
resource allocation. Simulation results demonstrate that its
computational complexity is greatly reduced and performs
well under light load. Note that CLOD assumes that the link
capacity is fixed.

Table 3 provides a comparative summary of the character-
istics of cross-layer-based routing protocols discussed above.

3) COOPERATIVE ROUTING
Cooperative communication is able to mitigate channel
fading, achieve high spectral efficiency and improve trans-
mission capacity [37]. Strictly speaking, it is a part of cross-
layer routing. It is developed from the traditional MIMO
(Multiple-Input and Multiple-Output) techniques that can
reduce the transmission power and extend the transmission
coverage. Its basic idea is to allow multiple nodes to form a
virtual MIMO system to share their antennas and resources,
thereby gaining the advantage of space diversity in a multi-
node scenario instead of equipping each node with multiple
antennas.
RBCR: As an energy-efficient cooperative routing scheme

with space diversity, Relay selection Based Cooperative
Routing (RBCR) is established by considering the consumed
energy as well as channel quality in [38]. It first models
the problem based on the minimum cost path problem with
relays [39] and formulates it as a multi-objective optimiza-
tion problem. To solve it, RBCR uses a distributed algo-
rithm based on two labeling algorithms aided by auxiliary
matrixes that store labels with different metrics. It finds a
single-node cooperative route by using channel state infor-
mation of a node’s two-hop neighborhood and consumed
energy at each node. In such a route, each relay has one
node only. In addition, nodes use a decode-and-forward strat-
egy without cyclic redundancy check and transmit decoded
information to a receiver node that combines its received
signals to retrieve data. Simulation results show that energy
efficiency is enhanced by not only utilizing the coopera-
tive diversity available which can overcome rayleigh fading
but also selecting the best paths in terms of channel state
information and energy consumed. RBCR performs better
under good-quality channels since non-cooperative transmis-
sion outperforms fixed relay cooperative transmission under
poor-quality channels.
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EBCR: An Energy-Balanced Cooperative Routing
(EBCR) [40] along the underlying non-cooperative path is
proposed to ensure high energy efficiency. Instead of requir-
ing two-hop neighborhoods in RBCR, it introduces and uses
only one hop neighborhoods. It determines the optimal relay-
ing set and utilizes a multiple-relay strategy. The selected
multiple neighboring nodes act as multiple transmitting and
receiving antennas. The protocol provides higher throughput
and similar delay performance compared with the traditional
single-relay strategy and single receiving diversity routing
methods [41]. However, EBCR is not taking the fading
problem into consideration, thereby yielding relatively high
bit error rate. It is suitable for applications in which network
reliability is not essential, namely a network with low SNR.
mp-MILP: The minimum energy cooperative routing

problem is formulated as a Multi-Parametric Mixed-Integer
Linear Program (mp-MILP) to determine the optimal relay
selection and power allocation while meeting an SNR con-
straint [42]. Unlike RBCR and EBCR, instead of multiple
hops, the scope of cooperative relay depends on Euclidean
distance among nodes to decide next nodes. Similar to EBCR,
it involves multiple neighboring relays. Another feature in the
systematic determination of the optimal relaying set is that the
transmission power of each node is adjusted and cooperative
nodes with the smallest possible total transmission power are
selected. Sincemp-MILP aims tominimize the total transmis-
sion power, the uneven energy consumption among nodes and
much shorter network lifetime than EBCR’s may result. Note
that, to obtain a low complexity implementation, mp-MILP
is solved off-line by using multi-parametric programming
theory. A modulation scheme is used to solve the fading
problem. Simulations show that mp-MILP achieves superior
performance in terms of both power consumption and bit
error rate. Such a framework is well suitable for networks
requiring high reliability.

Table 4 provides a comparative summary of the char-
acteristics of cooperative routing-based protocols discussed
above.

4) BIOLOGICALLY INSPIRED OPTIMAL ROUTING
Biologically inspired principles have led to various techno-
logical innovations in different fields of research [43]. Their
applications to routing sensor networks are represented by the
following protocols.

BIOSARP: A Biologically Inspired self-Organized Secure
Autonomous Routing Protocol (BIOSARP) [44] is proposed.
It is based on ant colony optimization whose results heav-
ily depend on how efficiently the pheromone is handled.
It employs two types of ants: forward and backward ones.
It makes improvement in terms of probability choice for-
mula and pheromone factor renewing ways. It uses end-
to-end delay, remaining battery power, and link quality as
heuristic factors and applies them to the ant pheromone
value/probability formula. Therefore, it provides not only
minimum delay and high energy efficiency, but also low
packet loss. In addition, its data communication is many-
to-one. It is tested through NS-2 simulator and the results
obtained for different mobility scenarios are compared
with protocols like secure real-time load distribution rout-
ing [45] and improved energy efficient ant-based routing [46].
The results through real testbed experimentation are also
obtained. They verify that BIOSARP not only outperforms
the mentioned ones [45], [46] in terms of routing load and
energy consumption, but also works well in real environment.
It is suitable for event-driven applications.
BeeSensor: Different from BIOSARP, BeeSensor [47] is

inspired by the honey-bee colony. It is composed of four types
of agents: packers, scouts, foragers and swarms. Its main
operators include scouting, foraging, swarming and routing
loops and path maintenance. Its high energy efficiency is
achieved by decreasing route-discovery overhead. It is more
applicable for monitoring applications that require frequent
data transfer since a bee’s communication skill is better than
an ant. Simulations show that BeeSensor achieves superior
performance in terms of both power consumption and packet-
delivery ratio than AODV [28].
Bee-Sensor-C: An enhanced version of BeeSensor called

Bee-Sensor-C [48] where C stands for ‘‘cluster’’ further
extends the network lifetime by reducing energy consumption
through a dynamic clustering scheme and balancing energy
through a multipath construction method. Besides, compared
with BeeSensor, it adds a new agent called HiveHeader whose
major role is to claim that it wants to be selected as a
cluster head when it detects an event. Furthermore, a free-
space energy model is used in Bee-Sensor-C when sending
or receiving a one-bit message. Note that, the data communi-
cation of both BeeSensor and Bee-Sensor-C is through multi-
paths. Through simulation, it is shown to not only increase the
network lifetime but also enhance other performance metrics

TABLE 4. Comparison of the presented cooperative routing-based protocols.
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TABLE 5. Comparison of the presented biologically inspired optimization routing protocols.

like packet delivery rate and scalability as compared with
BeeSensor.

Table 5 provides a comparative summary of the character-
istics of biologically inspired optimization routing protocols
discussed in this section.

5) DISCUSSION
As mentioned above, traditional routing protocols assume
static and homogeneous WSNs. Opportunistic, cross-layer,
cooperative and biologically inspired optimal routings are
used to achieve high energy efficiency and network perfor-
mance. Opportunistic routing is proposed to deal with unreli-
able link problems and reduce unnecessary retransmission.
The idea of cross-layer routing is straightforward. But its
main drawback is its high computation complexity, which
may be too heavy for most sensor devices. The main advan-
tage of cooperative routing is that it is robust and can achieve
high network throughput. It is clear that reducing the size
of a forward list of opportunistic routing or the scope of
cooperative relay can decrease communication overhead and
energy consumption, so as to achieve the purpose of pro-
longing the network lifetime. Biologically inspired optimal
routing is more suitable to large scale WSNs. However, it
faces the difficulty to achieve global optimal results. Note
that, protocols in this class do not assume any special energy
models, except JRPRA [32] and Bee-Sensor-C [48]. JRPRA
describes the energy model in sending and receiving states,
but does not give more details to explain how to compute
the energy consumption, while Bee-Sensor-C only describes
the free-space energy model in sending or receiving one bit
message.

B. MOBILE HOMOGENEOUS WSN
1) MOBILE SINK
Termite-Hill: Termite-hill [49] is proposed to balance the
energy consumption among sensor nodes of WSNs to avoid
the emergence of any energy holes. Its idea is to adopt one
mobile sink that can move without constraints. It can avoid
energy holes caused by the excessive energy consumption at
those nodes near sinks in a static WSN. Termite-hill is an
intelligent algorithm, inspired by the behaviors of termites. To
evaluate its performance, it is simulated in static and mobile
sink scenarios, and implemented on real WSN hardware. The
results show that it can achieve higher throughput, success
rate and energy efficiency as compared with AODV [28]

in mobile sink scenario with varying speed. It can improve
network lifetime lightly over a static sink approach.

2) MOBILE SINK AND SOURCE
TARS: It represents Trace-Announcing Routing Scheme.
Unlike [49], Chi and Chang [50] focus on some applica-
tions that need the support of both mobile sinks and tar-
gets. Since both can move freely in the network, a virtual-
grid-based routing scheme called Trace-Announcing Rout-
ing Scheme (TARS) is designed. It is an extension to
the tracking-assisted routing scheme for WSNs [51]. Its
key idea is to capture the mobile objects’ moving path
by broadcasting a Trace-Announcing packet rather than
re-constructing a routing path. To this end, TARS main-
tains both routing and tracking information tables. Besides,
a lightweight shortcutting scheme and time-scheduling radio
method are proposed to optimize a routing path in terms of
energy consumption.

3) MULTIPLE MOBILE SINKS
MobiCluster: As an energy-efficient distributed clustering
protocol with a path predicable mobile sinks, MobiCluster is
introduced in [52]. It is proposed to deal with the isolated
‘‘sensor islands’’ where mobile nodes cannot move through.
Its cluster heads need only communicate with so-called
‘‘rendezvous nodes’’ which are located near a mobile sink’s
trajectory, and they take turns in communicating with
the latter. Its operations have five phases: i) clustering,
ii) rendezvous node selection, iii) cluster head attachment
to rendezvous nodes, iv) data aggregation and forwarding
to the rendezvous nodes, and v) communication between
rendezvous nodes and mobile sinks. A clustering algorithm is
introduced to optimally control the cluster size in terms of the
distance between a cluster head and mobile sink. The larger
distance, the bigger cluster size. By this way, energy con-
sumption among static nodes can be balanced. An algorithm
is also given to select rendezvous nodes, such that packet
collision and energy consumption are reduced while data
throughput is increased. To further prolong WSN lifetime,
cluster heads or rendezvous nodes can be replaced on demand
when their energy level is low. This protocol assumes that the
trajectories of mobile sinks are fixed.
W-L: Wang et al. [53] propose an energy-efficient

distance-aware routing algorithm with multiple mobile sinks
(we name it as W-L). To reduce energy consumption, it uses
the first radio energy model to adjust transmission power
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TABLE 6. Comparison of the presented routing protocols for mobile homogeneous WSN.

according to distance. When transmission power decreases,
the risk of interference decreases. A relay node with a shorter
distance tomobile sinks andwith enough energy is selected to
use. Unlike other protocols, its mobile sinks can only gather
data at certain positions called parking positions by moving
along the boundary of a rectangle.Mobile sinks cannot collect
data when they are moving. In contrast to the selection of the
number and positions of rendezvous nodes in MobiCluster,
W-L determines the number and parking positions of mobile
sinks. The simulation results show that WSN lifetime
increases with the number of mobile sinks. Note that the
number of mobile sinks is always proportional to cost.

Table 6 provides a comparative summary of the character-
istics of routing protocols for mobile homogeneous WSNs
discussed in this section.

4) DISCUSSION
Routing techniques in this class can deal with not only a hot
spot problem but also sparse and disconnected WSNs. The
mobility makes the signal transmission distance shorter to
save energy. It makes the energy consumption among nodes
easily balanced. The major advantage of these protocols is
flexibility and scalability.

However, a possible side effect brought by this mobility is
an increase in packet loss rate due to topology changes and
increased data latency. Besides, since the cost of mobile sinks
is much higher as compared to static nodes, the adoption of
all mobile sensors is unlikely. The performance of a WSN
using multiple mobile sinks is superior to that using a single
one if the cost is not a major issue. Otherwise, choosing
an optimal number of mobile sinks becomes an important
problem to be answered. The trajectory of mobile nodes has
a great influence on a sensor network topology and thus on
the routing performance. MobiCluster and W-L adopt a fixed
trajectory, which is simple and convenient. But in this way,
energy consumption of nodes near the sink is relatively large,
which cannot fundamentally solve the problem of uneven
energy consumption among nodes. Since their sinks move
without constraints, Termite-hill and TARS can select a path
in real time according to a network condition. They are
more flexible, but their implementation is more complicated
and may meet more uncertainty. In a large network with
a limited moving speed of mobile nodes, the contradiction
between the speed of mobile nodes and the requirements for

data collection is critical. More work is required to design
reliable and real-time routing protocols that can be effective
in energy conservation while providing delay-guaranteed ser-
vices. Note that, protocols in this class do not assume any
special energy models, except W-L [53]. W-L uses the same
energy model as that in [11].

IV. HETEROGENEOUS WSN
A. STATIC HETEROGENEOUS WSN
1) ENERGY HETEROGENEITY
ECDC: An Energy and Coverage-aware Distributed Clus-
tering protocol (ECDC) [54] for area coverage and point
coverage in heterogeneous WSNs and aims at prolonging the
lifetime of WSNs. ECDC divides its sensor nodes into three
types, i.e., cluster head, cluster member and plain node in
terms of their energy. Its obvious advantage is that it elects
a CH based on residual energy and coverage. Due to this, its
cluster sizes are even. In addition, its lifetime is defined from
the initial time to the time when more than 30% of nodes are
not alive. Compared with LEACH [22] and HEED [23], sim-
ulation results show that it can gain less energy consumption
and better coverage performance. It is applicable to WSNs
whether nodes deployed uniformly or not.
EEMHR: An Energy-Efficient Multilevel Heterogeneous

Routing (EEMHR) protocol [55] aims at saving energy by
partitioning all nodes into k level normal nodes and k level
advanced nodes where k represents the level of energy.
The bigger k , the higher energy level. First, all nodes are
divided into two categories as level-1 normal nodes and
level-1 advanced nodes. Then the latter are further divided
into two categories as level-2 normal nodes and level-2
advanced nodes and so on. At end, level k-1 nodes are com-
posed of level k normal nodes and level k advanced nodes.
Since the level k advanced nodes have the highest energy, they
become cluster heads, and thus may cause an ‘‘energy hole’’.
EEMHR uses weighted election probabilities to elect cluster
heads to avoid such holes. It is evaluated on experiments that
involve five different lifetime definitions with respect to the
ratio of alive nodes, three different network sizes and two
different initial energy level. Simulation results show that
EEMHR is superior to other existing heterogeneous routing
protocols, like multi-hop communication routing [56], in
terms of lifetime, stability and the number of cluster heads
per round.
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LE-MHR: Tyagi et al. present a Lifetime Extended
Multi-levels Heterogeneous Routing (LE-MHR) proto-
col [57] to enhance EEMHR. First, they indicate the lat-
ter’s disadvantage by proving that an enhancement of initial
energy of a network may not guarantee an enhancement of
initial energy for higher level nodes in comparison with the
lower level nodes, and the number of higher level nodes
depend only on lower level nodes in EEMHR. Then, they
select k levels of horizontal energy heterogeneity, where
each level has a different amount of initial energy so as to
enhance the overall initial energy of a network, rather than
use k levels of vertical energy heterogeneity in EEMHR.
Simulation results show that LE-MHR almost doubles the
lifetime of a network with EEMHR.

2) COST, SENSING AND TRANSMISSION
RANGE HETEROGENEITY
CSLRP: To address three major issues in the design of
sensor networks: sensor deployment or sensing area cover-
age, sink location, and data routing, the work [58] charac-
terizes the integrated Coverage, Sink Location and Routing
Problem (CSLRP) in heterogeneous WSNs. All sensors are
divided into K types, where K denotes the set of sensor
types with different deployment cost. Each type also has a
different sensing and transmission range. Two mixed-integer
linear programs are designed. One is to consider the total
routing energy consumption on the arcs. The other aims
to minimize the total routing energy that consists of the
sensor-to-sink assignment. The simulation results show that
CSLRP is only applicable to a small-size network with its
total node count not exceeding 49. To tackle such complexity
issue, it is reduced to the classical p-median problem by
giving the sensor location and then tabu search is adopted to
solve it. Coverage threshold is also considered as additional
QoS metric.

3) DISCUSSION
As discussed above, well-designed routing proposed for
heterogeneous WSN can effectively prolong the network

lifetime, improve network reliability and meet diverse appli-
cation requirements. Most existing ones are based on a cluster
topology, while they differ in their cluster head selection.
Besides energy, the WSN heterogeneity is also manifested in
computational capability, network protocols and links, which
are related to energy. The future work has to deal with more
diverse heterogeneity.

Table 7 provides a comparative summary of the character-
istics of routing protocols for static heterogeneous WSN as
discussed above with respect to different parameters. Note
that, protocols in this class do not assume any special energy
models, except EEMHR [55] and LE-MHR [57]. They use
the same energy model as that in [11]. Moreover, cluster-
based routing protocols, like those in [54], [55], and [57],
all use single-hop intra-cluster routing methods and multiple-
hop inter-cluster routing ones to achieve more energy.

B. MOBILE HETEROGENEOUS WSN
1) ENERGY HETEROGENEITY
HARP: A Hierarchical Adaptive and reliable Routing
Protocol (HARP) [59] partitions the nodes into two types
only, normal nodes and cluster nodes according to their
residual energy capacities. Next, cluster head selection is
performed based on the residual energy of nodes. Its main
idea is to build a hierarchical tree in two layers: intra-cluster
and inter-cluster. The former builds a hierarchical tree among
normal nodes with their cluster head as a root while the latter
among cluster heads with the sink as a root. Moreover, HARP
introduces a local recovery mechanism and mobility man-
agement to rebuild trees when link failures occur. Simulation
results show that HARP can achieve more efficient, reliable
and scalable performances than LEACH.
RAHMoN: A Routing Algorithm for Heterogeneous

Mobile Network (RAHMoN) [60] divides all sensors into
static and mobile ones, while the energy of the former is less
than the latter’s. The latter can be cluster heads or sink nodes,
with different mobility models. Its operations are composed
of three phases: i) network configuration, ii) detection and
election of cluster-heads and iii) delivery of data to a sink.

TABLE 7. Comparison of the presented routing protocols for static heterogeneous WSN.
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TABLE 8. Comparison of the presented routing protocols for mobile heterogeneous WSN.

It assumes that all sensors can be elected as a cluster head.
The selection of a cluster head depends on mobility level,
energy and distance to the sink. The results indicate that it is
efficient with respect to overhead messages and transmitted
data packets.

2) ENERGY, TRANSMISSION RANGE AND
DATA RATE HETEROGENEITY
HSN: A clustered Heterogeneous Sensor Network called
HSN [61] is proposed with a mobile sink. The nodes in the
network are divided into three categories according to their
energy: H-nodes (high energy level), L-nodes (low energy
level) and the sink with unlimited energy. H-nodes provide a
longer transmission range and higher data rate than L-nodes.
Compared with HARP and RAHMoN, its cluster head is
fixed and provides a single hop data transmission. It uses
particle swarm optimization to optimize the sink’s moving
trajectory among cluster heads. It is thus applicable to large-
scale WSNs. The simulation results show that it is more
energy-efficient than WSNs with a static sink. They also
verify that the loss of data occurs when the speed of the
mobile sink increases.

3) DISCUSSION
Similar to routing protocols for homogeneous WSN,
introducing mobile nodes to heterogeneous WSN can avoid
energy holes, achieve high energy efficiency and balance
energy consumption among nodes. Table 8 provides a com-
parative summary of the characteristics of routing proto-
cols for mobile heterogeneous WSN as discussed above
with respect to different parameters. Note that, protocols in
this class do not assume any special energy models, except
HSN [61]. HSN uses the same energy model as that in [11].

V. CONCLUSIONS AND OPEN ISSUES
In this paper, we have surveyed the main routing protocols
to realize energy-efficient routing for WSNs. We categorize
them into homogeneousWSNs and heterogeneous ones, each
of which can be further divided into static or mobile ones.
We also highlight critical characteristics influencing routing
protocol design and applications, and give a comparative
summary of the current routing protocols in each class.

Routing protocols for homogeneous WSNs are more
widely investigated than heterogeneous ones. More studies
of the latter are foreseen in order to meet diverse application
requirements. As compared with static WSN’s, routing pro-
tocols for mobile WSNs promise to bring more benefits to
real-time delivery guarantee as well as high coverage, energy
efficiency and energy balance but require high implementa-
tion and deployment cost.

According to the discussion of their characteristics in dif-
ferentWSNs, we conclude this paper with the following open
issues.
New Routing Metrics: Creating and using a reliable rout-

ing metric is important in routing design. It should mea-
sure routing overhead and routing capability from different
aspects due to the diversity of WSNs. New routing metrics
such as spatial reusability [62] should be taken into consid-
eration in order to increase the network throughput perfor-
mance with affordable energy overhead. For heterogeneous
WSN, besides energy heterogeneity, link heterogeneity is also
important and requires further study.
QoS Routing: Many existing QoS routing protocols are

restricted into some particular applications and only take one
or two QoS metrics. They tend to lose the balance between
QoS guarantee and energy efficiency. In this regard, energy
efficient routing with QoS guarantee in different applications
or diverse WSNs can be viewed as an interesting area for
future investigation [63].
Secure Routing: InWSNs, each node acts as both perceived

role and a router and thus makes itself vulnerable to attack.
Hence, secure routing [64], [65] is an important issue that
needs further attention. Clearly a security mechanism incurs
additional energy cost. Designersmustmake a proper tradeoff
between security levels and energy consumption for different
applications.
Application-Specific Routing: Since the application

of WSN is wide, the process of routing implemen-
tation varies significantly from one WSN to another.
Thus, application-specific routing protocols are needed
for such situations as vehicles, underwater, space, volca-
noes, exploration, epidemic, human body, water and oil
pipelines, microgrid, system monitoring and diagnosis, and
robots [66]–[77]. Their applications in Internet of Things
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and body sensor networks [78]–[82] should be actively
sought.
WSN Hardware Implementation: To evaluate the per-

formance of proposed protocols, simulation platform or
software can be TinyOS [26], [44], NS-2 [27], [36], [44], [61],
OPNET [38], Java [48], J-Sim [50], MATLAB [53]–[55],
[57], [59], CPLEX [58], Berkeley mote platform [47],
SiNAlgo [60], and so on. More implementations should be
realized not only in simulations, but also on real WSN hard-
ware as shown in [44] and [49].
Benchmark Studies/Comparisons: Almost every protocol

proposed claims to be better than the earlier ones in energy
efficiency. However, comparing with each other, i.e., espe-
cially those in [49], [50], [53], [54], [57], and [58], is missing.
There is a strong need to create some benchmark problems
to facilitate their comparisons by simulation and hardware
implementations.
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