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Abstract

Energy management in Wireless Sensor Networks (WSNs) is of paramount importance for the remotely
deployed energy stringent sensor nodes. These nodes are typically powered by attached batteries. Several
battery-driven energy conservation schemes are proposed to ensure energy efficient network operation. The
constraints associated to the limited battery capacity shifted the research trend towards finding alternate
sources by harvesting ambient energy. This survey presents a high level taxonomy of energy management
in WSNs. We analyze different battery-driven energy consumption based schemes and energy harvesting
based energy provision schemes. We also highlight the recent breakthrough of wireless energy transference
to a sensor node as an alternative to typical batteries. We recommend to take into account recent energy
provisioning advancements in parallel with the traditional energy conservation approaches for a sensor
network while designing energy efficient schemes.

Keywords: Wireless Sensor Networks, Energy Management, Energy Conservation, Energy Harvesting
Sensors, Wireless Energy Transfer

1. Introduction

Energy management in WSNs is defined as the set of rules to manage various energy supply mechanisms
and then efficient consumption of the provided energy in a sensor node. The overall aim should be to manage
energy in such a way that no node becomes energy deficient and the network is operational perpetually. It
is important for a sensor node to have an efficient energy management scheme for the limited source as well
as the application requirement should be managed in accordance to the available energy source. Energy is
considered as a scarce resource for a sensor node, specifically when a node is deployed in a remote region
and once it depletes the available energy, it is almost impossible to provide supplant energy [1]. Therefore, a
balanced energy management between the supply and the load is required in order to avoid energy deficiency
in a network.

The objective of this survey is to provide awareness to the research community regarding the various
energy management schemes. In order to get a full insight of the discussion, we classify energy management
in WSNs on the basis of two main aspects. First, we shall discuss issues related with various energy supply
mechanisms for a sensor node and then we shall discuss different approaches and the set of protocol designs
based on energy consumption.

The most common power source for a sensor node is battery [2, 3], which can either be replaced or
recharged based on the situation where it is deployed [4]. The limited battery supply constraints led many
researchers to develop alternate energy provisioning mechanisms by utilizing ambient energy [5-9]. By har-
vesting ambient energy, a sensor network can have near perpetual operation. However, there exist limitations
to energy harvesting based approaches as there might exist scenarios where a node suffers from limited har-
vesting opportunity than its power requirements [1]. In such scenarios, a node can become energy deficient,

Preprint submitted to Journal of Computers and Electrical Engineering May 9, 2014


Junaid Ahmed Khan
fu


Energy

Management

Energy Energy
Provision Consumption
[ I 1 [ I
Battery- ) ) . Mobility-
diiven Harvesting Transference Data Driven Duty-cycling Based

Figure 1: High level taxonomy

thus affecting the overall network performance.

Recently, energy transference based approaches are proposed, in which energy can be transferred on the
field to an energy deficient node [10-15]. These energy deficient nodes are deployed in locations with limited
harvesting opportunities from the environment. The wireless energy transfer is now considered as the most
promising technology. However, besides energy supply mechanisms, there is also a need to study various
approaches and protocols regarding efficient energy consumption in a node. Most of energy management
efforts in literature mainly focus towards efficient node’s energy consumption [16-28]. The aim is to use
algorithms, which takes into account the limited energy supply constraints as well as develop applications
with minimum energy consumption. However, the combination of efforts related to both energy supply and

energy consumption opens path towards more promising and efficient energy management approaches in
‘WSNs.

In this survey, we define a high level taxonomy of energy management approaches and in order to have
a better insight of how to make energy management more efficient. Our findings reveal that the proper
course is to consider energy provision as well as efficient energy consumption before proposing any energy
management scheme. The efforts currently made in this regard can further steer the research trend towards
more improved directions. For this purpose, this survey can be very useful in developing more effective energy
management schemes. Moreover, it also provides a baseline toward improved extension of the existing energy
management schemes.

This paper is organized as follows. In the next section, we proposed a high level taxonomy of the energy
management schemes. In the third section, we will continue the discussion further into various energy pro-
visioning mechanisms based on battery supply with their respective examples. In the fourth section, energy
harvesting based provisioning techniques are discussed followed by the recent approaches on energy trans-
ference in the fifth section. In the sixth section, we will have a discussion on the various energy consumption
based energy management approaches by stating relevant examples. In the end, we shall conclude the paper
by providing insight into open research problems.

2. High level taxonomy

In this section, we describe a high level taxonomy of how to take energy management into consideration
while designing or developing an algorithm. Energy management is based on two design considerations;
energy provision and energy consumption as shown in Figure 1. We shall have a brief discussion on the
generalized energy management schemes by breaking the taxonomy. The energy provision based schemes
can be further classified into energy sourced by batteries, energy harvested from the environment and energy
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Figure 2: Evolution of energy provision technologies for sensor networks from battery-driven smartdust project [44] to Rahimi
M. [7] study of energy harvesting and then David D. L’s energy transference experiment in 2008 [10]

transference based schemes. The battery powered nodes are further classified on the basis of either fixed /
replaceable battery supply or rechargeable battery. Similarly, the harvested energy also varies from different
sources, of which, typical examples are solar, wind energy, thermal power, etc [29, 30]. The recent advance-
ment in the field of WSNs evolved with the breakthrough of energy transference based supply [13]. The
sources such as magnetic resonance, reflected solar energy, microwaves/ Radio Frequency (RF) Energy, and
(Light Amplification by Stimulated Emission of Radiation) LASER power serves as the basics for energy
transference based schemes [15, 31-33]. The sole purpose of each technology is to scavenge for alternate
energy sources to provide as much surplus energy as possible to improve network lifetime.

On the other hand, lots of efforts have been made to develop efficient energy management schemes on the
basis of energy consumption. These schemes can be typically divided into duty cycling based, data-driven
and mobility based schemes. In duty cycling based schemes, nodes alternates between sleep and wake-up
modes in order to achieve efficient energy utilization [17-25, 25-27, 34-36]. In data-driven approaches, several
schemes are adopted to reduce data or to predict data, keeping accuracy at a certain level [28, 37, 38]. On
the other hand, mobility based schemes use a mobile sink or a mobile relay depending on its behavior, which
can be used as part of the environment or part of the network. Several algorithms are proposed for efficient
energy utilization in each case [39-43]. However, here we provide a brief summary of energy management
schemes with the help of the taxonomy tree shown in Figure 1. We will have a detailed discussion on each sub
classification of this taxonomy in the subsequent sections. Figure 2 highlights a more generic chronological
order of the advancements regarding energy provisioning technology starting from battery driven sources
initiated by the smartdust project [44]. The authors in [7] studied the feasibility of energy harvesting from
ambient environment. In 2008, David D. L. [10] initially demonstrated the breakthrough of wireless transfer
of energy to a sensor node deployed in the field.

3. Energy Provisioning Approaches based on Battery Supply

In almost majority of the available sensor nodes, such as Mica, Telos and Iris [45], the primary power
supply is fixed battery. Battery supply is considered as the most viable solution for the sensor nodes
deployed in remote regions. It is mainly due to the low power requirement of nodes and its compatibility
with the compact sized typical AA size battery. Figure 3 shows an example of battery driven crossbow’s
TelosB sensor node [46]. Tt typically operates on only two AA batteries and are capable enough to comply
with the node’s application requirements. Unfortunately, it doesn’t matter how large is the capacity of the
battery or how efficient the protocols are, batteries eventually drains out. It may be a month, year or more
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but with the passage of time, continuous consumption of the limited capacity batteries drains them out
eventually. Therefore, it is necessary to replace them to avoid interruption in communication or, in worst
case, a complete network outage. In the next subsection, we will explain fixed size batteries deployment and
their limitations.

3.1. Fixed size battery

Fixed size battery storage is usually referred to as a scenario where battery powered nodes are deployed,
but once these attached batteries drain out, it is then practically impossible to replace them. This eventually
results in permanent failure of the node and that particular node is then discarded from the network oper-
ation. Such scenarios can be typically seen in harsh environmental conditions or hostile military locations,
where it is impossible to physically access deployed nodes. The example of one such scenario is described in

1.

Figure 3: Battery-driven Crossbow’s TelosB mote [46]

3.2. Replaceable fized size battery

There are scenarios where accessing nodes for battery replacement is possible, when the attached batter-
ies are drained. The battery replacement can be performed either by humans or robots [4, 47, 48], depending
on the conditions where nodes are deployed. For example, there might be human hazardous locations, while
robotic replacement is considered as a plausible solution. Most of the current available nodes works on the
principle of battery replacement after drainage. Table 1 shows a brief summary of different motes with their
respective lifetimes. The maximum achievable lifetime (in hours) is calculated for commercially available
nodes, while running only on two typical AA batteries. The sensor motes in Table 1 are tuned to be in active
mode, where both the sensing and the communication subsystem simultaneously functions. The ultra low
power Telos is just able to achieve a maximum of 241 hours of node operation [49]. This clearly highlights
the limitation posed by battery supply regarding the lifetime of most of the common commercially available
nodes [45]. Therefore, we recommend supplementing sensor node’s attached batteries with alternate energy
sources for perpetual lifetime.

We will discuss various battery-driven approaches in the energy consumption section, since most of the
previous energy conservation efforts focus is limited to battery-driven sensors. In the subsequent sections,
we start with the discussion on how energy provisioning trend is shifting from battery-driven devices to
energy harvesting based approaches, and towards most recent, energy transference based energy management
approaches.

4. Energy Harvesting from environment

Energy provisioning trend for a sensor node is now shifted towards looking for alternate energy sources
rather than relying on the limited supply provided by typical batteries [5-8, 29]. Although, some energy
management efforts are still concentrated on efficiently utilizing the existing battery-driven model by adapt-
ing different techniques, but there is a need to renew energy, specifically, in the form of energy harvesting
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Name of mote | Peak consumption | Expected lifetime
Mica 27.7 mW 187 hrs

Iris 24 mW 216 hrs

Telos 21.5 mW 241 hrs

Cricket 27.7 mW 187 hrs

Lotus 66 mW 79 hrs

Table 1: Lifetime calculation of common commercially available nodes running on 2 x AA batteries

from the environment in order to prolong the sensor network lifetime.

In this section, we shall discuss various efforts utilizing ambient energy along different energy management
approaches proposed in this regard. First, we discuss different harvesting opportunities from the environment
that can be feasible for sensor networks applications, then we will have an elaborative discussion on state
of the art energy management techniques adopted for harvested energy in various research efforts over the
past decade.

4.1. Common energy sources

The most efficient source of environmental energy is solar power [50] providing most of the energy with
very high efficiency. Although, researchers are continuously working on refining the solar cell materials and
technology to improve efficiency, but to our recent knowledge, it can harvest energy as efficient as 40%. The
total output solar energy depends on the size of the solar panel, but the size constraints associated with
sensor node poses limitations towards using a larger sized solar panel. Wind energy can also be utilized
as alternate energy source but are infeasible in sensor networks due to the bulky hardware requirement to
harvest wind energy as well as its lower order energy harvesting efficiency. Another alternate source uses
radio signals for scavenging RF power. Voltage is generated when a time varying RF field passes through an
antenna. It follows the principle of mutual inductance by magnetic coupling. Thermoelectric generators are
also used to deliver significant power with high temperature. It works on principle of heat transfer based
on differences in temperatures of objects. Thermoelectric generators applications are limited to wearable
applications or in temperate environments.

Vibration based energy harvesting techniques are widely adapted and several applications such as Au-
tomatic Generating System (AGS) and shake-powered flashlights are developed. Other energy scavenging
approaches uses piezoelectric materials as their power source. Piezoelectric materials bonded with vibrating
structure provides sufficient strain to generate useful energy. The charged capacitors with moving plates can
also be utilized as micro-generators but such electrostatic generators must be charged with initial voltage
before they start energy generation. The human input can also be utilized as an effective source of power.
Therefore, applications based on power from deliberate human input such as cranking, squeezing, shaking,
spinning, pumping, pushing and pulling have been developed.

Researchers have presented a shoe-mounted piezoelectric generator to power artificial organs. Various
improvements on the shoe mounted energy generation are helpful, specially using electro active polymers
made from silicone rubber or soft acrylics, which improves the efficiency of the shoe powered generators
by achieving an energy output of about 0.8J/step with heel compression of only 3mm, yielding 800 mW of
power per shoe at a pace of 2 steps/second [29]. Shoe mounted harvesters can be used in body area networks
but their applications are limited to wearable sensor devices.

Among all these sources, solar energy is considered the most appropriate resource for sensor nodes —
estimated to provide 1.4 kW/m? [30]. We evaluated the efficiency of solar energy under different geographical
conditions to provide an insight towards the development of energy harvesting aware algorithms and systems
for the small sized low powered sensors in WSNs. For this purpose, we analyzed large scale solar radiation
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Name Coordinates Mean Data Mean | Max Mean Daily
Annual (days) | Burst | Burst | Radiation
Temp Size Size (KW/m?)

Tamanrasset, | 22.78N,5.52E 21.1°C 4744 1.32 06 2.28

Algeria

Valentia, Ire- | 51.93N,10.25E 11.4°C 5752 3.85 24 0.99

land

Bondpville, IL, | 40.06N,88.37TW 11°C 4080 1.39 05 1.47

USA

Sonnblick, 47.05N,12.95W -04°C 6936 2.35 18 1.45

Austria

Table 2: Data set specifications

Figure 4: Heliomote [46]

datasets, available at World Radiation Data Center [51]. We selected Tamanrasset (Algeria), Valentia
(Ireland), Bondville (Illinois, USA) and Sonnblick (Austria), since these sites provide data for the maximum
possible number of consecutive days. As shown in Table 2, the minimum number of days in our analysis
is 4080 (Bondville) and the maximum is 6936 for Sonnblick. The sites used in this analysis also vary
greatly in solar radiation characteristics. For instance, Sonnblick (Austria) has harsh weather conditions
for harvesting solar energy, since it has low average temperature, whereas Tamanrasset (Algeria) possesses

better opportunity for harvesting as evident from relatively higher average annual temperature of about
21.1°C.

We have computed the burst size for each site as the consecutive number of days, in which the daily
global solar energy received is less than 0.2KWh/m?. We chose this threshold considering that a typical
sensor node requires around 0.5mW power for its active state [45]. Table 2 also shows the mean and max-
imum burst size for each location. The mean burst size between 1 and 4 days indicates that a variation
exists between different sites. The variation of the maximum burst size also indicates the same observation.

The above analysis indicates that the variations in the availability of energy should also be considered
while designing harvesting aware algorithms. Additionally, all the above discussed approaches require more
attention from the research community in terms of their efficiency. Besides these approaches, there is also a
need to further explore alternate energy provision mechanism to overcome the constraints of limited energy
source for a sensor node.



4.2. Energy management for harvested energy

Kansal A. [5] have made several research efforts regarding energy management in environmentally pow-
ered sensor networks. As the spatially distributed nodes does not have equal harvesting opportunities,
therefore, there is a need for energy management based on the available harvested energy at each node.
This can be achieved by adjusting the nodes duty cycles according to the availability of the harvested en-
ergy. The energy neutral operation is defined, in which nodes utilizes as much energy as available from
the environment. The recommendations on selecting an intermediate buffer to store harvested energy are
provided with necessary conditions to model the buffer size requirements. The algorithms are proposed
to efficiently take into account different environmental changes. In this regard, energy prediction based
methods are developed to adjust the power requirements for the available harvested energy. The energy
prediction model is based on Exponentially Weighted Moving Average method, in which a day is divided
into equal sized time slots. A historical summary of the energy conditions is maintained using the relation:

T = aZg—1 + (1 — @)z, where a is the weighting factor, Ty is the energy generated in a slot , and Zy_;
is the historical average of the previously stored energy.

Kansal A. also proposes an Environmental Energy Harvesting Framework (EEHF) [6] to address the
problem of spatio-temporal variations in environmental energy. It is suggested to modify existing load bal-
ancing methods, leader election for clustering techniques and energy aware communication. However, some
of the challenges include decisions based on knowledge of environmental energy, since the characteristics of
environmental energy and the sensing activity cannot be learned by a single node, thus gathering information
in a distributed fashion is needed. In addition, they also studied current voltage characteristics of various
solar cells and storage devices and their behavior at different environmental variations. Based on the above
discussed design considerations, Heliomote [52] is proposed. Heliomote, a solar powered sensor node is shown
in Figure 4 is based on Mica2 platform uses Nickel Metal-Hydride (NiMH) batteries as energy storage buffer.

Rahimi M. [7] proposed a model based on energy harvesting such that the network contains mobile
nodes. These mobile nodes are able to move freely around the network in search of energy. Once these
nodes are charged with sufficient energy, they are then used to charge nodes with critically low energy. The
mobile nodes are called energy producers with the assumptions that they can charge themselves from solar
energy. The static nodes called as energy consumers, only receive energy from the available mobile nodes.
Some issues needs to be addressed such as the available environmental energy pattern may be different
than the energy required by the static nodes, in order to avoid energy starvation in the network. The com-
munication overhead for energy queries and replies and the movement overhead of the path taken by the
mobile nodes should be taken into account as well. Therefore, the above model is practically demonstrated
in a test bed based on robotic mobile nodes and it is shown that up to 40% of mobile nodes are required
to operate the network perpetually. The above model is not feasible in real network scenarios as the addi-
tional redundancy by deploying these 40% additional nodes will degrade the overall efficiency of the network.

In another effort [8], a model is proposed for routing based on the availability of energy harvesting
opportunities in the networks. Some modifications are proposed to the existing directed diffusion routing
protocol. The objective is to remove dependency on batteries limited power for routing and other neces-
sary operations in a WSN. The network lifetime is increased by utilizing some nodes with solar harvested
power for routing purposes. Two solar aware routing protocols are proposed, whose purpose is to perform
solar aware routing. Next solar-powered neighbor is selected in routing decision rather than looking for the
shortest path neighbor. The standard directed diffusion protocol is made solar aware by adding the solar
awareness field and by replacing time stamps with counters. Further, these protocols are experimentally
demonstrated and shown to perform better overall network efficiency in term of energy conservation.

Meanwhile, efforts have been made to improve efficiency of nodes with harvesting opportunities. Of those
we discussed above, most of the research community focused their attention on only solar energy and more
efforts specific to harvesting solar energy can be found vastly in literature as the most feasible alternative



Node Energy Source Storage Technology Platform | MPPT

Heliomote [52] Solar NiMH Battery (1800 | Mica2 No
(3.75%2.58q.in mAh)
panel)

Ambimax [59] Solar Sup-capactor (2 x | Telos Yes
(3.75x2.5s8q.in 22F), Li-poly Battery
panel), Wind (200mAb)

Prometheus [9] Solar Sup-capactor (2 x | Telos No
(3.23x1.45sq.in 22F), Li-poly Battery
panel) (200mAh)

HydroWatch Solar  (2.3x2.3 | NIMH Battery (2500 | TelosB Yes

[56] sq.in panel) mAh)

Everlast [60] Solar (2.25x3.75 | Sup-capactor (100F) NA Yes
sq.in panel)

Fleck [57] Solar (4.53x3.35 | NIMH Battery (2500 | NA Yes
sq.in panel) mAh)

Solar Biscuit | Solar (2x2 sq.in | Sup-capactor (1F) NA No

[61] panel)

Sunflower [62] Solar (4-pin | Sup-capactor (0.2F) NA No
photo diodes)

Table 3: Energy Harvesting Approaches

energy provision method. One such effort proposes load matching, also called Maximum Power Point Track-
ing (MPPT) [53, 54]. The aim is to maximize the total energy output of the solar panel by determining the
optimal load at run time. Based on the ambient sunlight intensity, the system dynamically adjusts its load
to produce the maximum power available for the best system performance [55]. HydroWatch [56], based on
low power TelosB platform is a successive effort, which considers Nickel Metal Hydride (NiMH) battery [3]
as the storage unit and MPPT for the solar harvest energy. Fleck [57] is another sensor node, which also
considers NiMH battery as storage but does not uses MPPT for impedance matching.

Another aspect of environmental powered nodes is to further improve the efficiency by implementing
energy management algorithms to reduce power consumption. One such efforts is Prometheus [9]. The
energy is harvested using solar panels and the purpose is to hold energy for longer period of time with
minimum leakage current and avoiding frequent charge or discharge cycles. Harvested energy is stored
using two buffers as shown in the energy management system digram in Figure 5 The primary buffer is a
super capacitor [58] as it reduces the frequent charging of battery with the drawback of leakage current at
the capacitor, which is mitigated by wiring two super capacitors in series. The Lithium batteries [2] are
selected as secondary storage as they can have large number of recharge cycles. Therefore, the system is
designed as to first charge the super capacitor. The Lithium battery should be charged only when there is
sufficient charge in the super capacitor and it should be used only when solar energy is not available. For
this purpose, software-controlled battery charging is introduced to prolong secondary buffer lifetime, which
uses Telos’s [49] micro-controllers to manage recharge cycles as Telos motes adjusts its duty cycle according
to available energy in order to extend network lifetime. Further, the proposed model is then demonstrated
in real environment. It is shown that for a certain duty cycle, a mote can achieve near perpetual operation.

AmbiMax [59] is a successive effort, which promises solution for most of the design challenges. It uses
a circuitry that is capable of harvesting energy from various sources as shown in Figure 6. AmbiMax also
solves the problem associated with MPPT or simply impedance matching at the source and the load. Other
design consideration taken into account is to harvest energy from multiple sources, as the previous models
were only dependent on solar power availability and does not consider for times when solar power is unavail-
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able. In AmbiMax, a switching regulator is placed between the source and the capacitor. This regulator
prevents the capacitor from degrading the performance of the power source by blocking the reverse current
flow from the super capacitor to the power source. The proposed model is then implemented and from
experimental evaluation it is shown that AmbiMax can charge the super capacitors 12.5 times faster and
is able to harvest 3 times more energy under better supply. It performs better at even lower supply levels
while other models fails to perform at such conditions.

Everlast [60] is another effort with solar panel along super capacitor and MPPT circuit. It does not con-
siders battery as storage but results in high harvesting efficiency compared to Heliomote and Prometheus
due to the MPPT circuit. Other super capacitor based efforts includes Solar Biscuit [61] and Sun Flower
[62]. Both these effort does not considers impedance matching using MPPT circuit. All the above discussed
efforts are summarized in Table 3. The second column clearly indicates that most of the existing energy
harvesting efforts are primarily focused toward utilizing solar energy. Storage technologies used by various
efforts can be summarized into three categories, rechargeable batteries, super-capacitors and the hybrid
of both batteries and super-capacitors. Heliomote, HydroWatch and Fleck uses NiMH batteries as energy
storage buffers for the harvested solar energy. Everlast, Solar Biscuit and Sunflower energy storage units
are based on only super-capacitors, while Ambimax and Prometheus utilizes both, super capacitors as well
as Lithium polymer batteries as their storage buffers. Ambimax, Hydrowatch, Everlast and Fleck has an
advantage of the MPPT circuit which maximizes the solar panel output, thus resulting in higher energy
harvesting efficiency.
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Figure 5: Prometheus energy management system [9] Figure 6: AmbiMax powered by multiple ambient

sources [46]

ZebraNet [43] is a sensor network based on single storage lithium ion batteries. Similar to Prometheus,
it uses software controlled charging mechanism. It is used for habitat monitoring and for mobility pattern
of zebras. The TurtleNet [63] is another sensor network used for habitat monitoring of turtles. Its platform
is based on solar energy harvesting using Mica2dot motes. In addition, the Trio [64] is also a sensor network
setup based on Telos motes, which uses a hybrid of super capacitors and Lithium ion batteries as storage
for the harvested energy. The Shimmer [65] is a super capacitor based sensor network platform used for
structural health monitoring. Similarly, VigilNet [66, 67] is an example of an integrated energy management
system for energy harvesting based sensor network in large scale deployment of a military surveillance system.

Recently, Tannello F. [68] introduced a metric, delivery probability for the performance analysis of en-
ergy harvesting Medium Access Protocols (MAC). They considered Time division Multiple Access (TDMA),
Framed-Aloha (FA) and Dynamic-Frame Aloha (DFA) for their analysis. Delivery probability metric is used
to measure the ability of a sensor’s MAC protocol to deliver data to the intended destination. The efficiency
of the data collection is investigated using Markov models.



Technology Efficiency | Range Coverage Remarks

Wired 90-95% As de- | limited to wires de- | Static  deployment,
sired ployment Cost

Microwave 30-80% >2 Km Narrow beam Potential hazards,

beam Line of sight required

Magnetic 45-90% 1-2m Omni directional Limited range

Resonance

Reflected So- | >90% >1 Km Narrow or wide | Daytime only, Line of

lar Energy beam sight required

RF Energy 70% 12-14 m Omni directional Limited range

LASER 10-18% 1 Km Narrow beam Potential hazards,

beam Line of sight required

Table 4: Possible Energy Transfer Modes

Energy harvesting efforts seems promising toward reducing energy deficiency in sensor networks. How-
ever, there exist a requirement for further improvements to cater harsh environmental conditions [1]. In
such scenarios, even energy harvesting surrenders, since nodes deployed in a remote region lacks solar energy
harvesting opportunities once the attached batteries are drained It is mainly due to the temporal and spatial
variation in the availability of solar irradiance. Therefore, it is needed to explore new techniques of charging
nodes in the field, which we shall discuss in the next section.

5. Energy transference

Energy management in WSNs took a new dimension with the recent advancement of wireless transfer
of energy. It overcomes the constraints associated with limited battery power available for sensor nodes,
particularly in situations where access to the deployed nodes is almost impossible such as hostile military
locations. In this section, we shall discuss some of the various recent efforts carried out in terms of wireless
energy transfer in the last few years.

In 2008, David D. L. [10] developed a mobile host, which is capable to wirelessly transfer electrical energy
on a 2.4 MHz signal to charge nodes in remote locations. The mobile host is also capable to collect sensing
data from the deployed nodes. A test-bed is implemented using a helicopter mounted node. For an assumed
distance of two meters, and assuming no losses, attached capacitors are charged in no less than 12 seconds.
The transmission and receiving antennas used in the experiment are of the size of the order of 18.7 x 3 and
15 x 15 inches respectively. Although, this effort explored a new path towards the possibility of charging a
node in the field, but using such bulky platform is infeasible in sensor networks due to their limited size and
cost requirements. The above effort poses no concern regarding the overhead in terms of size and cost of the
sensor node. Increase in the distance between the transmitter and receiver increases the charging duration,
reducing the overall efficiency of the system.

Some similar efforts on wireless charging of nodes are proposed [11] using off the shelf devices [31], in
order to improve sensor network lifetime. The wireless energy is transferred through electromagnetic waves
to sensor nodes equipped with rechargeable batteries. Several experiments were carried out to investigate
the effect of distance and location of nodes on the energy transfer. It was observed that when the distance
between the transmitter and receiver is increased beyond 12 meters, it takes almost infinite time to charge
a particular node. It is also observed that with efficient placement of nodes, the charging time can be
substantially reduced. An energy charging cycle aware routing algorithm is proposed by modifying the
existing Ad-hoc On Demand Routing (AODV) [69] routing protocols, since typical routing metrics based on
shortest path are not applicable in energy harvesting networks. The route request (RREQ) packet includes
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Tep ™ (k),the maximum charging time of all nodes traveled on path k, and 1.™**(k), the observed standard
deviation of this maximum value. Each node ¢ along the path updates the RREQ with its respective charging
time in case its greater than the existing T.,™**(k) field. A delay function t%.;, + n’., is also defined as the
sum of mean charging time and the its deviation. The destination node selects the minimum charging time
path among the available paths.

¥ = min{Te,"*(k)}, VE,
Y = min{max[t.;*|}Vi € path k, Vk,

An optimization framework is proposed to address the trade-offs of the charging and transmission dura-
tion, since both occurs in the same frequency band. The base station selects the optimal path, and replies
Route Reply (RREP) to the corresponding nodes with the charging time T, and transmission time T,
common to all of the nodes along the path. The optimization framework returns the charging duration Tt
and frame length T'trqme = Ty + Ten. Therefore, the source nodes upon receiving the RREP then begins
forwarding the packets. The optimization framework is described below:

Given: Llim; ESRlim; N7 (1)
To Find: Tch7 Tfram87 (2)
T .
Maximize: Throughput = Tx 1 , (3)
frame
Subject to:
(Erec - Eidle) . Tch - Etz . Tw > 07 (4)
P+H
N (Tch + * ) < Llirnv (5)
R
1 — 4700 1
1—k-t- W] - 6
ESR, [ 7 ESRu (6)
Tframe = Ta: + Tchv (7)

For N number of nodes in the path, throughput is defined as the ratio of the number of bits sent during 7,
to the frame length T’ 4me. To maximize the throughput, the constraints are also defined, where Ei... is the
energy receiving rate from the wireless charger and F;qi. is the sensor node’s idle energy during charging
time. Fy, is defined as the rate, at which a sensor node losses energy during transmission. Similarly, P is
the packet size, H is the header size and R is defined as the sending rate of the data at the N hop route.
The constraints are explained below:

e The first constraint in (4) ensures that the sensor is alive after each frame duration. The sensor expends
FEiqe during its charging time while it receives energy at the rate F,.. from the wireless transmitter in
time T,p,. It also loses energy Ej, during transmission as mentioned above, thus, the residual energy
should at be at least greater than 0.

e The second constraint in (5) states that the end-to-end packet latency for the N hop route should be
less than a pre-decided limit Lj;,,. In the worst case, a sensor may experience a delay equal to the
charging time T,,, where no data can be sent and the transmission delay, given as the ratio of the
packet size P with the header size H and the sending rate R.
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e The Equivalent Series Resistance (ESR) in (6) is a metric which determines the quality of capacitor
operation. The capacitors are considered dysfunctional once the end-end latency limit Ly, is exceeded.
Lyim and the capacitor quality metric £S Ry, are dependent on the application requirements. The T’
is the absolute temperature in Kelvin, at which the capacitor operates. Similarly, ¢ is the operational
time and k is a design constant.

e The constraint in (7) provides the relationship between the charging and transmission times and the
the frame time.

The performance evaluation highlights the following situations:

1. When Ly, is too small, either the node will not be able to charge enough or it may not be alive after
each transmission.

2. By considering values of the charging time lower than the optimal derived T¢j, the network throughput
is substantially increased. However, the rate at which the throughput increases exhibits a non-linear
behavior, thus hinting that for sudden high bandwidth needs, decreasing the recharging time (thereby
increasing the transmission time) will not incur a proportionally high degradation of lifetime. Moreover,
we also observed that different packet sizes do not significantly impact the performance.

Powercast Corporation provides off the shelf devices [31] which are used in the above work for wireless
energy transfer. These devices supports RF energy based energy transfer. They do not increase the sensor
size substantially, but to address the constraint imposed by distance effect, further efforts are needed.

Some recent progress [70, 71] started to further improve the network lifetime with the help of wireless
energy transfer by optimizing the charging process for the nodes deployed in the field. In [12], a mobile
Wireless Charging Vehicle (WCV) is introduced. It periodically visits and charges the batteries of the nodes
deployed in the field. The energy is transferred to the nodes through magnetic resonance based technology
known as Witricity [33]. In [70], It is assumed that the WCV charges itself from a service station with
virtually infinite amount of energy as shown in Figure 7. It then travels the optimized path through the
network of nodes deployed moving along the shortest Hamiltonian cycle in order to efficiently utilize its
charging cycle, thus increasing its vacation time. The vacation time is referred as the time spent by the
WCYV at the service station. The authors also introduced a renewable cycle, in which the amount of charged
energy at a sensor node in a specific time duration must be equal to the amount of energy consumed in the
cycle. Similar work is extended to incorporate the multi- node case in [14]. Similarly, in [71], each sensor
node deployed in the field optimally tunes its data rate based on the current energy replenishment status.
The WCV, named as SenCar, dynamically adjusts its visiting time for each node as well.

The above work is more specific on theoretically optimizing the path of the WCV rather than exploring
a detailed case of energy transference. Other energy charging efforts based on wireless energy transfer are
proposed in [72, 73]. Although, wireless energy transfer aim to reduce energy deficiency, but there is still a
need to further explore wireless energy transfer using different technologies.

In a recent effort [74], it has been derived to improve network lifetime by wirelessly charging nodes using
multi-hop energy transfer. The magnetic resonance based technology, Witricity is used and it is shown that
by reducing the radii of coils, while increasing the number of turns, the transferred energy can be increased
substantially. Three different energy transfer techniques are proposed, namely, Store and forward, direct
flow, and hybrid schemes. Store and forward based approach, in which energy received at an intermediate
nodes from previous node is first stored in a buffer, then forwarded to the next hop node when the battery
is fully charged at the cost of additional charging and discharging losses at each hop. In direct flow, the
intermediate node directly transmits the received energy to the next node without storing it in its buffer,
thus reducing the charging and discharging losses except at the last node, which will eventually use a bat-
tery to store the energy it receives. The Hybrid technique uses the combination of both, store and forward
technique as well as direct transmission. Hybrid schemes always performs better than the previous two
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Figure 7: Wireless charging vehicle (WCV) travels along Figure 8: An example of LASER power
optimal path to charge sensors deployed in the field [12] transfer [15]

techniques for a large number of total hops.

An example of LASER reflection based energy transfer is demonstrated in [15] as shown in Figure
8. Table 4 summarizes various possible energy transference technologies. The major technologies used
by most of existing efforts are RF based and magnetic resonance based energy transfer. It is mainly
due to their mobility, high conversion efficiency and property to provide omni-directional coverage. These
technologies lacks efficiency in terms of distance, since energy transference is limited by distance constraint.
The nodes need to be deployed in close proximity in order to efficiently transfer energy. Therefore, these
technologies requires further improvements, specifically in sparse sensor network deployment, where nodes
might require to transmit energy to a node far more than the maximum range supported by any of these
existing transference technologies. Instead on relying on magnetic resonance and RF energy, there is a need
to further explore alternate choices such as microwave power beaming and reflection based technologies,
which provides improvement in term of distance. However, there is a trade off regarding coverage since
these technologies are constrained by narrow beaming and the requirement of line of sight poses a challenge
as well.

6. Energy consumption based energy management

Wireless Sensor Networks have gained lot of attention in the last decade due to their low power consump-
tion nodes and mobility. But researchers are still not satisfied and further efforts are in progress in order to
improve the power consumption by increasing the efficiency of the battery-driven sensors. In this section,
we shall discuss different approaches adopted by the research community to improve battery-driven device’s
efficiency aiming to keep the network perpetual. Rather than discussing each protocol separately, we shall
provide a general idea of the key approaches, which are adapted by different protocols. We categorize our
discussion into three major subsections in order to clearly identify characteristics of each scheme.

6.1. Duty Cycling

Duty cycling is considered as the most effective way of improving network’s lifetime. Several algorithms
are proposed, in which nodes adjust their duty cycle by alternating between sleep and wakeup modes to

13



reduce battery consumption. The idea is to set the node in a low power mode when there is no data commu-
nication in progress. In this way, energy wastage is avoided as the nodes only wakes up when there is a need
of radio transmission or reception. Such algorithms can prolong the overall network lifetime by utilizing
the battery only when they are awake. Duty cycle based algorithms can be further categorized as Topology
control protocols, Sleep/wake-up protocols and MAC protocols with low duty-cycles.

Topology control Protocols refers to schemes that adapts dynamic network topology in accordance to the
application requirements. The aim is to set some nodes in sleep mode while keeping the network operational,
hence prolonging network lifetime. Such protocols can be further divided as location driven and connectivity
driven. In Location driven approaches, nodes are set to sleep or wake-up mode on the basis of their location.
The location of the nodes are assumed to be known so that nodes can coordinate with each other to decide,
which node in a particular area should be turned off, while not compromising coverage of that particular area.

Topology control schemes aim to reduce the topology and maintain it for topology conservation. Most
of the efforts in this domain lie in the area of Connected Dominating Set (CDS) or backbone, which aims to
form a reduced topology working on behalf of other nodes in the network. In this area, the authors proposed
CDS Rule K algorithm [75] that uses marking and pruning rules for exchanging neighbors list among a set
of nodes. In CDS Rule K, a node remains marked as long as there is at least a pair of unconnected nodes
in its neighbors; it is unmarked when it finds that all its neighbors are covered with high priority. Similarly,
Energy Efficient CDS (EECDS) algorithm is proposed in [76], which also follows a two phase topology con-
trol scheme in order to form a connected dominating set based on coordinated reconstruction mechanism
to prolong network lifetime and balance energy consumption. On the other hand, the authors in [77, 78]
propose A3 and Al algorithm which constructs a backbone or a CDS in a single phase while in [79], the
authors propose Poly algorithm, which provides reliability in addition to energy efficiency by constructing
a backbone in a single phase.

For evaluation of topology control algorithms, we used Attaraya simulator [80] that has been specifically
designed for WSNs. The Atarraya underlying features provide many advantages which includes, different
energy and communication models, energy and node location distribution resources that can adapted ac-
cording to the requirement in the simulations. On the other hand, the performance of the algorithms was
evaluated under two metrics namely energy overhead and residual energy. The former shows the overhead
associated or the energy consumed during the exchange of the messages, while the latter shows the remaining
energy at the end of Topology Control operation. For evaluation of the algorithms under discussion, the
nodes were distributed in an area of 600m x 600mwhile varying the node density from 50 to 250 nodes.
Similarly, the algorithms were also evaluated for indoor Grid H-V and H-V-D topologies. In Grid H-V
and H-V-D, nodes communicate with their horizontal, vertical and diagonal neighbors depending upon the
topology deployed. The transmission radius and initial energy level of each node are set to 42m and 1J,
respectively. The actuation energy equals 50n.J/bit while the communication energy is 100P.J/bit/m?. All
the results were averaged over 100 simulations runs and the nodes energy distribution follows a uniform
process while the node location distribution follows a random process.

Figure 9 demonstrate the energy overhead incurred by different topology control algorithms under Grid
H-V and Grid H-V-D topologies and under varying node density. The results demonstrate that the schemes
using two phase backbone topology construction mechanism incur more energy overhead due to the use
of large number of messages, while the schemes constructing backbone in a single phase incur less energy
overhead. Similarly, the residual energy is also remains high for schemes with single phase mechanism for
the same reasons mentioned earlier and therefore provides better energy efficiency as shown in Figure 10.

The authors in [81] introduced hyper-graph theory based topology control algorithm to replace simple
graphs in large scale WSNs. Simple graph theory based algorithms results in high computational complex-
ity and usually requires large solution space to manage large scale WSNs due to their small granularity.
The transmission paths computed using traditional graph theory techniques provide lower fault tolerance
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Figure 9: Energy overhead comparison under Grid H-V and H-V-D topologies and under varying node density.
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Figure 10: Residual Energy comparison under Grid H-V and H-V-D topologies and under varying node density.

due to unattended sensor nodes operations and unreliable wireless transmission channels. To maintain the

connectivity of a delivery path, lots of control message to are required. Such control messages uses more
bandwidth with increased energy consumption.

A hyper graph based tool, namely Spanning Hyper-graph Tree (SHT) is proposed to generalize the high
connectivity in wireless self-organized networks into concise and robust hyper-graph infrastructure. SHT is
the first hyper graph model where nodes and connected edges among them are generalized as hyper-edges.
With the growth of hyper-edges, as the minimum computing unit, fewer extra packets are used which sub-
stantially reduces the energy consumption. SHT also ensures time synchronization between nodes to reduce
complexity. The issue of limited solution space is addressed by using variable scale hyper edges. Similarly,
the use of mutual back-up delivery paths in a single hype edge improves the fault tolerance capability.
Comparison results with simple flooding, Directed Diffusion [82], EADD [83] and Enhanced Fault Tolerant
AODV (ENFAT AODV) [84] shows the improvement of SHT in terms of its average dissipated energy, av-
erage latency and the packets loss ratio.

Besides topology control algorithms, energy efficient routing algorithms such as AODV, Directed Diffu-
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sion, SPEED [85] and Reliable Energy Aware Routing protocol (REAR) [86] also ensure minimum energy
consumption at relay nodes. Recently research focus is shifted toward energy efficient fault tolerant routing
algorithms. One such algorithm DLS (Dynamic local stitching) is proposed recently in [87]. DLS aims to
repair broken transmission paths in WSN, specially, in harsh environments comprising unattended sensor
nodes with unreliable wireless transmission channels. Unlike typical routing algorithms such as AODV,
ENFAT-AODV, Directed Diffusion, SPEED and REAR which reroute the entire paths. DLS only repairs
broken fragments of the original path, thus minimizing energy consumption as well as the recovery delay.
Figure 11 compares nodes energy consumption using different routing algorithms with increasing fault tol-
erance percentage from 5% to 30% of faulty nodes in the transmission path. DLS, with its fewer overhead
packets rectifies broken path with a lower latency compared to other routing algorithms.
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Figure 11: Energy consumption comparison of different routing schemes with respect to percentage of faulty nodes [87]

Geographical Adaptive Fidelity (GAF) [17] and Geographical Random Forwarding (GeRaF) [18] are
typical examples based on location driven approaches. The connectivity driven approach on the other hand,
are generally more preferred protocols. The nodes can be set to be in a sleep or wake up mode, while keeping
the network well connected and scalable. The protocols such as Span [19] and Adaptive Self Configuring
sEnsor Networks Topologies (ASCENT) [20] are examples of efforts implementing such approach. These
efforts although demonstrated that topology control protocols provide better efficiency in terms of increas-
ing network lifetime but efforts are still required to couple such protocols with other energy conservation
protocols for perpetual network operation.

Duty cycling protocols can also be further classified on the basis of power management by adapting
different sleep and wake-up protocols or MAC protocols having low duty cycles. For better understanding,
sleep and wake-up protocols are further divided into on-demand, scheduled rendezvous and asynchronous
protocols. On-demand protocols are used in event driven scenarios, where nodes should only wake-up when
they are needed for communication. Typical Examples of such schemes are Sparse Topology and Energy
Management (STEM), Pipeline Tone Wake-up (PTW) and Radio Triggered sleep wake-up schemes [88-90].
The issue related to informing a sleeping node to wake-up is addressed by using multiple radios. A low rate
and low power radio is used for signaling and a more power consuming radio is used for data communica-
tions. It seems to be ideal protocol but radio triggered wake-up scheme is not a feasible solution. It can
only be applied in situations where nodes are in close proximity to each other. In addition, using a second
radio seems to be an unrealistic approach. In scheduled rendezvous , nodes wake-up according to a schedule
and remain active for a short period and then enter sleep mode till the next rendezvous time arrives. Such
protocols are convenient, although, synchronization is required between the nodes. Such schemes also poses
a drawback in terms of additional synchronization overhead. In asynchronous protocols, a node can wake-up
independently of others and can still be able to communicate with its neighbors. It is easier to implement
and ensures network connectivity even in highly dynamic conditions. Asynchronous protocols are said to be
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TDMA based | Contention based Hybrid
TRAMA [21] B-MAC [24] Zebra MAC [27]
FLAMA [22] S-MAC [25] HYMAC [91]
L-MAC [23] D-MAC [26]

Table 5: Low power MAC schemes

less energy efficient, therefore, consequently resulting in higher duty cycles than synchronous nodes.

An alternative duty cycling approach is by applying MAC protocols with low power consumption. These
can be classified as Time Division Multiple Access (TDMA) based, contention based and hybrid MAC pro-
tocols as shown in Table 5.

In TDMA based protocols, nodes duty cycle is enabled only when channel access is required. A fixed
time slot is assigned to each node and the energy consumed is reduced to only the respective time slot. The
protocols such as Traffic-Adaptive MAC Protocol (TRAMA) [21], Flow Aware Medium Acces (FLAMA) [22]
and Lightweight Medium Access Control (L-MAC) [23] are the most common ones adapting such schemes.
The TDMA based schemes provides efficiency in terms of energy consumption, since nodes turn on their
radios only in their own allotted time slot. These protocols provides limited flexibility and are generally
scalable, however, they often requires tight synchronization and are very sensitive to interference. These
protocols perform worse than contention based protocols in low traffic conditions and are therefore, rarely
used in WSNs.

The contention based protocols on the other hand, achieves duty cycling by integrating medium access
functionality with sleep or wake-up process. The most common schemes based on this principle are Berkeley
MAC (B-MAC), Sensor MAC (S-MAC) and Data gathering MAC (D-MAC) [24] [25] [26]. These protocols
are robust and scalable and maintains lower delay than TDMA based protocols, however, they results in
high energy consumption due to contention and collisions.

The hybrid schemes refers to algorithms combining properties from both, TDMA based and contention
based schemes. It behave as contention based scheme when the level of contention between nodes is low, and
then switches to TDMA based scheme when the level of contention is higher. These are complex schemes
and are feasible only in situations where high numbers of nodes are deployed. The Zebra MAC (Z-MAC)
[27] and Hybrid MAC (HYMAC) [91] are popular hybrid scheme combining strengths of TDMA based and
Carrier Sense Multiple Access (CSMA) based schemes.

Dynamic duty cycling is also applied by few researchers for harvesting enabled sensors [92]. The energy
allocation to the application is based on the availability of daily harvested energy. Kansal A. provided
an adaptive duty cycling scheme for the energy harvesting sensor node in [34]. Moreover, Dynamic Power
Management (DPM) algorithms can also be used to efficiently manage energy for a sensor node. In DPM;
the sensor node is turned off when there is no sensing activity and triggered in case of occurrence of any
event [93]. Such algorithms mostly suffer from the overhead of sleep state transitions, specifically, in storage
and retrieval of the sensor processing state during switching. Similarly, Dynamic Voltage-Frequency Scaling
(DVFS) can also be adapted to manage the node energy consumption [94, 95]. DVFS schemes allow the
node to operate at the maximum processing speed if the stored energy is sufficient, otherwise, the system
reduces the execution of sensing tasks in order to conserve energy [96]. The efficiency of such schemes to
save energy depends on the application requirements for task execution. Energy conservation for longer
network operation is only possible when sensing requests by the application are less frequent.
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Type of Scheme Example Protocols
Duty- Topology Control GAF [17], GeRaF [18], Span [19], ASCENT [20]
cvelin Sleep/Wake-up STEM [88], PTW [89], Radio Triggered
yeuns Sleep/wake-up [90]
Low duty-cycle MAC | TRAMA [21], FLAMA [22], LMAC [23], BMAC
[24], SMAC [25], DMAC [26], ZMAC [27], HY-
MAC [91]
Data- Data Prediction Ken [97], PAQ [98], SAF [99], PREMON [37],
driven EEDC [28]
Energy Efficient Data | BBQ [38], ASAP [100], USAC [101]
Acquisition
Mobility- | Mobile Sink GMRE [39], TTDD [40], SEAD [102]
based Mobile Relay Message Ferrying [41], Data-MULE [42], Ze-
braNet [43]

Table 6: Energy Consumption based Energy Management Schemes

6.2. Data Driven approaches

Data driven approaches are generally focused to reduce the amount of sampled data while keeping sens-
ing accuracy within the acceptable level. Such approaches can be classified as data reduction schemes and
energy efficient data acquisition. The data reduction schemes address the case of unneeded samples. The
data prediction is a further classification of data reduction schemes, which are focused on building an ab-
straction of the sensed data, or in other words, a model for future data prediction.

The data prediction schemes can be further divided into stochastic approaches, time series forecasting
and algorithmic approaches. The stochastic approaches works on the principle of stochastic characteri-
zation of the phenomena as proposed in the Ken solution [97]. Such protocols are involved in high-level
computations such as aggregating, with the expense of high computational costs. These approaches are
feasible in situations where powerful sensor nodes are available in the network, thus requires larger battery
size. In time series forecasting, set of historical values are obtained by periodical sampling, which are then
used to predict a future value in the same series. The most common techniques using these approaches are
Moving average (MA), Auto-regressive (AR) or Auto-regressive moving average (ARMA) methods. These
schemes are simpler and lightweight in implementation and provides satisfactory results in terms of accu-
racy. Examples of such approaches are Probabilistic Adaptable Query system (PAQ) and Similarity based
Adaptive Framework (SAF) [98, 99]. In algorithmic approaches, heuristic or state transition model describ-
ing sensed phenomena are used. Typical examples of such approaches are Prediction based Monitoring in
Sensor Networks (PREMON) and Energy Efficient Data Collection (EEDC) [28, 37]. These techniques are
considered case by case as they are more application specific schemes. In addition, few energy prediction al-
gorithms and dynamic duty cycling based on the available harvested energy are proposed in [35, 36, 103-106].

Energy efficient data acquisition protocols are more focused towards reducing energy consumption of the
node sensing subsystem. Such protocols assume that greater amount of energy is consumed by the sensing
sub system of the node than the communication subsystem. These schemes are further divided as adaptive
sampling, hierarchical sampling and model based active sampling. In adaptive sampling, the main focus is
to reduce the amount of data to be acquired from the transducer based on either spatial or temporal corre-
lation between data. These schemes are more general and efficient, and mostly implemented in a centralized
fashion, thus requiring high computations. In hierarchical sampling, different types of sensors are installed
on nodes. These schemes are more energy efficient, but are more application specific. However, the cost
associated with the extra transceiver can be considered as a drawback of such schemes. The model based
approaches are similar to data prediction schemes. The goal is to reduce the number of data samples by
using computed models and saving energy through data acquisition. Protocols such as Barbie-Q (BBQ)
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[38], Adaptive Sampling Approach to Data Collection (ASAP) [100], and Utility Based Sensing and Com-
munication (USAC) [101] are based on such schemes.

6.3. Mobility based approaches

Mobility based energy conservation can be achieved by considering few mobile nodes in the network.
These mobile nodes can be of two types, based on their behavior. They can either be part of the network
infrastructure in which their mobility is fully controllable or generally a robotized one. Such nodes may
follow a predictable pattern of mobility. On the other hand, they can be part of the environment, in which
nodes mobility is uncontrollable and unpredictable. However, in some cases they might follow a mobility
pattern that is neither predictable nor random in general [16].

Mobility based algorithms can be further divided in two categories. A mobile sink based approach,
in which a mobile sink is used to collect data from source nodes in the field in order to increase network
lifetime. It is shown that using mobile sinks nodes can improve networks lifetime by 5 to 10 times than
using static sink nodes. However, the possibility of latency associated with the data arrival at the sink node
should be taken into consideration. Some examples of such approaches are Greedy Maximum Residual En-
ergy (GMRE) [39], Two Tier Data Dissemination (TTDD) [40] and Scalable Energy-efficient Asynchronous
Dissemination (SEAD) [102] protocol. In a mobile relay based approach, message ferries are used for data
collection from source nodes [41]. These message ferries moves in the field to collect data, carry the stored
data and forward it to the destination node. Mobile relays have almost similar functionality as in data
Mobile Ubiquitous LAN Extension (MULE) approaches [42], where the vehicles periodically visit a network
to collect data. However, some issues needs to be addressed such as the sensors have to be continuously in
wake-up mode while waiting for the MULE to arrive for data collection. The transmission schedule need to
be defined to address the issue of the amount of time a MULE has to wait for data coming from the static
nodes, and vice versa, when a sensor should transmit gathered data to the mobile element. Typical example
of mobility based approaches is ZebraNet [43].

Energy efficient network operation is also possible by defining several application layer protocols. Typical
application layer protocols can be categorized into three types; Sensor Management Protocols (SMP), Task
Assignment and Data Advertisement protocols (TADAP) and Sensor Query and Dissemination protocols
(SQDDP).

e Sensor Management Protocols (SMP) are used by network administrators to configure nodes to perform
various tasks. These protocols can be used to introduce rules regarding data aggregation [107], time
synchronization [108], sensor movements, clustering, authentication and key distribution [109, 110].

e Task Assignment and Data Advertisement protocols (TADAP) are used to handle users interests
and sensor node advertisements. The users query for the sensing data they are interested and the
corresponding sensor nodes advertise the requested data. TADAP provides the user software with
efficient interfaces for interest dissemination which also supports energy efficient lower-level operations
[111, 112].

e Sensor Query and Dissemination protocols (SQDDP) are designed for attribute or location based sensor
query. Typical example of such query could be for the location of all the nodes sensing temperature
higher than a certain threshold, where the threshold can be defined by the user. These protocols are
helpful in ensuring messages exchange between the user and the sensor deployed in the field under
different conditions [113].

6.4. Discussion

Energy consumption based energy management schemes are summarized in Table 6. Duty cycling based
energy management approaches are proposed in majority of energy conservation schemes as shown in Table
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6. Besides duty cycling, state of the art Data driven schemes and Mobility based schemes are also identified.
Among all the energy conservation schemes, topology control schemes which are based on duty cycling are
the most recent and provide better energy efficiency and longer network lifetime. However, most of the
current efforts are focused only towards energy conservation based on efficient energy consumption. Energy-
efficient design of a sensor hardware, software, algorithms and protocols have served well, but they eventually
surrender when the attached batteries are drained. For instance, an energy-efficient protocol which relies on
duty cycling of spatio-temporal sensing activities may result in application performance degradation for the
sake of longer network lifetime. Therefore, our analysis reveals that it is better to renew energy rather than
relying on fixed energy already coupled with the node at the time of network deployment. The high level
taxonomy provides an insight for the research community to consider the trend toward energy replenishment
using alternate sources while catering for energy efficiency in WSNs.

7. Conclusions/Future Work

This paper presented a comprehensive survey on different energy management schemes in WSNs. Theses
schemes are classified into two categories, energy provision based and energy consumption based. Energy
provision approaches studies the energy source characteristics and develop algorithms depending on the en-
ergy availability to the sensor. We categorized such schemes as battery driven, energy harvesting, and energy
transference based schemes. On the contrary, energy consumption based schemes refers to the algorithms
and protocols that does not take into account the node’s energy source. This survey is more focused towards
identifying the potential of various alternate energy sources and the different efforts on their efficient uti-
lization. A network wide energy efficient protocol can better manage its operation while taking into account
the nodes’ supply and consumption. Therefore, we recommend to the research community to consider both,
the energy supply as well as the energy consumption in parallel while designing an energy efficient algorithm.

Alternative energy sources from ambient environment and wireless transference based algorithms still
require further improvements. Existing sources requires improvement regarding their energy harvesting
efficiencies as well considering the possibility of exploring new sources. A hybrid technique comprising all
the three existing sources (batteries, ambient environment, and wireless transfer) can also be considered
to increase the network lifetime. However, it is still an open research issue and lots of efforts are required
towards the realization of a perpetual WSN.
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