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Abstract

The emergence of Wireless Sensor Networks (WSNs) as one of the dominant technology
trends has posed numerous unique challenges to researchers in the past two decades. Their
design constraints differ from traditional wireless networks because of their unique charac-
teristics such as small-sized devices, low power, longevity requirement, low cost, random
deployment, and a large number of nodes in the network. The limited energy and the
requirement of longevity make the need for energy conservation a critical design problem.
Literature over time has brought many efficient ways to handle these, like, scheduling the
duty cycle in an energy-efficient manner, channel coding to improve bit error rate (BER),

and source coding to reduce the amount of data transmitted.

Reliable energy-efficient information transmission is the primary design objective of a
WSN;, considering its unique energy and resource constraints. Energy efficiency and BER
performance are the necessary criteria to be taken into account while designing an optimal

error correction scheme for WSNs.

In this thesis, two methodologies for a novel energy-efficient error control scheme are
proposed. The methodologies achieve a better BER performance compared to the stan-
dard schemes with minimized energy overheads of a typical error control scheme. These
include additional bits’ transmit energy and encoding/decoding energy. The redundant
bits’ transmit energy is saved by incorporating compression. Coding energy is minimized

by employing simpler operations compared to conventional error control schemes.

The methodology proposed for the new scheme is inclusive of three fundamental con-
victions for energy efficiency: error correction capability, data compression, and reduced
computation. A novel codeword structure is proposed for the same, which combines the
source and channel coding methods interdependently, i.e., accomplishing error control with-
out added redundancy, on the contrary, with saving in the number of bits transmitted. The

total computation energy is also reduced.
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Our second proposed methodology is an enhancement over the first proposal. It fur-
ther reduces the energy overhead for computation, intensifies the BER performance, and

improves the data compression compared to the first proposed methodology.

The methodologies are analyzed with three performance metrics such as BER perfor-
mance for error control capability, percentage compression for data compression, and total
energy consumed per information bit for energy efficiency. For a comprehensive comparison
of the energy efficiency of the schemes, both computation energy for the coding operations
and communication energy for the data transmission are considered. This proves that
saving in communication energy doesn’t come with an increase in total energy due to the
additional coding operations, which is essential for a highly populated network of low-
powered nodes. Both analytical and simulated analyses are performed. The analytical
study is performed using the mathematical expressions derived, which helped to validate
the simulation results. The validation is further emphasized by deriving the upper and
lower bound on the BER performance results. The investigation is performed at two sensor
platforms MicaZ and Mica2, under the Additive White Gaussian Noise(AWGN) as well as

Rayleigh fading channels.

The efficacy of the proposed methodologies is examined by the quantification of the
performance. The first proposed methodology at the Mica2 platform yields a coding gain
(CG) of 4.093 dB with a parameter seclection of {30, 7, 2, 5}, in AWGN channel at BER of
10~?, as compared to CG of 0.561 dB and 1.485 dB obtained using Hamming (7,4) and RS
(31,29), respectively. Further, the standard codes above have redundancy of 75% and 6.9%,
respectively, while the proposed code with the above parameters achieves compression of
23.81%. The total energy consumption reduces to 31.61% compared to uncoded, 46.51%
compared to Hamming (7,4), and 28.5% compared to RS (31,29). The second proposed
methodology for the same characterization in the AWGN channel at the MicaZ platform
attains a CG of 4.328 dB. In comparison, Hamming (7,4) obtain a negligible CG and RS
(31,29), a CG of 1.068 dB. The compression gained by the scheme is 26.19%. The reduction
in total energy consumption is observed to be 42.92%, 63.12%, and 41.95% compared to

the uncoded, Hamming (7,4), and RS (31,29), respectively.
The significant achievements observed by the proposed methodologies come with a
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tradeoff. By design, the proposed methodologies scramble the transmitted data. In this
thesis, we have studied different ways to descramble the data at the receiver for keeping

the data in sequence.
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1. Introduction

1.1 An Introduction to Wireless Sensor Networks

Wireless Sensor Network (WSN) is one of the key technologies of the twenty-first century. A WSN
is a set of connected nodes deployed for observing a physical phenomenon and is widely used in a
variety of applications [1]. A few examples include temperature, light, sound, and humidity monitor-
ing. The monitored readings are transmitted over a wireless channel to be used by an application [2].
Data collection, monitoring, surveillance, and medical telemetry are a few of the typical applications
of WSNs. The WSNs can work not only for sensing applications but also for control and activation
purposes.

A largely deployed sensor nodes form a highly distributed network of small, lightweight sensor
nodes. The number of sensor nodes may vary from a few to several hundreds or even thousands,
where each node is connected to one (or sometimes several) sensors. The interconnected sensor nodes
allow for multihop communication to the sink node. The sink node is connected to either the end-user

or through the internet to the user. A typical wireless sensor network is shown in Fig. 1.1.

Internet

Observation
field

Sensor Nodes

Figure 1.1: A wireless sensor network structure.

The typical node architecture is shown in Fig. 1.2. The architecture of a sensor node comprises of
sensing, computing, and communication units so that the system as a whole can instrument, observe,

and react to events and phenomena in the observed environment [3].
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Sensing Processing Communication
Sensor ADC Processor Il Transceiver
A A Storage A
A
Power Supply

Figure 1.2: The architecture of a sensor node.

The tiny sensor nodes have sensors, microprocessors, and radio transceivers. The sensors perform

the sensing task. Microprocessors carry out the data processing tasks. And the radio transceivers are

responsible for all the inter-node and node-to-sink communications. The communications are usually

wireless over a short distance.

1.1.1 WSN Features

The design constraints of WSNs are very different from other traditional wireless networks, such

as cellular networks and Mobile Ad-hoc Networks, because of their unique features. A few of the

distinctive characteristics of sensor networks are listed below [1, 3, 4, 5, 6].

e Tiny Nodes: With the development in micro-electronic-mechanical systems and wireless com-

munication technologies, sensor nodes are made very cheap and small. However, we can find

sensor nodes in various orders of magnitude in size, from nanoscopic-scale devices to macroscopic-

scale devices.

e Dense Node Deployment: The tiny sensor nodes are usually deployed in large numbers in the

observation field. They are usually deployed densely. There can be several hundred or thousand

sensor nodes in the field of interest.

e Random Node Deployment: Generally, sensor networks are deployed in remote and secluded

locations, and hence random node deployment has to be chosen often.

e Battery-Powered Nodes and Limited Battery Life: Sensor nodes are powered by a small

battery. Most of the time, these batteries can not be recharged or replaced as the observation

fields are usually remote, harsh, or dangerous. The battery lifetime of nodes is also hence limited.

However, there are sensor nodes with energy harvesting capabilities as well.
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e Energy, Computation, and Storage Constraints: Since the sensor nodes are tiny and
battery-powered with no recharging/replacing facilities, the energy, processing, and storage units
also face constraints. The energy, computation, and storage capabilities of a sensor node are

very limited compared to conventional wireless nodes.

e Application Specific: Unlike traditional networks, each sensor network is designed for a spe-
cific application. Hence, the design requirements are also highly dependent on the application

in hand, and a general design is not appropriate.

e Self-Configurable: As the sensor nodes are deployed randomly and are in hostile environments,

the network has to be self-configured after deployment.

e Prone to Damages: The harsh and dangerous sensor field can cause physical harm or failure

to sensor nodes.

e Frequent Topology Change: Due to frequent node damage, failure, energy depletion, node
addition, and fading channels, the topology of the network may change frequently. Hence, the

nodes have to self configure and adjust to the circumstances often.

e Correlated Input Data: As the sensor nodes are densely deployed in a field towards a common
goal, the data sensed by the neighboring nodes are highly correlated. Hence the data redundancy

will be very high.

e Need for In-network/Local Processing: The energy cost of data transmission is directly
proportional to the amount of data. Therefore, it sometimes calls for local processing of infor-

mation before transmitting to the sink.

e Many-to-One Flows: As can be observed from Fig. 1.1, the nodes sense the data from the
field and communicate to the sink node. A large number of sensor nodes sense and process data,
and send it to the sink. Hence a many-to-one traffic pattern can be observed in typical sensor

networks.

e No Global Addressing: The network has a large number of sensor nodes with minimal storage
capacity. Hence maintaining the address information of all the nodes in the field is highly

impossible. Thus, a global node addressing is not employed.

TH-2430_10610210




1.1 An Introduction to Wireless Sensor Networks

1.1.2 Implementation Challenges

The implementation of WSNs pose some unique challenges compared to conventional wireless

networks [3, 4, 7, 8, 9].

e Reliability: Most of the applications require a robust information transmission. The wireless
channels are usually noisy, error-prone, time-varying, and fading. For the applications to perform

correctly, the data must be reliably transmitted through these channels.

e Need for Low-power Operations: The most crucial challenge of a WSN to have as low
power consumption as possible. This is because sensor nodes have limited power supply and are
deployed in locations where recharging/replacing batteries is not feasible. An energy-depleted
node may affect network connectivity, force the network to change topology, or even make the
whole network unusable. The low-power operations include low-power communication, low-

power on-node computing, and low-power sensing sessions.

o Limited Hardware Resources: Sensor nodes, tiny in size and low cost, have limited processing
and memory capacities. Hence, the computational capability is also limited. Along with limited
energy constraints, limited hardware constraints also have to be taken care of during network

design.

e Adaptability: The low-power nodes may fail, new nodes may join, or nodes may change their

place with time in sensor networks. Sensor networks must be adaptive to such changes always.

o Self-Configurability: The sensor networks must be able to self configure during the random
deployment phase. They must also be able to self reconfigure during the operation phase, a

topology change, or node failure.

e QoS Assurance: Sensor networks are highly application-specific. WSNs find their use in a
wide variety of applications [3, 10, 11, 12, 13]. Broadly these can be listed as environmental
monitoring, health monitoring, military applications, traffic monitoring, disaster management,
structural health monitoring, surveillance, industrial monitoring, and home/office automation.
There cannot be any general design guidelines, unlike other networks. The quality-of-service

(QoS) requirements of each application may be quite different in terms of bit error rate (BER),
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delivery latency, and packet loss. For example, the BER performance required for various ap-
plications depends on the reliability they demand. Ensuring reliability is significant in medical
monitoring, emergency applications like disaster management, and military applications com-
pared to other applications. It can be stated in general that query-driven and event-driven
applications demand high reliability than continuous monitoring applications [14, 15]. Also, the
safety applications, like fire alarming, are delay-sensitive. However, applications like data collec-
tion are delay tolerant, but cannot tolerate packet loss. Hence WSN design should contemplate

application-specific QoS requirements.
e Scalability: The WSN should be scalable to different orders of sensor nodes.

e Efficient use of Bandwidth: The bandwidth is a limited resource for WSNs. Hence the

design should consider utilizing the channel as efficiently as possible.

e Security: Often, sensor networks are employed in strategic locations, and the information

collected by the sensor network has to be secured from unauthorized access or malicious attacks.

1.2 Energy Conservation in WSNs

WSNs attempt to achieve energy efficiency in many ways. A few examples include in-network and
in-node data processing, low duty cycle operation, short-range multihop communication, transmit
power control, and perceptive sensor placement [3, 16, 17, 18, 19].

In-network and in-node processing of data lessen the quantity of data transmitted and the time
required for transmission. The communication energy spent on transmitting data reduces as the
amount of data and the time of operation reduces. This, in turn, reduces the total energy consump-
tion. The reduction of the amount of data transmitted is achieved by numerous data aggregation and
compression techniques. This local data processing is possible because of the density of the network
and the inherent redundancy in the data collected. An in-node compression technique is proposed in
[20] suitable for resource constraint sensor nodes. This method makes use of the correlation present in
the node’s consecutively collected samples. The in-network data processing consists of two techniques,
namely, data compression and data aggregation. The in-network data compression [21, 22, 23, 24],
on the other hand, work in a distributed fashion in the network, which exploits the redundancy in

the sensed data arisen due to the density of the network. Data aggregation combines the data from
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different sensors related to the same event and reduces the number of transmissions or the transmitted
packet length. The trade-off for this achievement is the need for coordination among nodes, making
the scheme complex [25, 26, 27].

The duty cycle can be adjusted in an energy-efficient manner since the major part of energy con-
sumption is the node’s radio consumption. Energy is saved by reducing the duty cycle, which reduces
the active transmission/reception time and increases the sleep time because the power consumption
in sleeping mode is negligible to the power consumption in active mode [28, 29]. There are numerous
medium access control protocols with a low duty cycle designed to achieve this, particularly for WSNs
[30]. A broad classification of these is based on the approach used to regulate access to the shared
wireless medium. Reservation based schemes allot slots to every node in each time frame [31, 32, 33].
Contention-based schemes, on the other hand, allot slots only to the nodes intend to transmit/receive
[34, 35, 36] and hybrid schemes combine the strength of both the above approaches while neutralizing
their weaknesses [37, 38, 39].

Instead of each node transmitting a long way to sink in a single hop, making a path through
intermediate nodes to the sink reduces that node’s energy consumption. This saves the node from
draining out of energy fast and making the coverage area of the node unreachable. A short-range
multihop communication towards the sink makes use of a small amount of energy from each node on
the way [2].

Similarly, transmit power control also helps reduce energy consumption [5]. As the nodes need
to transmit a very short distance to the neighboring node, a minimal amount of transmit power is
sufficient to achieve communication to sink even if the data collecting node is distant from the sink.

Perceptive sensor placement for effective coverage also plays a key role in managing energy con-
sumption. The random deployment of sensor nodes may seem like a hindrance to this. However,
several algorithms exist to use a subset of nodes at a time for efficient area coverage when a higher
density of sensor nodes are randomly deployed. A high density of nodes means having nodes greater
than the optimum number needed to perform the area monitoring. An energy-efficient coverage solu-
tion is to have disjoint sets of nodes, where each set can perform the monitoring task discretely, and
other sets of nodes can go to low-energy sleeping mode [40, 41]. Distributed and localized methods
exist that schedule the nodes’ operation with adjustable sensing range [42] or fixed sensing range [42]

or fixed sensing range [43]. Another approach is to make use of a minimum number of working nodes
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for adequate coverage and connectivity [44, 45, 46].
1.3 Reliability in WSNs

Reliable data transmission is the first and foremost goal of any communication system. From the
classic paper [47], the communication fraternity stimulated the research in information theory and
coding theory. With Hamming’s milestone work in [48], communication engineers developed a fairly
large number of error control schemes for a variety of applications. Now there exists a wide range of
schemes with various error detecting/correcting capabilitics and implementation complexities so that
an appropriate scheme can be selected for the application in hand.

However, unlike conventional networks, WSNs have distinct features like low energy requirement
and the collaborative nature of sensors. Hence selection of a befitting error control scheme should
be carefully scrutinized to be energy-efficient too. The prime goal of the error control schemes is to
facilitate reliable communication over the channel. A wireless channel can have more adverse effects
on communication than wired channels due to fading, interference, time variance, and loss of bit syn-
chronization. The result is to have channel errors that cause the information exchanged unreliably.
The chances of errors in WSNs are still higher as the sensor nodes are forced to use low-power tech-
niques for communication, and multiple sensors are transmitting simultaneously in a limited area.
Accordingly, the use of error control schemes is essential in WSNs along with the constraint of low
energy consumption.

The error control can be achieved in WSNs in various ways such as transmit power control, auto-
matic repeat request, forward error correction, and hybrid automatic repeat request. A new variant
exploiting the redundancy in collected data was also introduced for WSNs named as a joint source-
channel coding scheme. The detailed account of the literature for reliable data transmission in WSN

is presented in Chapter 2.

1.4 Motivation for the Present Work

The wireless networks are more prone to errors due to fading, interference, shadowing, and time
variance compared to their wired counterparts. The main focus of any communication system is to
have reliable information exchange. Hence resisting the effects of channel errors is essential for any

system, and there are various methods developed over time for achieving this. A communication
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engineer can select the appropriate scheme depending on the application’s required QoS and tolerable
latency.

In the case of WSNs, this selection of an error control scheme comes to be more demanding
compared to other conventional networks. The primary reason is the need for low energy operations
in order to extend the battery lifetime. Hence, along with the considered parameters like error-
correcting capability and delay tolerance, one needs to examine the energy efficiency of the schemes
also before selecting a suitable scheme. The energy consumed for error correction operations and
energy expended for transceiver operations also have to be appraised.

As a result of this, a WSN designer can not effortlessly pick an error control scheme looking at its
error correction capability alone. The very close placement of sensor nodes makes computation energy
comparable to radio energy [49]. Hence, the saving in radio energy achieved by the error control
scheme should be higher enough to outshine the increase in computation energy for implementing
the error control [50]. Over time many researchers have studied the energy efficiency of various error
control schemes to find a suitable scheme for WSNs. In this design space, our motivation is to design
a novel method that can be applied to typical WSN applications. The method should be inclusive of
the possible ways to reduce total energy consumption and offer error correction capability.

The data compression techniques in conventional wireless networks generally are focused on saving
storage and are not concerned about energy efficiency. However, in energy-constrained networks, these
techniques may increase the total energy consumption [51]. Data compression schemes consuming less
computational energy have been researched in the context of WSN. As explained in Section 1.2,
this compression is mainly exploiting the node density of the network and the redundancy in data
sensed. Our motivation is to design a scheme which is not dependent on the correlation information,
which can also act orthogonally to such compression techniques. The compressive sensing techniques
exploiting temporal, spatial, and spatiotemporal sparsity save on computation, storage space, and
energy consumption at the sensor nodes [52]. Nevertheless, the processing burden is transferred to
the sink nodes. Consequently, the techniques will be suitable only for the networks in which sensor
nodes perform only encoding and the sink node perform the decoding. We are driven with the idea
of a scheme which can be used in any types of network, including those with sensor nodes perform
both encoding and decoding operation. This demands a scheme having not only less encoding load

but also less decoding load. In essence, we are motivated to achieve data compression along with error
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correction with minimal computation requirements.

1.5 Problem Formulation

Problem 1 Design an energy-efficient methodology of error correction for typical low-powered
WSNs. The aim is to design the scheme in such a way so as to achieve better error correction
capability compared to standard error correction schemes, at the same time reducing the redundancy
occurring in conventional error correction schemes. In addition to the reduction in redundancy, a
significant compression in data is also aimed. The accomplishments should come with lesser energy
spent on computation.

Problem 2 Design a scheme that further improves the error correction capability while increasing
the compression achieved and the computation operations to achieve better energy efficiency compared
to the first scheme.

Problem 3 Modify the scheme in order to alleviate the scrambling that occurs in the data as a

result of the codeword construction.

1.6 Thesis Contributions

In this thesis, we aim at designing an energy-efficient error correction scheme for typical WSNs.
The proposed scheme is inclusive of three basic notions for energy efficiency: error correction ca-
pability, reduction in the amount of data transmitted, and reduced computation. Error correction
capability helps to reduce the transmit power required for a specific BER. Reduction in the amount of
data transmitted, in other words, data compression, reduces the time and energy required for trans-
mission. These two attributes minimize radio energy needed for obtaining the desired QoS, while the
third attribute, reduced computation, lessens the computation energy. The total energy comprises
radio and computation energy, and a reduction in both reduces the total energy consumption of the
node. This thesis contributes two methodologies of such an energy-efficient error control scheme. We
name it the ‘Energy-Efficient Interdependent Source-Channel Coding technique ’. The source coding

and channel coding here are interdependent to each other and hence the name.

I. Methodology 1: An Energy-Efficient Interdependent Source-Channel Coding Tech-

nique
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We propose a novel unconventional technique to achieve reliability and energy efficiency in typical
WSN applications. It has the following three features. First, the methodology offers higher error
correction capability. Second, it gives an unconventional compression that is interdependent on the
channel coding. It is unconventional because, unlike compression schemes in other source coding tech-
niques for WSN, our methodology doesn’t require or depend on the correlation information of the
neighboring sensor nodes. Third, the computation energy necessary for these operations are surpassed
by the saving in radio energy achieved through the source and channel coding. Hence, the overall
scheme is energy efficient. The three attributes of the scheme are quantified theoretically and by

simulation, and the upper and lower bound on BER performance are derived.

II. Methodology 2: An Emnhanced Methodology for Energy-Efficient Interdependent
Source-Channel Coding

Next, we present an enhanced methodology for the energy-efficient interdependent source-channel
technique. Here, we have the following three enhancements. First, the error correction capability is
improved compared to that of Methodology 1. Second, the compression achieved also is improved.
Third, the computation energy required to achieve this enhanced feature is less compared to the
previous methodology. Similar to the previous methodology, the attributes are quantified, and the

performance bounds are derived.

III. Methods to Combat Sequence Disorder, Introduced by the Proposed Schemes

The two methodologies proposed work on efficient grouping and placing of data. This particular
structure of the data sequence is the basis of all the achievements, such as error correction capability,
data compression, and energy efficiency. The magnificent accomplishments of the methodologies have
a trade-off. They may alter the data sequence. Further, the methods to alleviate sequence disorder

are discussed.
1.7 Thesis Organization

This thesis is organized into seven chapters. The summary of each chapter is briefly outlined as

follows. A structural organization of the thesis is shown in Fig. 1.3.
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Introduction
(Chapter 1)

Literature Review
(Chapter 2)

Methodology 1
(Chapter 3)

Methodology 2
(Chapter 4)

Thesis P Contributions

Methodology 1 and 2 in
Rayleigh Channel
(Chapter 5)

Descrambling Methods
(Chapter 6)

Conclusions and Future Work
(Chapter 7)

Figure 1.3: Thesis organization.

e Chapter 1: An overview of WSNs, their unique features, and implementation challenges are
briefed in this chapter. The two primary focuses of WSNs to have energy efficiency and reliability
are highlighted. The motivation for the present work is discussed. This chapter also encapsulates

the problem formulation, thesis contributions, and a brief outline of the thesis organization.

e Chapter 2: This chapter explores the current state-of-the-art literature pertinent to our work.
Here, we review the work done in the literature for achieving reliability in WSNs. We also
discuss in brief the crux behind existing data compression techniques for WSNs. The joint

source-channel coding schemes are also reviewed in this chapter.

e Chapter 3: We present our novel scheme for energy-efficient, reliable communication in WSNs
in this chapter. The first methodology for the same is detailed, analyzed, and validated. The

methodology is studied in various platforms and the Additive White Gaussian Noise (AWGN)
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channel model. The results are shown and scrutinized.

e Chapter 4: An improved methodology for the same scheme is presented in this chapter. The
methodology is studied in detail, like Methodology 1 in the previous chapter. The differences in
both methodologies are listed. The results are examined and compared with that of Methodology

1.

e Chapter 5: In this chapter, Methodology 1 and 2 are again analyzed and studied in a fading
environment. The analysis of the scheme in the Rayleigh fading channel is studied to find its

suitability in a more realistic environment.

e Chapter 6: The sequence disorder problem that may arise in the proposed scheme is addressed

here. Methods to alleviate the effect of this are examined, and results are studied in this chapter.

e Chapter 7: This chapter summarizes the work done in the thesis and provides recommendations

that may be considered for future research.
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2.1 Error Control Schemes in WSNs

In the previous chapter, we have given a brief introduction to WSNs and their unique characteristics
and design challenges compared to conventional wireless networks. We have also highlighted two key
design challenges of the system, which are reliability and energy efficiency. This chapter further reviews
some related works from the literature on error control codes (ECC) of WSNs. The review focus on

the energy-efficient aspect of each scheme, along with its robustness.

2.1 Error Control Schemes in WSNs

We have discussed in Chapter 1 that the prime concern of a WSN design is energy consumption,
as the sensor nodes have severe energy constraints. Hence, the main design goal of error control proto-
cols should be energy efficiency, along with reliability. The communication system of a WSN expends
energy in both computation and transmission/reception. Hence, an energy efficiency analysis should
consider both these components of energy.

The error control schemes in WSNs are mainly of four types, power control, automatic repeat
request (ARQ), forward error correction (FEC), and hybrid ARQ (HARQ). As the sensors are usu-
ally densely deployed in the observation field, the data collected from neighboring nodes are highly
correlated. This redundancy gave rise to another variant of error control scheme named joint source-
channel coding (JSCC). Hence, we have five types of schemes to achieve robustness in WSNs. The

classification is illustrated in Fig. 2.1.

Error Control
Schemes of WSNs

s NS

. Automatic Repeat Forward Error o Joint Source-Channel
Power Control Request (ARQ) Correction (FEC) Hybrid ARQ (HARQ) Coding (JSCC)

Figure 2.1: Classification of Error Control Schemes in WSNs.

2.2 Power Control

An increase in transmit power improves the average Signal power to Noise power Ratio (SNR),
which reduces the error rate of the data transmitted and received. That means, the required bit
error rates can be reached by controlling the transmit power in wireless communication systems [4].

However, this is not a good solution for error control because of the following reasons. First, the
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increase in the transmit power of one node raises its energy consumption. Secondly, it also increases
the neighboring node’s interference with the node [53]. Third, per-packet power control also needs
complex circuitry and uses memory and other resources. Hence, power control can not be taken as a
stand-alone solution for error control in resource-constrained and energy-constrained WSNs. However,
power control helps improve energy efficiency due to the saving in transmit energy by implementing
forward error control schemes [5, 54]. Withal, transmission power control techniques are utilized to

achieve energy efficiency [55, 56].

2.3 Automatic Repeat Request (ARQ)

ARQ schemes help attain reliability by the retransmission of lost and erroneous packets [57]. ARQ
runs on an error detection scheme. Along with the data payload, the source node address and a
checksum of the payload are transmitted. The checksum of the payload is again calculated at the
receiver node and compared with the checksum field entry. If they match, the packet is considered
error-free; else otherwise. The report will be sent to the source node with the help of acknowledg-
ments. Either a positive acknowledgment will be sent for each correct packet received or a negative
acknowledgment for each erroneous packet. An erroneous packet is retransmitted by the source node.
There are three approaches to ARQ, such as stop-and-wait, go-back-N, and selective repeat. The
stop-and-wait approach sends a single packet at once and waits for its acknowledgment. On receiving
a positive acknowledgment, the next packet will be transmitted. Otherwise, the current packet will
be retransmitted [58]. The Go-back-N approach allows the sender to send N packets till an ACK is
received. For any number of erroneous packets, all N packets in the row will be retransmitted [59]. In
the selective repeat approach, only the erroneous packets are retransmitted [60]. Here stop-and-wait
approach has the least memory and resource requirements and is the mainly used ARQ scheme in
WSNs.

ARQ is simpler compared to FEC schemes and hence seems to be more suitable for WSNs since
complexity adds to energy expenditure. However, the authors in [61, 62, 63, 64, 65] found ARQ energy-
inefficient for WSNs, because of the additional communication/resource overhead due to retransmis-
sions and acknowledgments. Also, ARQ requires more memory for storing data at the transmitter
until it reaches the destination successfully. The energy consumed for sending acknowledgments and

retransmitting packets, and the memory used to save the packets until a positive acknowledgment
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is received are huge for a resource and energy-constrained WSN. Also, ARQ increases the latency
of communication. However, in fairly good channel conditions, ARQ is the best choice because it
doesn’t pay in terms of redundant bits and computation for correct packets like FEC. However, in
adverse channel conditions, ARQ is highly inefficient and causes high latency. Hence FEC has to be

considered.

2.4 Forward Error Correction (FEC)

ARQ schemes call for two-way communications. In systems where two-way communication is not
possible and channel conditions are adverse, FEC schemes are used. FEC schemes add some additional
bits to the data payload. These redundant bits help correct the errors at the receiver, liberating the
system from the need for acknowledgments and additional memory to save transmitted packets until
received error-free. However, FEC schemes require transmitting and receiving additional (redundant)
bits, and an encoding/decoding procedure needs to be run on each packet. FEC is more common than
ARQ, even if the system is able to provide two-way communication [57].

FEC schemes, also called channel codes, are generally of two types; linear block codes and convo-
lutional codes [66]. Block codes work on blocks of K-bits/symbols, known as source words, and map
them to blocks of N-bits/symbols, known as codewords. The difference in the number of bits/symbols
of two codewords is referred to as the Hamming distance between them. The smallest Hamming dis-
tance between any two codewords among all the possible codewords is termed as minimum distance
or minimum Hamming distance and is represented as dp.;,. A block code is usually represented as
(N,Kt), where t bits/symbols can be corrected per codeword, and t = |(N — K)/2] and is said to
have code rate R = K/N.

Convolutional codes, on the other hand, don’t work on blocks. Sequential K-tuples are mapped
to N-tuples in such a way to have distance properties needed for error detection and correction. Con-
volutional codes are characterized by code rate R and constraint length K. Constraint length gives
the number of K-tuples joined to form each N-tuple [66].

The selection of FEC codes must be judicious, especially in the case of WSNs. Each application
has a level of error tolerance, and an FEC code is chosen to achieve that level in the given channel
conditions. FEC codes correct the errors in the received packet. Hence a communication system with

a channel code implemented requires less transmit energy to achieve a specific error rate compared
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to a system with no code implemented. This energy difference or precisely the difference between the
Ey /Ny values is called the coding gain (CG) [67]. Ep/Ny is the average SNR per bit.

The level of error is usually calculated as the probability of error, Py. if the application can tol-
erate a higher Py, value, it is better not to use an FEC code. This is because computation energy is
small at high P,, and radio energy is the dominant component of the total energy consumption. As
an FEC code has additional redundant bits to transmit and receive, the radio energy increases, and
the uncoded scheme becomes better compared to a coding scheme. For instance, in [68] authors have
shown that the uncoded system gives better energy efficiency compared to convolutional codes with
a code rate of 1/2 and a constraint length of 3 for a P, greater than 107% in tracking applications
with a high density of nodes and small-sized packets. The inter-node communication is assumed to be
in frequency non-selective, slow Rayleigh fading channel with AWGN. Nevertheless, for P, less than
10~°, coding of data is more energy-efficient than the uncoded counterpart. This conveys that the
selection of a coding strategy should be dependent on the quality requirement of the application.

FEC codes achieve error correction at the receiver. This capability can be made use to decrease
the transmit power for achieving the required error performance compared to an uncoded scheme.
However, this is possible with an increase in computation energy. Computation energy here indicates
the energy spent on encoding and decoding FEC schemes at transmitter and receiver, respectively.
In addition to that, added redundancy increases the transmitted packet length and, therefore, the in-
creased transmission/reception energy. Hence, an FEC scheme can only be considered energy efficient
if the energy saved in the transmission is greater than the additional computation and redundancy
transmission energies. And WSNs should work with the minimum feasible energy in order to maximize
the lifetime of the sensor nodes while also taking care of network connectivity and availability [18]. In
general, energy spent on the transmission is very high compared to the energy spent on computation
[69]. But, authors of [70] show that in the case of a dense network, nodes are very close to each other,
and the difference between computation energy and transmitting energy cannot be high. But in the
case of large distances or short distances with obstructions, FEC is useful. Authors in [71] show that
the optimal selection of an error control scheme can save a node’s energy up to 60%. An optimal
scheme selection has to consider signal, circuit, and computation energy components, distance, path
loss exponent, codeword length, error correction capability, and modulation parameters.

There have been a number of researches to find out the optimal FEC scheme for WSNs, though
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none is standardized. To find the optimal scheme, both BER performance and energy expenditure have
to be considered. It has been observed that stronger codes give better protection but expends more
energy. Basically, there are two types of codes i) Block codes and ii) Convolutional codes. Authors
of [63] show that medium rate codes are the most energy-efficient in the case of convolutional codes.
In contrast, low rate codes give good reliability, but limited energy efficiency and high rate codes give
poor reliability and hence poor energy efficiency. But even the best convolutional codes are not energy
efficient compared to Bose-Chaudhuri-Hocquenghem (BCH) codes [63]. In [70], authors have observed
that to achieve the same CG, convolutional code needs higher redundancy than Reed-Solomon (RS)
code. And the implementation of decoders of convolutional code is more complex than those of RS
code. The authors in [49] have shown that the convolutional coded channel with a Viterbi decoder
expends more energy than the uncoded channel and hence not suitable for WSN.

Therefore, we move our focus to block codes. The authors in [72] compared hamming code, Golay
code, Convolutional code, and RS codes and concluded that hamming code is the simplest code but
has the lowest performance among all the other observed codes. Authors in [71] have shown that as
the codeword length increases, the Hamming code doesn’t gain in SNR much, and computation energy
also doesn’t change much. Many rescarchers have studied the BCH code for the WSN case. Authors
of [63] have compared BCH codes and convolutional codes with the uncoded case. They concluded
that four error correcting BCH code is 23% more energy-efficient than the uncoded case and 15%
more energy-efficient than the best performed convolutional code. The authors of [49, 61, 62] also
have proposed the BCH code to be the most suitable coding technique for WSN.

The authors in [70] compared RS codes with convolutional codes and found that RS codes perform
better. Authors in [64] have studied the well-known codes comprehensively for the case of Industrial
WSNs based on the standard IEEE 802.15.4. They found that the stronger codes fail to achieve
the memory and timing constraints while simpler codes don’t give satisfactory performance. Hence
they concluded that RS (15, 11) is the most suitable for this specific application. The author in [73]
compared different RS codes (RS (15, 11), RS (31, 26), RS (31, 21), RS (31, 16), and RS (31, 11)) for
their BER and energy consumption performance and observed RS (31,21) to be the optimal scheme.
Y. Qassim and M. E. Magafia modified the RS code algorithm for the applications that can tolerate
errors to some degree. This error-tolerant version of RS codes reduced decoding computation by 11%

but gave a comparable performance to the original RS codes [74]. The RS codes are further researched,
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and an RS code-based adaptive scheme is designed in [75] for WSNs in a 500 kV line-of-sight substa-
tion smart grid environment. Various hamming, convolutional, and RS codes with QPSK modulation
are compared in [71] with all the energy components of a node, and RS (31, 29) is found to be the
optimal code. In [50], authors have expanded the work to find the optimal ECC-modulation pair, as
modulation constellation size also affects the node energy expenditure. It has been observed that the
error-correcting capability of the code changes with the modulation type and constellation size. An
optimal ECC can be found for a fixed modulation scheme, and an optimal modulation scheme can be
found for a fixed ECC.

Turbo family of codes provides the best BER performance among block codes. However, owing to
significantly higher energy consumption in turbo decoders, the design of a low complexity decoder is
an absolute necessity for its use in energy-constrained networks [76]. The authors in [77] also observed
that low-density parity-check (LDPC) codes outperform BCH codes. Further, adaptive coding schemes
based on LDPC codes are investigated in [78] for clustered WSNs and in [79] for multi-hop WSNs.
However, the study in [64] shows that the BER performance of LDPC codes and Turbo codes are sig-
nificantly higher than Hamming, RS, cyclic, BCH, and repetition codes. Nevertheless, their memory
consumption, execution time, and complexity are too high to be considered for power-constrained and
resource-constrained Industrial wireless sensor networks.

The relatively recent polar codes introduced in [80], to achieve capacity limits with the use of
low-complexity code construction, encoding, and decoding techniques, have also been investigated for
its suitability in WSNs scenario [81, 82]. In [81], a power-efficient coding architecture of polar codes
for WSN is introduced, in which a few supernodes with higher processing energy are needed for ac-
complishing decoding. The work in [82] compares the polar codes with Turbo and LDPC codes and
shows its efficacy at low communication distances.

There are two types of nodes based on the way of decoding coded data. Type 1 nodes don’t
attempt to perform decoding. They simply collect the data and transmit the coded data to the sink.
Then the nodes need to consider only encoding energy for node energy analysis. In contrast, Type 2
nodes perform the decoding of data at the battery-powered nodes themselves. These nodes have to
collect data and make decisions locally. Then the nodes need to consider not only encoding energy
but also decoding energy for node energy analysis.

Condensing the literature review on the optimality of FEC codes for WSNs, it has been observed
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that many researchers have agreed on RS block codes as a compromise between the BER performance
and energy efficiency. In [71], RS codes and Hamming codes with various parameters are compared
with all energy components of a node under AWGN channel condition with QPSK modulation. RS
(31, 29, 3) is found to be the optimal code when both encoding and decoding operations occur at a
node. The authors in [64] have utilized RS code considering its BER performance, memory footprint,
and processing time. In view of the wide acceptance of RS codes, they have emerged as a benchmark
coding scheme for intended applications in WSN and can be used for performance comparison of other

coding schemes.
2.5 Hybrid ARQ

When the channel conditions are right, ARQ schemes are more efficient than FEC codes. This
is because in the right channel conditions, there is no need for retransmissions for ARQ, and the
transmission and processing of the redundant bits in FEC become fruitless. However, if the channel
is adverse, the ARQ scheme incurs retransmissions of the whole packet even if it has a few bits in
error, which is an inefficient exercise. And the FEC codes are efficient in such situations as there is no
retransmission, and a few bits of errors can be corrected with the help of added redundancy. Hence,
the usage of ARQ is recommended in good channel conditions, and the usage of FEC is recommended
in adverse channel conditions [61].

HARQ schemes are employed to make use of the merits of both ARQ and FEC schemes. HARQ
schemes sent the first packet uncoded or lightly coded so as to check the channel conditions. If the
packet is received erroneously, it will be retransmitted with a more robust FEC code. Precisely this
is the HARQ-I technique. In the HARQ-II technique, only the redundant bits are retransmitted.

HARQ-I and HARQ-II schemes consisting of AR(Q) scheme and BCH (128, 78, 7) are analyzed
for their energy consumption and latency in [5]. It is reported that the HARQ-II schemes perform
better than ARQ, BCH (128, 78, 7), and HARQ-I schemes. The HARQ schemes are also compared
with RS (31, 19, 6), and the HARQ-II scheme is observed to be more energy-efficient compared to its
component schemes and HARQ-I scheme. However, the end-to-end latency performance of HARQ-II
and RS (31, 19, 6) are very close.

The authors in [83] have proposed a HARQ scheme using BCH coding for WSNs with code division

multiple access and single-hop data transmission. Results assure that the scheme is better performing
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compared to simple ARQ when the node density is high in the region of interest. Cross-layer analysis
of FEC, ARQ, HARQ-I, and HARQ-II schemes is performed in [54]. A series of extended BCH codes
with a codeword length of 128 and various error correction capabilities and RS codes with three
different characterizations are considered for FEC and ARQ with only one retransmission, and BCH
codes are considered for HARQ schemes. The results show that HARQ-II schemes are more energy-
efficient than HARQ-I, ARQ, BCH, and RS codes for MicaZ nodes. The authors in [84] have addressed
the interference in high-density networks to design a better HARQ scheme with network condition
estimation. Nevertheless, it is a matter of fact that HARQ schemes also require acknowledgments and

retransmissions and hence require the provision for two-way communication.

2.6 Joint Source-Channel Coding (JSCC)

Source coding, also known as data compression, is the process of removing unwanted data from the
source without affecting its essence so that the source can be recovered at the receiver by the process
decompression. And channel coding is the process of adding redundancy to the data intelligently to
combat channel errors. The pioneering work by Shannon in [47] resulted in the separation theorem,
proving that the separation of source coding and channel coding doesn’t compromise the optimality
of the system. Accordingly, most of the communication systems’ design strategy is to remove the
redundancy in source data (source coding) and then add intelligent redundancy to the data (channel
coding) to achieve reliable transmission. This separation theorem geared up many pieces of research
in the communication field, and numerous source and channel coding techniques were evolved.

Nevertheless, this theorem holds only in infinite source code dimension and infinite channel code
block length. This principle doesn’t apply in finite blocklength cases. In addition, the theorem holds
for stationary channels and does not hold in time-varying channels [85]. The channel decoder can
exploit the redundancy in the source for error correction. This is the basic idea of joint source-channel
coding techniques. Hence, instead of separate source and channel encoder-decoder pairs, a JSCC
scheme performs the source and channel coding of an information source that has redundancy using
a single code [86, 87]. This reduces the complexity of the system. The tradeoff for this complexity
reduction is flexibility loss [88]. A jointly coded system can not be easily used in a different channel
or source.

Numerous JSCC schemes were proposed in the literature for conventional systems [87, 89, 90].

TH-2430_10610210

22



2.7 Summary

Nevertheless, these techniques are not specific for WSNs and are generally energy inefficient in the
WSN scenario. And those JSCC techniques specific to WSNs, based on different channel codes and
distributed source coding technique [22], exploit the redundancy in sensor data due to the correlation
resulting from dense deployment of nodes. Researchers have modeled this correlation in various ways
resulting in various JSCC techniques [91, 92]. The JSCC scheme based on polar codes for WSNs in
[93, 94] also uses a correlation between different sources like other JSCC schemes. The techniques
which exploit correlation don’t call for correlation information at the encoder. Instead, the burden is
transferred to an energy-abundant decoder [95]. Most of the joint decoding techniques are iterative
[92]. This calls for correlation information and decoder with ample energy. In networks with Type
2 nodes, the battery-powered nodes will not be capable enough to perform this task. This leaves
scope for further research on the design of energy-efficient coding techniques, which relaxes the strict
requirement of data correlation and energy abundant nodes for performing complex decoding in JSCC
based methodologies.

Researches aiming reliability and power efficiency are carried out further today for next-generation
networks such as internet of things (IoT) based WSNs. The work in [96] proposes a fast and power-
efficient error control scheme for IoT-based WSNs. Authors in [97] investigate the suitability of the
JSCC scheme based on systematic polar codes in next-generation WSNs. The scheme again works on
the correlation of sources and provides lossy compression. The work in [98] combines retransmission,
compression, and joint channel coding for networks with a periodic monitoring application. The au-
thors in [99] consider an adaptive joint lossy source-channel coding scheme for monitoring applications
in multihop WSNs. This work reiterates that channel decoding performed at the base station leads to
energy efficiency rather than decoding performed at intermediate nodes, which is beneficial in terms

of reliability. These recent projects ensure that the scope of research in this area is still open.

2.7 Summary

From the cited literature, it is evident that the more robust codes which provide high gain have
higher decoder complexity. This restricts their use in some particular topologies, especially with a
unidirectional transmission, where sensor nodes perform only encoding, and the complex decoding
operation is employed at the receiver. JSCC schemes also tend to make use of the decoder to perform

complex calculations. A simpler code has to be applied when a node performs both encoding and
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decoding, which generally has a better BER performance. Hence, there is enough design space to
design schemes with better BER performance and lower decoder complexity. Therefore, in the same
spirit, we propose an error control scheme with two methodologies that employs a simple encoder. In
furtherance, the decoder complexity is less than the encoder complexity. Hence, the proposed scheme
is inferred to be suitable for any topologies for WSNs.

A methodology with simple computations, higher error performance, and significant compression
is proposed in the next chapter. The proposed methodology is described in detail and evaluated
analytically and by simulation. A comprehensive performance evaluation framework is presented in

this regard.

TH-2430_10610210

24



Methodology I

Contents
3.1 Introduction . . . . . . @ i i i i i i i e e e e e e e e e e e e e e e e e e e e 26
3.2 Description of Methodology 1 . . . . . . . . . ot v v vt i v vt v v 26
3.3 Performance Evaluation Framework . .. ... ... ... .......... 33
3.4 Node Energy Model . . . . . . . . . . @ i i ittt ittt e 36
3.5 Simulation Parameters . . . . . . .« o i i i i i i i i e e e e e e e e e e e e 38
3.6 Results and Discussions. . . . . . . ¢« i i i i i i i bt e e e e e e e e e e e 41
3.7 Conclusions . . . . .t i i i i i e e e e e e e e e e e e e e e e e e e e e e e e e 55
TH-2430 10610210

25



3. Methodology I

3.1 Introduction

In this chapter!, a novel energy-efficient error control scheme for typical WSNs, termed Method-
ology 1 and abbreviated as M1, is proposed and presented. The methodology minimizes the energy
overheads of a typical error control scheme. These include additional bits’ transmit energy and encod-
ing/decoding energy while achieving a better BER performance than the conventional ECC schemes.
The redundant bits’ transmit energy is saved by incorporating compression along with error correc-
tion, and coding energy is minimized by employing simpler operations compared to other schemes. A
simple encoder and a much simpler decoder make the scheme suitable for any network topology as
opposed to most of the FEC and JSCC coding techniques that rely on sink nodes or super nodes with
ample energy for decoding. The methodology can be applied to the data from typical applications in
WSNs such as temperature-, pressure-monitoring, etc.

As explained in Section 1.2, data compression also contributes to energy efficiency. Usually, a
separate source encoder performs data compression by exploiting the redundancy in sensor data ob-
tained due to the dense deployment of the nodes. The proposed methodology achieves lossless data
compression implicitly because of the particular structure of the codeword itself. This data compres-
sion is interdependent with the error control capability of the system. Hence we name the scheme
‘Interdependent Source-Channel Coding’.

The proposed scheme is validated in the context of MicaZ, and Mica2 motes [100]. The BER per-
formance and energy consumption of the presented scheme are studied and compared with standard
error control schemes, such as Hamming (7, 4) and RS (31, 29). Quantification of energy consump-
tion corresponding to each of the above schemes is also provided to prove the energy efficiency of the

proposed technique.
3.2 Description of Methodology 1

The basic idea of the scheme lies in efficient grouping and placing of the input data. A part of

the input data is segregated into groups, where all group members of any group are at a distance

!The work reported in this chapter has been in part presented in the following conference:
Resmi N.C. and S. Chouhan, “An Interdependent Source-Channel Coding for Energy Efficient Communication in WSNs,”
in WPMC, Dec. 2015
and published in the following journal:
Resmi N.C. and S. Chouhan, “A Novel Interdependent Source-Channel Coding Technique for Enhanced Energy Efficiency
in Communication over Wireless Sensor Networks,” Wireless Pers Commun, Springer, vol. 96, Issue 3, pp. 3727-3743,
Oct 2017.
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of a minimum Hamming distance d,;, with each other. Each group has a label termed group label.
A codeword is formed by concatenating the data from the same group together, alongside its group

label.
3.2.1 Encoding

The encoding algorithm can be explained in four steps, namely the definition of groups, alignment,
LABEL protection, and concatenation. The first and third steps are done offline so that the compu-
tation required in real-time can be reduced. The encoding algorithm is summarized in Algorithm 3.1

in a nutshell.

Algorithm 3.1 Encoding algorithm

Group definition (offline)

1: Input dynin, input message length k,,, SYMBOL length ko (ko >= dpin)
2 k1 =kny — ko

3: Divide all 2¥2 SYMBOLS into groups with minimum distance d;;, = 3
4: Set a group label for each group

Alignment

5: Set least significant ko bits of input message as SYMBOL

6: Find the group of SYMBOL and pick its group label

7: Set LABEL with most significant k1 bits of input message and group label
LABEL protection (offline)

8: Encode LABEL with Rectangular code

Concatenation

9: for each LABEL do
10: codeword=[protected LABEL]
11: for each SYMBOL with the selected LABEL do

12: codeword=[codeword : SYMBOL)]
13: end for
14: end for

3.2.1.1 Definition of Groups

The input with a length of k,, bits is split into ky and ko bits, where k1 = k;,, — ko. The least
significant bits are termed as SYMBOL. The parameter k2 is selected in accordance with the required
error correction capability per SYMBOL. Here, the required error correction capability is defined per
SYMBOL and not per codeword. Each codeword has a much higher error correction capability to a
maximum value of the product of the number of SYMBOLs in a codeword and the error correction
capability per SYMBOL. Therefore, ko is chosen to be equal to or greater than the required dpn
and less than k,,. Since the SYMBOL length is ko bits, there are 2¥2 possible SYMBOLs. These
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SYMBOLs are divided into groups, with members of a minimum distance restriction of d,,.
The number of groups and the number of group members can be defined in multiple ways. For
instance, we can have 2¥27%1 groups of 2¥1 members, or we can fix the number of groups or number
of group members and then calculate the other term accordingly. In any of the cases, the number of
group members selected should be in line with the 'main coding theory problem’ optimization [101].
A code can correct t = |(dpmin — 1)/2] bits of errors per codeword if all the codewords in the code
satisfy the minimum Hamming distance constraint. To ensure the minimum distance d,,;, within each
group, the number of members in each group is restricted by the term A(ka, dyin). A(ka, dpmin) is the
maximum possible number of codewords for a code of length ko and minimum distance d,,;,, given
by the inequality obtained by combining the weak and strong Gilbert-Varshamov bounds,
ks ks
Z?QS"_Q (kzi—l ZL(dmm 1)/2] (Z)

where GP2LT indicates the greatest integral power of 2 less than its argument [102]. The number of

GP2LT< (3.1)

groups thus formed can be obtained from the equation

No. of groups = 2k2—log2 No. of members per group (3 2)

Each group is labeled with a Group Label for group identification. The minimum no. of bits required
to represent the groups is logy(No. of groups).

For further understanding, an instance of k,,, = 7, ko = 5, and k; = 2 is taken. If the d,,;, intended
within each group is 3, no. of groups and no. of members per group are obtained using (3.1)-(3.2) as
8 and 4, respectively. The Group Label needs log,(8) = 3 bits for representing each group. Two such

groups, groupa and groupp are shown in Fig. 3.1 as samples from the set of 8 groups.

00000 00010

00111 0 01 01
groupa = » groupp =

11001 11011

11110 11100

Figure 3.1: Grouping examples
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3.2.1.2 Alignment

The grouping in Section 3.2.1.1 shows that each input message of length k,, bits, with its least
significant ks bits, termed as SYMBOL, belongs to one of the defined groups. The most significant &y
bits of the input message and the Group Label of the SYMBOL are together named LABEL, requiring
a minimum of ky + logy(No. of groups) bits. Each k,, bit long input message is aligned in the form
of [LABEL: SYMBOL] at this step. This alignment requires ki + logy(No. of groups) + ko number of
bits. The alignment part is depicted in Fig. 3.2. Hence, now, the log,(No. of groups) bits used for

indicating the group label is redundancy for each input message.

Dkz eo e D1
LABEL
ka eoe0e D1 " r___/\ v
- o _ MSB SYMBOL
> Partitioning 1 Check group label > Group label (k; bits) (k, bits)
Message i i

ka ee0oe Dk2+1 %/_’_PJ

Step1 output of

message i

Figure 3.2: Methodology 1: Alignment of the input data as [LABEL: SYMBOL).

Returning to the instance given in Section 3.2.1.1, the input messages are 7 bits long. Consider

the five input messages Input, for example.

Input=11 1 11 0 0 1

1100111

Figure 3.3: Example input messages

The first input message [1100000] on partitioning has the least significant five bits [00000], the
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SYMBOL, fall into groupa. If we consider the Group Label of groupa is [000], the most significant
two bits of the input message [11] along with the Group Label forms the LABEL=[11000]. The
output of the alignment process comes as [1100000000]. The output after alignment is obtained by
processing the same way for all the five input messages, as shown in Fig. 3.4. The example messages
are judiciously selected for having the same SYMBOL group and LABEL to show the concatenation

process also.

Alignment stepoutput=11 1. 0 0 0 1 1 0 0 1

1100000111

Figure 3.4: Alignment output as [LABEL: SYMBOL]

3.2.1.3 LABEL Protection

In the codeword, a LABEL is associated with a number of SYMBOLs all from the same group,
which has a minimum distance restriction of d,;,. As a result, there are (d,,;, — 1)/ 2 bits of error
correction capability among the SYMBOLs associated with a LABEL. However, for the above to be
true, the LABEL and thus, the group should be identified correctly. A suitable code is selected in
accordance with the required error correction capability and the length of the LABEL. Herein we use
simple rectangular codes for this purpose.

Rectangular codes, also known as product codes, are 2-dimensional parity check based codes [103].
The message bits are arranged into a rectangle of M rows and N columns. Horizontal parity checking
is applied to each row, and vertical parity checking is applied to each column. The parity check bits
are appended with the message bits to form the codeword. These parity check bits are used at the
decoder for error detection and correction. These types of codes can correct any single error pattern
because the location of these errors can be identified by the intersection of the row and column whose
parity check bits are altered.

The example shown in the previous steps shows that the common LABEL of all the selected input
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messages is [11000]. To give 1-bit error protection to this LABEL of 5 bits, we choose the nearest

possible simple linear block code: rectangular (11, 6) code. Since our LABEL length is 5, we add one

0-bit to the LABEL and perform rectangular (11, 6) encoding, wherein the notation (n, k) denotes

the code length by n and the block length by k, respectively. The result is [01100000011]. But, while

transmitting, the first bit is removed since it is known at the receiver. Finally, the rectangular (11, 6)

code ends up in a (10, 5) code. Hence the protected LABEL is [1100000011].

The output with protected LABEL = |1

Figure 3.5: Alignment output as [Protected LABEL: SYMBOL)]

1

1

1

000 0O0T11

000O0O0T11

The redundancy per input message is further increased at this stage due to the redundancy bits

incurred as a result of LABEL protection.

This redundancy is compensated, and compression is

achieved at the concatenation stage. At the receiver, the 0-bit is appended again, and decoding is

performed. The resulting LABEL will be one-bit error corrected. Hence, the group is identified from

the group label part of the LABEL. Once the group is known, each of the SYMBOLs can be corrected

against a one-bit error, as there is a minimum Hamming distance restriction of 3 within the group.

Step 1
............... Olltpllt Of

message i+2

Step 1
output of

message i+1

Step 1
output of

message i

together

Append the
SYMBOLS with
same LABEL

i

TH-2430_10610210

>‘ Check LABEL

)‘ LABEL 1 ‘ SYMBOL]‘

........... ‘ SYMBOL S ‘
S=#SYMBOLs with a single LABEL
k,+ log ,#Gi X
L=#LABELs=2 ‘1~ 2"
ﬂ LABEL L SYMBOL 1 | oo SYMBOL S

Figure 3.6: Concatenation of SYMBOLs with LABEL.
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3.2.1.4 Concatenation

At this stage, all SYMBOLSs characterized by the same LABEL are combined, as depicted in Fig.
3.6. S represents the number of such SYMBOLs appended with a LABEL. The corresponding pro-
tected LABEL is also appended so that the LABEL appears only once in a codeword rather than
appearing alongside each corresponding SYMBOL. This helps in achieving compression and makes
our scheme different from general error control codes with redundancy. The protected LABEL and its
corresponding SYMBOLs together form a codeword. The codeword structure is diagrammed in Fig.

3.7

Protected LABEL SYMBOL 1 SYMBOL 2 00000000 SYMBOL S

Figure 3.7: Methodology 1: codeword structure.

On considering S = 5 and as the LABEL for all five input messages are same, the codeword
obtained is given in Fig. 3.8. The 35 bits in the input message of the example end up with 35 bits in
the output, which means we obtain 1-bit error correction in each SYMBOL, resulting in a maximum
of 5-bit error correction per codeword without any redundancy added. Here, it is also inferred that as

S > 5, we achieve compression along with a maximum of S bits of error protection per codeword.

Codeword = |11000000110000000111110011111000111

Figure 3.8: The output codeword

The number of SYMBOLs concatenated with a LABEL is determined by considering the applica-
tion’s delay requirement, required error correction capability, and the amount of compression aimed
at. As more SYMBOLs are appended with a LABEL, the amount of compression and error correction

capability increases.
3.2.2 Decoding

The decoder is much simpler compared to the encoder. The decoding of the LABEL part, which
is rectangular coded, is extremely simple since it is a systematic code. From the LABEL, the group

LABEL part is used for identifying the group, and the least significant k; bits form a part of the input
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message. These kq bits are appended with each of the SYMBOLSs to recover the input message. The

decoding algorithm is summarized in Algorithm 3.2.

Algorithm 3.2 Decoding algorithm

1: for each codeword do

2 Decode LABEL

3 Check grouplabel from LABEL

4 Extract the k; least significant bits from the LABEL

5 for each SYMBOL in codeword do

6: Match with the group members for error correction
7 Input message=[k; bits from LABEL: SYMBOL]

8 end for

9: end for

Let us take the example-codeword formed in Section 3.2.1. The first 10 bits of the codeword rep-
resent the Protected LABEL and is decoded after appending 0-bit again to make it in the rectangular
(11,6) format. After checking for errors, the 5-bit LABEL is easily extracted since it is a systematic
code. This LABEL identifies the group of the following SYMBOLs in the codeword. Once the group
is known, each of the SYMBOLs can be corrected against a 1-bit error, as there is a minimum dis-
tance restriction of 3 within the group. These corrected SYMBOLs are each appended with the most

significant k1 = 2 bits from the LABEL to retrieve the input messages.

3.3 Performance Evaluation Framework

To study the proposed scheme and compare it with the standard codes, both BER performance
and Energy Efficiency need to be considered. The performance is evaluated in the context of Mica2
[104] and MicaZ [105] motes. A code performs better in terms of BER when it has a lower BER curve
than those of other codes. And a code can be called energy efficient when the savings achieved in the
transmit energy are greater compared to the expended energy for additional parity bit transmission

and encoding decoding operations.
3.3.1 BER Performance

BER performance of our scheme and the standard schemes Hamming (7, 4) code and RS (31, 29)
are evaluated by rigorous simulations using MATLAB. We choose the AWGN channel model for the
analysis in this chapter. MicaZ mote employs CC2420 radio [106], and Mica2 mote employs CC1000

radio [107]. The modulation scheme incorporated with the radio in mica2 is noncoherent binary
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frequency-shift keying (NCBFSK), and in MicaZ is offset quadrature phase-shift keying (OQPSK) [5].
The coding gain obtained is used for the comparison of schemes. The SNR per bit for achieving a
specific BER is used for the transmission energy calculation as explained in Section 3.4.
BER performance is obtained by both analytical and simulation methods. The block error proba-
bility in a binary symmetric channel is [108]
£ n
m(1 _ \n—m
Pus 3 (2 )oma-n) (33

Bit error probability can be calculated using the following expression [109],

n

Pa= Y oo, (3.4)

m=t+1
where Py is the probability of m errors in a block of n bits, known as the block error probability, Py
is the bit error probability, ¢ is the error correction capability, and p defines the channel transition
probability. The channel transition probability p of AWGN channel when NCBFSK modulation is
employed is given by the mathematical formula [108]

1 g
P = 5€xp (——R—b> (3.5)

and, when OQPSK modulation is employed is given by [108]

1 E
i =
p= 2erfc (RNO> . (3.6)

In (3.5) and (3.6), the term R defines the code rate, E,/Ny is the per bit signal to noise ratio, and
erfc refers to the complementary error function.

Using (3.3) and (3.5) or (3.6), the block error probability of LABEL (P;agr) and each SYMBOL
part (Psympor) can be calculated. Bit error probability of the LABEL and SYMBOL parts can be
calculated using (3.4) and (3.5) or (3.6). The error probabilities of both SYMBOL and LABEL are
calculated using the above equations. The error probability of the LABEL is based on the linear
block code used for LABEL protection. Any simple suitable code can be considered for LABEL
protection, depending on the BER requirements. Here, in this work, Rectangular codes have been
used for this purpose. Once the LABEL is identified correctly, each SYMBOL has a maximum error

correction capability of t = | (dypin — 1)/2]. If the LABEL is identified incorrectly, the entire codeword
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is decoded incorrectly. Hence, the block error probability of the codeword can be calculated by

Pe = (1 — PuaBeL) Péynsor, + PLABEL (3.7)

where S is the number of SYMBOLSs appended with a LABEL. The same expression in (3.7) can be
used to calculate the bit error probability of the codeword by substituting the bit error probability
of the LABEL and SYMBOL parts calculated using (3.4) and (3.5) or (3.6), in place of Paprr, and
PsywmBoL- The upper bound of bit error probability is the block error probability, and the lower bound

is the block error probability divided by the number of information bits in the codeword [110]

Pbit—upper bound — Pe, (3'8)

P,
B bit-lower bound — k‘l-l-—eSk’Q' (39)

3.3.2 Compression

The conventional error correction schemes incur redundancy as a tradeoff to the error correction
or coding gain achieved. An additional compression scheme is employed in order to achieve com-
pression. However, the error correction in this methodology comes with implicit compression without
the need for any other compression techniques. The concatenation stage in encoding contributes to
this compression. Beyond a certain number of SYMBOLs appended with a protected LABEL, the
codeword length is lesser than the total information bits. This minimum number of SYMBOLs in a
codeword for achieving compression is not very large. For example, if there are minimum 6 SYMBOLs
in a codeword for the case, k,, = 7, and k1 = 2, we can achieve compression. As we append more
SYMBOLs in a codeword, the compression is increased. Compression can be calculated by taking the

ratio of the difference in the number of input and coded bits to the number of input bits.
3.3.3 Energy efficiency

The quantitative analysis of energy efficiency is highly important in optimal FEC selection for
energy-constrained WSNs. Intuitively correlating the complexity of a coding scheme with its energy
consumption using a proportionality relation may not always be correct. For instance, the Hamming
code’s encoding and decoding are much simpler compared to those of RS codes. However, a quan-
titative study of energy components has shown that RS codes are much more energy-efficient than

Hamming codes [71, 111]. Hence, we estimate the energy consumption of the codes, both analytically
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and experimentally, in this thesis. The metric used to compare the energy efficiency of the proposed
scheme with existing standard schemes is the energy consumption per information bit required to
achieve a specific value of BER.

Energy consumption per information bit is calculated considering all energy components of a sen-
sor node. If there is no FEC used, the sensor node has to expend energy only for transceiver and
sensing units. On the contrary, when an FEC is used, the computation unit also consumes energy
for necessary encoding/decoding operations, in addition to the energy spent by the transceiver and
sensing units. Sensing unit energy is independent of the usage of FEC and can be neglected in the
comparison of FECs. This calls for the modeling of the radio energy and the computation energy
units. The radio energy model and the computation energy model used in this work are explained in
the next section. We aim to find the difference in transmit-energy saving and the additional energy

expenditure of FEC schemes and arrive at a tradeoff between them.

3.4 Node Energy Model

3.4.1 Radio Energy Model

The radio energy model presented in [71] is used in this Thesis in the sense that it is found to
be optimal for the comparison of FEC schemes. The radio energy model includes the radio transmit-
energy and associated transceiver circuit energy. The required SNR value can be determined from
the desired BER of the particular application in use. AWGN channel condition is simulated and the
BER vs. Ep/Ny is obtained. This Ep/Ny, i.c., the average SNR per bit value, helps us calculate the
receive/transmit-power and hence the transmit energy. In addition to SNR per bit distance between
transmitter and receiver, the frequency of operation, channel bandwidth, modulation scheme used,
antenna gains, and packet length plays a role in the radio energy.

Transceiver circuit operates in one of the three states, namely ON, SLEEP, and TRANSIENT.
To save energy, the transceiver is kept in ON state only during the transmission or reception. The
rest of the time, it goes to SLEEP state. The switching state between ON and SLEEP is termed the
TRANSIENT state. Hence, the total energy spent in the radio unit comprises the total energy spent

in these three states.
PonTon + PspIsp + PrrITR
L

Eradio = (310)
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where Frq4,0 1s the radio energy per bit on transmission of L bits, Pon, Psp, and Prgr are the
consumed powers and Ton, Tsp, and Trr are the duration spent in ON, SLEEP, and TRANSIENT
states, respectively. The power consumed in the SLEEP state is meager, and the time duration spent
in the TRANSIENT state is also very low. Hence, the energies in the SLEEP and TRANSIENT states
can be assumed to be negligible. The considerable contribution in F,.g4;, is from the ON state. At the

ON state, power is consumed for both signal transmission and associated transceiver circuitry. Thus,

Pirans + Pogt) T,
Erad’io = ( g +L th) ON (3-11)

where Piyqns is the power consumed for signal transmission, and P,; describes the power consumed
by the transceiver circuitry.
Power consumed for transmitting L bits can be calculated using [108]

2
47 P,
Prans = | n— A2
! (A) exer (3:12)

where A is the transmit signal wavelength, d is the distance between the transmitter and receiver, n is
the pathloss exponent, P, is the received power, GG, and G; are the receiver and transmitter antenna
gains, respectively. The received power in the case of an AWGN channel can be calculated using the
expression [108]
No
P, = SNRyerpitbB TNF (3.13)

where SNRpe 4t is the received per bit SNR, b is the number of bits transmitted by each modulation
symbol, B is the channel bandwidth, % is the noise power density for an AWGN channel, and NF is
the noise figure of receiver.

The transceiver circuitry components, such as power amplifier (PA), low-pass filters, band-pass fil-
ters, digital-to-analog converter, analog-to-digital converter, mixer, frequency synthesizers, intermediate-
frequency amplifier, and low-noise amplifier consume power contribute to the total energy consump-
tion. PA is the most power-hungry component. Among all the circuit components, only power
consumption by PA is dependent on the transmit power of the signal, and as a consequence, it is
directly influenced by the FEC scheme used. Hence, we calculate the energy consumed by PA as a

representative of the transceiver circuit energy. Power consumed by PA is related to the transmit

power by the expression Ppa = aPirqns, where « is a function of the drain efficiency of the power
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amplifier, given by n = HLG [112]. Hence, E,q44io can now be represented as
1 PiransTi
Eradio = ( * a) £rans ON- (3.14)
For M-ary frequency shift keying modulation, the transceiver ON time is
2L
Tox = —. 1
ON = 75 (3.15)
For M-ary phase shift keying modulation, the transceiver ON time is
L
Ton = —. 3.16
o = = (3.16)

SNR. per bit is dependent on the modulation type and the FEC used and is obtained from the BER
performance curve for each of the schemes compared. The radio energy of various sensor nodes can
be measured using the simulator AVRORA described in the next section. The energy value obtained

from the simulator is averaged out to find the radio energy per information bit.
3.4.2 Computation Energy Model

AVRORA [113], a cycle-accurate instruction-level sensor network simulator, is used for estimating
the computation energy required for encoding/decoding operations in a Mica2 mote. AVRORA is
designed explicitly for WSN simulation and can simulate the specified processors accurately [114].
The AVRORA is also compliant with IEEE 802.15.4 with an extension AVRORAZ [115]. The total
energy spent by the processor in executing encoding and decoding operations is averaged out for the
number of information bits to find the encoding energy per information bit (Ee,.) and decoding energy

per information bit (Egec).
3.4.3 Total Energy

The total energy expenditure of the sensor node is contributed by radio and computation energy

and can be obtained using the mathematical expression given below.

(]- + a)RfransTON + L(Eenc + Edec)%
17 .

Eradio = (317)

3.5 Simulation Parameters

The scheme is simulated for the Mica2 mote, a WSN platform. The radio unit in a Mica2 mote
is CC1000 radio [107] which can operate at 315/433/868/916 MHz with a maximum data rate of
TH-2430_10610210
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Table 3.1: Code Parameters

k., : message length
ko : SYMBOL length
ki : km — ko

S : no. of SYMBOLs in a codeword

76.8 kbps [100]. The modulation employed is NCBFSK. The noise figure of CC1000 is 12/13dB. The
most energy-dominant component of the transceiver, PA, is characterized by its drain efficiency. A
class-C amplifier with 75% efficiency is selected since the Mica2 node employs frequency shift keying,
a constant envelope modulation scheme. A constant envelope modulation scheme doesn’t call for a
linear PA, and hence, a high-efficiency nonlinear PA can be used, which minimizes the peak current
consumption.

The scheme is further evaluated in the context of the MicaZ mote, which employs CC2420 radio
[106]. The CC2420 radio, which is compliant with the IEEE 802.15.4 standard, uses OQPSK mod-
ulation and a 2.4 GHz frequency with a maximum data rate of 250kbps. We consider a noise figure
value of 7 dB, as this information is not available with the CC2420 datasheet and the receivers similar
to CC2420 have values varied from 5-7 dB [116]. The constant envelope modulation scheme OQPSK
permits to use relatively nonlinear PA [117]. We consider here a 60% efficient class AB PA which has
better efficiency and less distortion [118].

We use a specific notation for the proposed scheme, as described here. The code characterization
is done by M1 {S, k., ki1, k2}, where, S denotes the number of SYMBOLs in a codeword, k,, defines
the length of each message block, ko gives the number of bits in a SYMBOL and k1 = k,;, — ko.

Simulations are performed rigorously for various values of code parameters and channel param-
eters. The code parameters are shown in Table 3.1 and channel parameters are shown in Table 3.2,
and Table 3.3. The results obtained by changing the code parameters indicate the effect of the same
in CG, compression, and energy efficiency. By changing the channel parameters in simulation, we can
study the code’s usefulness and potential under different channel conditions. The rectangular code

parameters are selected considering the required protection for LABEL and the LABEL length. For
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Table 3.2: Channel Parameters - with Mica2 platform

B = 38.4kHz P.=10""°
f. = 915MHz G:,G,=1
NF =13dB k= 1.38064852 x 10~23

a=0.3333 T =290

Table 3.3: Channel Parameters - with MicaZ platform

B = 1MHz P.=10""°
f. = 2.4GHz G:,Gr=1
NF =T7dB k = 1.38064852 x 1023

a=0.6667 T =290

instance, for a particular characterization of M1 {S, 7, 1, 6} and 1-bit error protection to LABEL, the
nearest possible rectangular code, rectangular (11, 6) code, and for M1 {S, 6, 1, 5} and 1-bit error
protection to LABEL, the nearest possible rectangular code, rectangular (8, 4) code, [103] have been
chosen.

The code is simulated under various conditions, as characterized by the following sets,

Ry, i1k = [{5,7,2,5}, {10,7,2,5},{30,7,2,5}]

Xsi, = [{10,6,1,5}, {10,7,2,5},{10,8,3,5}]

Rsr,, = [{10,8,1,7}, {10,8,2,6},{10,8,3,5}]

Xsk, = [{10,6,1,5}, {10,7,1,6},{10,8,1,7}]
where, %k, ik, denote the cases considered for simulation purposes with fixed k2, k,,, and k; and
varying S, and #si,, #sk,,, and Zsy, denote the cases considered for simulation purposes with fixed

S =10 and, k9, k,,,, and k1 fixed, respectively.

For energy efficiency analysis, we use the simulator AVRORA to find the encoding and decoding
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energies. The transmit energy is calculated analytically using the expressions in Section 3.4.1 and
estimated by simulation using AVRORA. The obtained total energy expenditure for various coding

schemes can be utilized to arrive at the most energy-efficient methodology.

3.6 Results and Discussions

3.6.1 Mica2 Platform

The scheme in the Mica2 platform with NCBFSK modulation is analyzed in this section. The
BER performance obtained by simulating the proposed scheme with various values of S, k,,, k1, and
ko is presented. The CG can be deduced from the curve plotted. The difference in the number of
input bits and encoded bits divided by the number of input bits and multiplied by 100 gives the
percentage compression achieved. Energy expenditure per information bit is analytically calculated

and estimated using AVRORA.
3.6.1.1 BER Performance and Compression

The performance of our scheme in the Mica2 platform for varying values of S is studied by keeping
the values of ko, k,,, and k1 fixed. Fig. 3.9 shows this effect of S for k,,, =7, k1 = 2, and ko =5, i.e.,
the cases contained in %,k k,, and the performance of the uncoded transmission, Hamming (7, 4)
code, and RS (31, 29) code. We observe that the CG increases as S increases. At a BER=10"°, we
achieve a CG of 2.88 dB for S = 5; 3.535 dB for S = 10; and 4.054 dB for S = 30, while the Hamming
(7,4) code gives a negligible gain, and RS (31, 29) code provides a gain of 1.04 dB. Compression also
increases as S increases. A compression of 23.81% is noted for S = 30 using the proposed scheme with

the above parameters.
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Figure 3.9: BER vs. E;/Ny performance of the uncoded, Hamming, RS, and Methodology 1 for {S, 7, 2, 5}
with S =5, 10, and 30 in Mica2.

Fig. 3.10 shows the theoretical and simulated BER performance. The theoretical plot is obtained
using the equations (3.4), (3.5), and (3.7). It also plots the upper and lower bounds of the bit error

probability, calculated using equations (3.8) and (3.9), respectively.

—&—M1{30,7,2,5} BER upper bound
—6—M1{30,7,2,5} BER lower bound
—¥—M1{30,7,2,5} Theoretical BER
—% -M1{30,7,2,5} Simulated BER

Eb/NO in dB

Figure 3.10: Theoretical, simulation, upper bound, and lower bound BER, of Methodology 1 for {30, 7, 2, 5}
in Mica2.

The effect of increasing the k,, value, keeping ko fixed, as in the cases in Zgy,, is shown in Fig.
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3.11. The CG and compression are found increasing with k,, and k1, as (2.97 dB, 3.33%), (3.535 dB,
14.2857%), and (4.086 dB, 23.75%). As k,, and k; increase with a fixed kg, the grouping turns out to
be better since more SYMBOLSs can be associated with a LABEL. This is because more members are
present in each group with the required d,;,, which we term as grouping efficiency. As the number
of SYMBOLs in a codeword increase, the error correction capability and compression achieved with

the codeword increase.

100 ‘
— Uncoded
——M1{10,6,1,5}
107" —¥—M1{10,7,2,5}
——M1{10,8,3,5}
102 E
103 E
o
L
o
1074 E
10° E
10 3
1077 1 1 1
0 2 4 6 8 10 12 14 16

Eb/NO in dB

Figure 3.11: BER vs. E}/N, performance of Methodology 1 for cases contained in %, in Mica2.

When £k, is fixed, as in the cases of Zgy,, , a similar pattern can be observed from Fig. 3.12. As k;
increases, better CG and compression are achieved since our grouping efficiency improves with more
members in a group with minimum distance restriction. The CG, compression pair achieved in this

case is (2.54 dB, 0%), (3.32 dB, 12.5%), and (4.086 dB, 23.75%).
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Figure 3.12: BER vs. E,/N; performance of Methodology 1 for cases encompassed in %, in Mica2.

However, when k; is fixed, as in Zsg,, as kp, increases, ky also increases, thereby reducing the
grouping efficiency. Hence, a marginal decrease in performance is obtained in this case. The CG and
compression are evaluated as (2.97 dB, 3.33%), (2.86 dB, 2.8571%), and (2.54 dB, 0%), as k;,, increases
as found in Fig. 3.13

10° w
— Uncoded
—6—M1{10,6,1,5}
o —*—M1{10,7,1,6}
—=—M1{10,8,1,7}
102 F E
o
w 403 E
40
104 F E
105 ¢ E
10 :
0 2 4 6 8 10 12 14 16

Eb/NO in dB

Figure 3.13: BER vs. E},/Ny performance of Methodology 1 for cases contained in %, in Mica2.
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3.6.1.2 Energy Efficiency

The radio energies and computation energies are plotted in this section. Radio energies comprise
transmission energy and PA energy. Analytically calculated radio energies are used in theoretical
plots, and radio energies estimated using AVRORA are used in the simulated plot. Computation
energies comprise encoding energy and decoding energy, which are estimated using AVRORA.

Effect of various code parameters on Node Energy: For a fixed S, the effects of varying
km, k1, and ko values are presented in Fig. 3.14, for distance=40 meter, S=30, and n=5.5. The radio
energies are calculated analytically, and the computation energy is obtained from AVRORA. It is
found that at BER=10"", the scheme with characterizations {30, 6, 1, 5}, {30, 7, 2, 5},{30, 8, 2, 6},
and {30, 8, 3, 5} are energy efficient compared to uncoded, Hamming (7, 4) code, and RS (31, 29)
code. Characterization {30, 7, 1, 6} is equally energy efficient to RS (31, 29) code. However, the
BER performance of {30, 7, 1, 6} is higher than that of RS. Though the characterization {30, 8, 1, 7}
is not better in energy efficiency compared to the standard schemes, its BER performance is better
comparatively. Hence, it can be inferred that, by appropriately selecting the code parameters, higher

CG, compression, and energy efficiency are achieved.

T T T
I PA energy
d=40 m I Trans energy
351
n=5.5 [ Encoder energy

[_IDecoder energy
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Hamming (7,4)
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M1{30,7,1,6}
M1{30,7,2,5}
M1{30,8,1,7}
M1{30,8,2,6}
M1{30,8,3,5}

Figure 3.14: Comparison of energy expenditure of Methodology 1 with standard codes and uncoded in Mica2.

The scheme is further analyzed using radio values estimated from AVRORA with the same code

TH-2430_10610210

45



3. Methodology I

parameters used in Fig. 3.14. The simulated plot is shown in Fig. 3.15. A pattern similar to that of
the theoretical plot can be observed here except for an increase in base energy, which occurs because
of the additional transceiver components simulated in AVRORA compared to the components we have
selected for theoretical analysis. In the theoretical analysis, we have only considered the most energy-
hungry PA. However, AVRORA simulates all the components. We can also observe a higher rise in
Hamming energy. This is due to the higher redundancy added to Hamming codes. When estimating
the energy spent per information bit, instead of energy per transmitted bit, this redundancy value

plays its role in increasing the energy.
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—
N
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o
)
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Hamming (7,4)
M1{30,6,1,5}
M1{30,7,1,6}
M1{30,7,2,5}

Figure 3.15: Comparison of simulated energy expenditure of Methodology 1 with standard codes and uncoded
in Mica2.

The effect of varying S is studied in Fig. 3.16, for distance=40 meter, and n=5.5. As S increases,

the energy efficiency also increases since more SYMBOLs are packed with a LABEL which increases

CG, compression and decreases the number of calculations per bit.
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Figure 3.16: Effect of varying S in energy expenditure of Methodology 1 in Mica?2.

Effect of various channel parameters on Node Energy: The energy efficiency of the scheme
is studied for varying distances and path loss exponent in this section. The energy-saving is higher
with longer distances, as evident from Fig. 3.17. The path loss exponent also plays an important role

here. In a more cluttered environment, the advantage of FEC is more pronounced, as shown in Fig.

3.18.
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Figure 3.17: Energy comparison of Methodology 1 for different distances in Mica2.
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Figure 3.18: Energy comparison of Methodology 1 for different path loss exponent in Mica?2.

3.6.2 MicaZ Platform

The scheme is further analyzed in the MicaZ platform with OQPSK modulation in this section.
Again the channel considered here is AWGN. The results obtained by simulating Methodology 1 with

various values of S, k,,, k1, and ko are presented.
3.6.2.1 BER Performance and Compression

Fig. 3.19 plots the performance of our scheme for {5, 7, 2, 5}, {10, 7, 2, 5}, and {30, 7, 2, 5};
Hamming (7, 4) code; RS (31, 29) code, and uncoded transmission. We can observe that our proposed
coding scheme gives a significant improvement in CG compared to the simple Hamming (7, 4) code
and stronger RS (31, 29) code. It can also be observed that as the number of SYMBOLSs in a code-
word increase, CG also increases. The CG achieved at BER=1077 is 2.832 dB for S = 5; 3.46 dB for
S = 10; and 4.023 dB for S = 30, while the Hamming (7,4) code gives a negligible gain of 0.561 dB
and RS (31, 29) code provides a gain of 1.068 dB. It is found that compression increases as S increases.
Although the compression achieved for S = 5 is zero, yet a significant CG is attained. Both CG and
compression are achieved simultaneously from S > 5. For S = 10, compression achieved is 14.2857%

and that for S = 30, is 23.81%.
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Figure 3.19: BER vs. Ep/Ny performance of the uncoded, Hamming, RS, and Methodology 1 for {5, 7, 2, 5}
with S =5, 10, and 30 in MicaZ.

The theoretical and simulation results of the case S = 10, along with upper and lower bounds, are
plotted in Fig. 3.20. The theoretical plot is obtained using the equations (3.4), (3.6), and (3.7). The
upper and lower bounds of BER are calculated using (3.8) and (3.9), respectively. Theoretical and

simulation BER performance curves fall well within the upper and lower bound curves.

10° ‘ ‘ ‘ ; ;
——M1{10,7,2,5} BER upper bound
—8—M1{10,7,2,5} BER lower bound
. —%—M1{10,7,2,5} Theoretical BER
107 F —%—M1{10,7,2,5} Simulated BER
102 E
w10 3 4
10 E
10° E
10°® : :
0 1 2 3 4 5 6 7 8 9 10
Eb/NO in dB
Figure 3.20: Theoretical, simulation, upper bound, and lower bound BER of Methodology 1 for {10, 7, 2, 5}

in MicaZ.
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Fig. 3.21 shows the comparison of results for the cases contained in %,. An increment in the
value of k,, and k; increases CG and compression. In each of the cases contained in %, , the achieved

CG and compression are found as (3.045 dB, 3.33%), (3.46 dB, 14.2857%), and (3.962 dB, 23.75%).

10° w

— Uncoded
——M1{10,6,1,5}
101 E ——M1{10,7,2,5} o
—=—M1{10,8,3,5}

108

Eb/NO in dB
Figure 3.21: BER vs. E},/Ny performance of Methodology 1 for cases contained in %y, in MicaZ.

Further, results are illustrated for the cases in %, in Fig. 3.22. As the value of k; increases, better
CG is achieved in addition to compression, as depicted in Fig. 3.22. This is because as k1 increases,
our grouping improves with more members in a group with minimum distance restriction. Similarly for

Ry, , the CG and compression are found as (2.796 dB, 0%), (3.393 dB, 12.5%), and (3.962 dB, 23.75%).
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10° w w
— Uncoded
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0 1 2 3 4 5 6 7 8
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Figure 3.22: BER vs. E, /Ny performance of Methodology 1 for cases encompassed in %y, in MicaZ.
Withal, results for the cases encompassed in %, are demonstrated in Fig. 3.23. It can be easily
inferred that increasing the value of k,, leads to a marginal decrease in CG and compression. The
performance degradation with increasing message length is due to the reducing effect of grouping. In
the limiting case of k1 = 0, there is no grouping at all. Therefore, for #),, CG and compression are

evaluated as (3.045 dB, 3.33%), (2.996 dB, 2.8571%), and (2.796 dB, 0%).

10° w
— Uncoded
—6—M1{10,6,1,5}
—— M1{10,7,1,6}
107 g —%—M1{10,8,1,7} ]

Eb/NO in dB
Figure 3.23: BER vs. E;/Ny performance of Methodology 1 for cases contained in %, in MicaZ.
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3.6.2.2 Energy Efficiency

The radio energies and computation energies of Methodology 1 for the MicaZ platform are plotted
in this section. Again, radio energies are calculated analytically to be used in theoretical plots and
estimated using AVRORA to be used in simulated plots. The computation energies are estimated
using AVRORA.

Effect of various code parameters on Node Energy: The impact of varying k., k1, and ko
for a fixed S in energy expenditure of the proposed scheme in the MicaZ platform is presented in Fig.
3.24, for a distance=40 meter, S=30, and n=>5.5. The analysis is performed at a BER of 107>, It is
found that all characterizations of the scheme are energy efficient compared to uncoded and Hamming
(7, 4) code. The characterizations except for {30, 8, 1, 7} are energy efficient compared to RS (31,
29) code too. The characterization {30, 8, 1, 7} is marginally higher in energy consumption compared
to RS (31, 29) code, though its BER performance is significantly higher comparatively. It is learned
here that we can more flexibly select the code parameters compared to the Mica2 platform. However,
a clever selection is always better as we can see that the characterization {30, 8, 3, 5} is the most

energy-efficient.

d=40 I PA energy
n=5.5 [ Trans energy
[ Encoder energy
[ IDecoder energy

Node energy per bit (uJ)

°
(0]
©
Q
o
=
o

Hamming (7,4)
RS (31,29)
M1{30,6,1,5}
M1{30,7,1,6}
M1{30,7,2,5}
M1{30,8,1,7}
M1{30,8,2,6}
M1{30,8,3,5}

Figure 3.24: Comparison of energy expenditure of Methodology 1 with standard codes and uncoded in MicaZ.

From Fig. 3.25 in which the energy expenditure of each of the schemes along with uncoded,

Hamming, and RS codes for distance=40 meter, and n=>5.5, we can confirm that as S increases, the
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energy efficiency also increases. As more SYMBOLs are packed with a LABEL, the energy spent per

information bit decreases, which ends up in higher energy efficiency.

Node energy per bit (uJ)
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Figure 3.25: Effect of varying S in energy expenditure of Methodology 1 in MicaZ.

Effect of various channel parameters on Node Energy: 1t is again evident from Fig. 3.26

and 3.27 that the saving in energy is higher with increased distance and path loss exponent. In a more

sophisticated environment, the saving in energy is better.

TH-2430_10610210
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Figure 3.26: Energy comparison of Methodology 1 for different distances in MicaZ.
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Figure 3.27: Energy comparison of Methodology 1 for different pathloss exponent in MicaZ.

3.6.3 Results for higher error protection for LABEL

It is evident that the overall performance of the Methodology 1 presented in this chapter is de-
pendent on the error-correction capability of the LABEL even if that of the SYMBOL part of the
codeword is improved (by taking a large d,,;, when grouping the SYMBOLSs). Hence, increasing the
dmin of the groups will not significantly improve the BER performance of the scheme. Alternately,
enhancing the error-correction capability of the LABEL part can improve the BER, performance of the
scheme. The rectangular code is selected for the LABEL protection in the previous sections because
it is a simple single-error correcting code (in line with each SYMBOL block's single error correction
capability). However, better error protection is applied to the LABEL part in this section. The BCH
(15,7) code is used to give a 2-bit error correction for LABEL. The resulting improvement in BER
performance can be observed from Fig. 3.28. However, the energy efficiency is not appreciable in this

case, as can be noted from Fig. 3.29, primarily because of the high decoding energy of the BCH code.
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Figure 3.28: BER performance comparison of Methodology 1 for LABEL protected for 1-bit and 2-bit error-
correction.
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Figure 3.29: Energy consumption comparison of Methodology 1 for LABEL protected for 1-bit and 2-bit
error-correction.

3.7 Conclusions

In the context of WSNs, reliable energy-efficient information transfer is studied, and a novel inter-
dependent source-channel coding scheme is presented, which is referred to as Methodology 1. In this
chapter, the error correction capability is analyzed and compared with standard schemes in terms of
BER performance and CG. The bounds of BER performance have also been derived. As evident from

the theoretical and simulation results, the proposed methodology provides a considerable amount of
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compression in addition to good CG. A quantitative explanation of the energy efficiency of the pro-
posed scheme is also provided. The redundant transmit energy and the encoding/decoding energies
of channel coding are reduced by the intelligent design of the codeword, which provides both source
coding and channel coding altogether. BER performance and energy comparisons are analyzed and
plotted. Both theoretical and simulated values of radio energies are presented. It is concluded that a
proper selection of the parameters of the proposed scheme yields high performance in terms of BER
and energy efficiency with a fair amount of compression. The results are validated in the context of
Mica2 and MicaZ platforms. For instance, our code with a characterization {30, 7, 2, 5} in the mica2
platform provides a CG of 4.054 dB and a compression of 23.81% while consuming significantly lesser
energy compared to uncoded and Hamming (7, 4) and RS (31, 29) schemes. The scheme can also be
employed conventionally after the source encoding procedure to attain additional compression.

The methodology is further enhanced in terms of coding gain, compression, and energy efficiency
and is presented in the next chapter. The deterioration in energy efficiency found in Fig. 3.29 results
from the effort to improve BER performance by providing extra protection to LABEL in the method-
ology presented in this chapter. This forms an additional motivation to a new methodology that
doesn’t rely on a single block, LABEL here, and not dependent on any other conventional schemes.
Detailed analysis and evaluation are performed both analytically and by simulation with the help of

an extensive performance evaluation framework.

TH-2430_10610210

56



Methodology 11

Contents
4.1 Introduction . . . . . . @ i i i i i i e e e e e e e e e e e e e e e e e e e e e 58
4.2 Description of Methodology 2 . . . . . . . . . ..ttt 58
4.3 Performance Evaluation Framework . . ... ... ... ... ........ 63
4.4 Simulation Parameters . . . . . . o i i i i i i i e e e e e e e e e e e e e 65
4.5 Results and Discussions. . . . . . . ¢« i i i i i i i bt e e e e e e e e e e e 66
4.6 Conclusions . . . .« v v i i i e e e e e e e e e e e e e e e e e e e e e e e e 84
TH-2430 10610210

57



4. Methodology II

4.1 Introduction

An enhanced methodology, superior in CG and compression, is proposed and presented in this chap-
ter!. The methodology is termed Methodology 2 and abbreviated as M2. This intensified methodology
for the energy-efficient Interdependent Source-Channel Coding scheme ensures robust communication
with compression and reduced energy consumption. The scheme is studied and evaluated extensively
for its BER performance and energy efficiency with the help of a mathematical framework and a simu-
lated environment. An intensified CG, compression, and energy efficiency over previous methodology
and standard error control codes are achieved. The methodology is studied, and BER performance
and energy efficiency are validated in the context of the Mica2 and MicaZ sensor platforms in AWGN
channel condition, analytically and by simulation. Our methodology for the characterization M2
{30, 7, 2, 5} attains a 43% decrease in the total energy consumption, a CG of 4.33 dB, and com-
pression of 26.2% compared to uncoded transmission. The scheme is further explored for enhanced
grouping with higher error correction capability. Comparison with the conventional separated source
and channel coding combinations is also performed to investigate the effectiveness of the proposed

scheme.

4.2 Description of Methodology 2

The scheme is fundamentally based on an efficient grouping of data. A fraction of the input data
is partitioned into groups with a minimum Hamming distance d,,;, restriction. The d,,;;, maintained
within each group ensures a degree of error correction capability within the groups. The data from the
same group are sequenced together, with a label alongside for group identification, to form a codeword.

The scheme is well suited for typical WSNs.
4.2.1 Encoding

Encoding comprises three steps, viz. group definition, alignment, and concatenation. The first

step, Group definition, is done offline to reduce the computation required in real-time. The encoding

!The work reported in this chapter has been in part presented in the following conference:
N. Resmi and S. Chouhan, “Energy Efficient Communication with Interdependent Source-Channel Coding: An Enhanced
Methodology,” in Proc. IEEE SENSORS, 2018, pp. 1-4
and published in the following journal:
Resmi N.C. and S. Chouhan. An Enhanced Methodology for Energy-Efficient Interdependent Source-Channel Coding for
Wireless Sensor Networks, [EEE Transactions on Green Communications and Networking, vol. 4, no. 4, pp. 1072-1080,
Dec. 2020.
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algorithm is summarized in Algorithm 4.1 in a nutshell.

Algorithm 4.1 Encoding algorithm

Group definition (offline)

1: Input dpin, input message length k,,,, SYMBOL length ko (ko >= dinin)
2 k1 =k — ko

3: Divide all 2¥2 SYMBOLSs into groups with minimum distance dy,;, = 3
4: Set a group label for each group

Alignment

5: Set least significant ko bits of input message as SYMBOL

6: Find the group of SYMBOL and pick its group label

7: Select LABEL from the groups defined matching the most significant k1 bits of input message.
Concatenation

8: for each LABEL do

9: codeword=[protected LABEL]
10: for each SYMBOL with the selected LABEL do

11: codeword=[codeword : SYMBOL)]
12: end for
13: end for

4.2.1.1 Group Definition

The group definition is, in part, the same as in Methodology 1. To ensure the minimum distance
dpnin within each group, the number of members in each group is restricted by the term A(ka, dpin),
which is calculated using (3.1). The number of groups formed can be obtained from (3.2). However,
Methodology 2 is different from Methodology 1 in LABEL formation. The 2*1 labels per group,
which will be explained in detail in Section 4.2.1.2, are also picked from the same group itself, where
k1 = k;, — ko. Hence, the number of members in each group must be at least ok Putting together
both the conditions,

2F1 < No. of members per group < A(ka, dpmin). (4.1)

This poses an additional constraint in the characterization of Methodology 2. For instance, the
characterization M1 {S, 8, 3, 5} is not feasible in M2. This is because 2¥1=8 labels are needed
for this case, and the grouping of ka=>5 bit long SYMBOLs using (3.1) and (3.2) can not offer eight
members per group. There can be only four members per group, according to the Eq. (4.1). Hence
the code parameters for M2 should be selected accordingly.

For further understanding, an instance of k,, = 7, ko = 5, and k1 = 2 is taken for Methodology
2 also. As the grouping part is the same in both the methodologies, the sample groups groups and

groupp are picked from Fig. 3.1 for example.
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4.2.1.2 Alignment

The ko least significant bits of each input message of length k,,, termed as SYMBOL, equal with
one of the members of any one group defined in the earlier step. The group is further examined to
find a match between the most significant k; bits left from the input message and the least significant
k1 bits of the group members. This matching member is termed as LABEL, and the SYMBOL is
appended with this LABEL to form a systematic code. If the no. of members per group is greater
than 21, there may be more than one matching term. In such a scenario, the first matching member
may be selected as the LABEL. The alignment process is depicted in Fig. 4.1. At this stage, there
will be ko — k1 redundant bits per input message, which will be compensated and overpowered with

compression achieved in the concatenation stage.

2

D, *

Check group

* Y

. . LABEL SYMBOL
Pick matching LABEL > (k, bits) (k, bits)

¢ ——

Stepl output of

> Partitioning 1

Dk Dk2+1 message 1

m

Figure 4.1: Methodology 2: Alignment of the input data as [LABEL: SYMBOL).

Returning to the instance taken in Section 4.2.1.1, the input messages are 7 bits long. Consider the
same five input messages Input shown in Fig. 3.3, as an example. The first input message [1100000]
on partitioning has the least significant five bits [00000], the SYMBOL, falls into groups. Hence,
the most significant two bits of the input message [11] are checked for a match in the same group,
and the second member of the group, [00111], is found to have the same bits in the least significant
position. This member is thus termed as the LABEL, and the output of the alignment process comes
as [0011100000]. The alignment step output is obtained by processing the same way for all the five
input messages, as shown in Fig. 4.2. The example messages are judiciously selected for having the

same LABEL to show the concatenation process also. The LABEL may be any member of the group,

TH-2430_10610210

60



4.2 Description of Methodology 2

depending on the k; bits.

Alignment stepoutput =g 0 1 1 1 1 1 0 0 1

0 01 1100111

Figure 4.2: Alignment output as [LABEL: SYMBOL]

4.2.1.3 Concatenation

To comply with the delay tolerance of the application, desired compression rate, and the required
error correction capability, the number of SYMBOLSs S to be appended with each LABEL is deter-
mined. These SYMBOLs identified by the same LABEL are appended together alongside the LABEL
itself. The concatenation process is the same as in M1, which is depicted in Fig. 3.6. The codeword
structure, illustrated in Fig. 4.3 results in interdependent source-channel coding and is distinct from
the codeword structure of M1, where protected LABEL forms a part of the codeword. Here, in M2,

the protection bits for LABEL are not required, and hence additional compression is attained.

LABEL SYMBOL 1 SYMBOL 2 000000000 SYMBOL S

Figure 4.3: Methodology 2: codeword structure.

On considering S = 5 and as the LABEL for all five input messages are the same, one codeword
is obtained with 5 SYMBOLs and a single LABEL alongside. The 35 bits in the input message of
the example are reduced to 30 bits in the output. Compared to the same characterization in M1 as
observed in Section 3.2.1.4, an additional saving of 5 redundant bits per codeword can be observed in

M2.

Codeword = [p01110000000111110011111000111

Figure 4.4: The output codeword
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4.2.2 Decoding

The codeword with S 4 1 data-blocks (S SYMBOLs and 1 LABEL) from the same group has the
defined error correction capability in each of the data blocks. For instance, if the minimum distance
constraint within each group is dy,;, = 3, there will be a 1-bit error correction capability per data-block
and thus a maximum of S + 1 total error correction per codeword. This error correction is achieved,
provided the group is determined correctly. The group of the maximum number of data blocks is
used for decoding. The least significant k; bits of LABEL is adjoined with each of the SYMBOLs to
retrieve the input messages associated with a codeword. The decoding algorithm is summarized in

Algorithm 4.2.

Algorithm 4.2 Decoding algorithm

1: for each codeword do

2 Find the group of each data block

3 Select the group with highest count

4 for each SYMBOL and LABEL in codeword do

5: Match with the group members for error correction

6 Input message=/[k; least significant bits from LABEL: SYMBOL]
7 end for
8: end for

4.2.3 Enhancement over Methodology 1

The methodology presented in this chapter is superior to the previous methodology, Methodology

1, in the following aspects.

o Simplified operation: In the previous methodology, the LABEL was formed by clubbing
the most significant ki bits of the input message with the fixed group label. This LABEL
is further protected with rectangular coding. In the proposed methodology, the LABEL is
implicitly protected being from the same group of SYMBOLs with a minimum Hamming distance

constraint, and hence explicit protection is not needed.

e Increased compression: The implicit protection of LABEL in the current methodology saves

the additional redundant bits required in the previous methodology for protection.

e Increased reliability: In the previous methodology, the reliability of the whole codeword was
dependent on the correctness of the LABEL. The group was identified from the LABEL, and a

wrong determination of LABEL made the entire codeword decoded incorrectly. However, in the
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proposed methodology, the LABEL and SYMBOLSs have equal importance, and the SYMBOLs’

correction is not solely dependent on the LABEL correctness.
4.3 Performance Evaluation Framework

The proposed scheme is evaluated and compared for its energy efficiency and BER performance
with the uncoded transmission, standard error correction schemes, Hamming (7, 4) and RS (31, 29),
and Methodology 1. Performance evaluation is done in the context of MicaZ [105] mote and Mica2

[104] mote.

4.3.1 BER Performance

BER performance is obtained by both analytical and rigorous simulations using MATLAB. We
choose an AWGN channel model. NCBFSK modulation is used in the Mica2 mote, which employs
CC1000 radio. OQPSK modulation is used in the MicaZ mote, which employs CC2420 radio. The
Methodology 2, Methodology 1, and the standard schemes Hamming (7, 4) code and RS (31, 29) are
evaluated by rigorous simulations using MATLAB. The schemes are compared for their error correction
capability using CG and BER performance curve. The SNR. per bit obtained from this curve is used
for the transmission energy calculation explained in the next section.

The block error probability of one data-block is calculated as

Ppp < i (k2)]7m(1 —-pk (4.2)

m=t+1 N
where ¢ number of bit errors per data-block can be corrected by the error correction scheme used [108].
The value of p used in (4.2) is obtained either from (3.5) or (3.6) depending on the sensor platform we
are working with. The probability of a data-block in error with no error correction applied Ppgyg is
calculated by putting t = 0 in (4.2). The probability of a wrong group determination can be found by

calculating the probability of at least half of the data-blocks in error

S+1 S41
Pwep < Ppenp(l—P Stimm, 4.3
wep <Y ( m ) DBNE( DENE) (4.3)
S+1
2

If the group determination is correct, ¢ bits of errors can be corrected from each of the data-
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blocks. Hence, the probability of an uncorrectable error in a data-block Pppy g, provided the group
determination is correct, can be calculated by putting appropriate value for ¢ in (4.2). The probability
of all possible uncorrectable errors in a codeword provided the group determination is correct Payg,

is calculated by
S+1

S+1 o
Pap <) ( m >anBUE(1 — Pppup)® T (4.4)

m=1

The block error probability of the entire codeword is equal to the upper bit error probability of the

codeword, calculated by

Pewvervp = (1 = Pwap) Pave + Pwap, (4.5)

where 1 — Pyap gives the probability of correct group determination and Paypg is the probability
of uncorrectable errors, given that the group is correctly determined. When the group determined is
wrong, the entire codeword is incorrectly decoded. The lower bit error probability is calculated by

dividing the upper probability by the information bits in a codeword[110]

Fc
PewberLow = —kl‘r-besrgj - (4.6)

The actual bit error probability is calculated using (4.2)-(4.5) with a little modification in (4.2)

[109] and (4.4), as explained below. The bit error probability of one data-block is calculated as

k
Pom < 3o (m+1) (52)oma = p. (2.7)
m=t+1
The equation (4.7) is used to find the bit error probability of a data-block with no error correction
applied Pppngp by putting t = 0. This probability is in turn used to find the bit error version of the
probability of at least half of the data-blocks in error Py apy by substituting Poeye by Pppyes in
equation (4.3). The bit probability of an uncorrectable error in a data-block Pppy gy, provided the
group determination is correct, can be calculated by putting appropriate value for ¢ in (4.7). The bit

probability of all possible uncorrectable errors in a codeword, provided the group determination is

correct Paygs, is calculated by

S+1
Pavpp < — > om Sl PPy my(l — Popues) ™ (4.8)
TS+~ m
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The bit error probability of the entire codeword is calculated by substituting Paygp by Paygs and

PWGD by PVVGDb in (4.5).
4.3.2 Compression

The compression achieved by Methodology 2 is higher than that of Methodology 1. The omission
of explicit LABEL protection improves the compression further, as the additional redundant bits for
protection are not needed. Compared to standard schemes that need additional source coding tech-
niques for compression, this saving is highly significant. Similar to Methodology 1, this compression is
contributed by the concatenation stage in encoding. Beyond a certain number of SYMBOLSs appended
with a LABEL, the codeword length is lesser than the total information bits. The number of SYM-
BOLs needed in each codeword for achieving compression is less compared to that of Methodology 1.
For instance, Methodology 1 required a minimum of 6 SYMBOLs in a codeword for the case, km =
7 and k1 = 2, to achieve compression. On the other hand, Methodology 2 requires only 3 SYMBOLs
in a codeword for the same case for achieving compression. Compression calculation is performed by

taking the ratio of the difference in the number of input and coded bits to the number of input bits.
4.3.3 Energy Efficiency

The energy efficiency is analyzed quantitatively by analytical and experimental methods. The
energy efficiency comparison metric used here is the energy consumption per information bit required
to achieve a specific value of BER. The node energy model, which comprises of Radio, Computation,

and the Total Energies, is the same as in Chapter 3 and can be referred from Section 3.4.

4.4 Simulation Parameters

The code is characterized by M2 {S, k,,, ki, ko}, where, S indicates the count of SYMBOLs
in a codeword, k,, is the input message length in bits, ko is the data-block length in bits, and
k1 = km — ko. Rigorous simulations are carried out for diverse values of code parameters S, ki,
k1, k2, and dp, = 3,5 within each group. The methodology is studied for the cases %, ik, =
{5, 7, 2, 5}, {10, 7, 2, 5},{30, 7, 2, 5}], where the values of k,,, k1, and ko are fixed, to find the effect
of changing values of S on CG, compression, and energy efficiency. Further, keeping S fixed at 10 the
results of varying ky,, k1, and ko, as characterized by Zs := [{10, 6, 1, 5}, {10, 7, 1, 6},{10, 7, 2, 5},

{10, 8, 1, 7},{10, 8, 2, 6}], are studied. The methodology is compared with the previous methodol-
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ogy further both in CC1000 and CC2420 radios. The code parameters and channel parameters used

for this evaluation are listed in Table 3.1, 3.2, and 3.3.
4.5 Results and Discussions

In this section, we discuss the BER performance, compression, and energy efficiency of the proposed
methodology. The results of the proposed scheme are compared with those of the previous scheme

and standard codes such as Hamming and RS codes.

4.5.1 Mica2 Platform

4.5.1.1 BER Performance and Compression

Fig. 4.5 shows the effect of varying S values on BER performance of the proposed scheme with
other code parameters fixed at k,, = 7, k1 = 2, and ko = 5 in the Mica2 sensor platform. The figure
also compares the scheme with the RS (31,29) code, Hamming (7,4) code, and the uncoded transmis-
sion. At a BER=10"° Hamming (7,4) code achieves only a negligible CG and has a redundancy of
75%. RS (31,29) achieves 1.04 dB CG with redundancy of 6.9%. The proposed scheme achieves a CG
and compression pair of (3.28 dB, 14.29%) for S = 5; (3.683 dB, 21.43%) for S = 10; and (3.956 dB,

26.19%) for S = 30. The CG and compression are found to increase as S increases.

10%¢ ‘ ‘
S —Uncoded
L1 —+(7,4) Hamming |
107 -2-RS(31,29)
. -=—M2{5,7,2,5}
102k —=—M2{10,7,2,5}
; ——M2{30,7,2,5}
103 F 3
m E
[11]
m L
10 ¢ E
10—5 ? 4
10 E 3
10—7 L L L L
0 2 4 6 8 10 12 14 16

Eb/NO in dB

Figure 4.5: BER vs. E,/N, performance of the uncoded, Hamming, RS, and M2 {S, 7, 2, 5} with § =
5, 10, and 30 in Mica2.
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4.5 Results and Discussions

The BER performance for varying k., k1, and ko, and fixed S is studied in Fig. 4.6. The perfor-
mance gets better with an increase in k,, and k; values, while kg is fixed due to improved grouping
efficiency. Grouping efficiency enhances as there are more members in a group with a minimum dis-
tance constraint. This enhancement can be observed with the increase in ki as well, while k,, is fixed.
However, the rise in ko and k,, reduces the grouping efficiency, and performance decreases marginally

when k; is fixed. In a nutshell, it is better to increase k,, and k; while reducing k».

10%E ‘
4 — Uncoded ]
107 —-M2{10,6,1,5} |
—M2{10,7,1,6} ]
——M2{10,7,2,5} |
102F —~<—-M2{10,8,1,7} 3
—&-M2{10,8,2,6} |
10°%E E
o
4L 4
g 10 E
10°F E
10°F E
107 E E
10—8 L
0 2 4 6 8 10 12 14 16

Eb/NO in dB
Figure 4.6: BER vs. E} /Ny performance of Methodology 2 for cases in #Zs in Mica2.

Fig. 4.7 compares the theoretical and simulated BER performance. The equations described in
Section 4.3.1 are used to obtain the upper bound, lower bound, and actual theoretical BER curves.

The equivalence of the simulated and theoretical curves affirms the integrity of the scheme.
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100 F—B—F—a—= T T T T
—B—M2(30,8,2,6} BER upper bound
—6—M2{30,8,2,6} BER lower bound
—%—M2(30,8,2,6} Theoretical BER |
—% -M2{30,8,2,6} Simulated BER

10°®

Eb/NO in dB
Figure 4.7: Theoretical, simulated, upper bound, and lower bound BER of M2 {30, 8, 2, 6} in Mica2.

4.5.1.2 Energy Efficiency

The coding schemes’ energy efficiency is compared by plotting and comparing the radio and com-
putation energies expended by one node. Radio energy constitutes transmission and PA energies, and
the computation energy constitutes encoding and decoding energies. Radio energies in the AWGN
channel can be calculated using the equations from Section 3.4.1 and estimated from the simulation.
Computation energies are estimated using the simulator.

Effect of various code parameters on Node Energy: The total node energy per information
bit is plotted in Fig. 4.8 of Methodology 2 with fixed S and changing k,,, k1, and ko at distance=40
meter, S = 30, n = 5.5, and a required BER of 1075. The theoretically quantified radio energies
and simulated computation energies sum up to give the total node energy. It is observed from the
plot that Methodology 2 with characterizations {30, 6, 1, 5}, {30, 7, 1, 6}, {30, 7, 2, 5}, and
{30, 8, 2, 6} expends less energy compared to Uncoded, Hamming (7, 4) code, and RS (31, 29) code.
The percentage reduction of the characterizations compared to Uncoded is 28.96%, 13.59%, 50.73%,
and 42.09%, respectively, while RS (31,29) saves about 4.35%, and Hamming (7,4) ends up spend-
ing more energy than Uncoded. The characterization {30, 8, 1, 7} though gives BER performance,

spends more energy than RS (31,29).
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Figure 4.8: Comparison of energy expenditure of Methodology 2 with standard codes and uncoded in Mica2.

The validation is extended in Fig. 4.9 with both radio and computation energies estimated by
simulation. Here, we can observe that the energy value is higher than the theoretical case, as the
simulation calculates the energy spent on all the node components. In contrast, in the theoreti-
cal analysis, we considered only PA, the component which spends most of the energy. Though this
difference is reflexed in the energy values, a similar pattern can be seen in the plot. Like the theo-

retical plot, characterizations {30, 7, 2, 5} and {30, 8, 2, 6} are the higher energy efficiency achievers.
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M2{30,8,2,6}

Figure 4.9: Comparison of simulated energy expenditure of Methodology 2 with standard codes and uncoded
in Mica?2.
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Fig. 4.10 illustrates the energy consumption of the methodology with varying S, compared with
standard schemes, for a distance of 40 meters, and a path loss exponent of 5.5. As it is intuitively
explainable, the energy efficiency is better with increasing S value. For instance, the savings in en-
ergy consumption of the characterization {S, 7, 2, 5} is 31.66%, 37.05%, and 50.73% respectively for
S =5,5 =10, and S = 30.

de40 I PA energy
35 I Trans energy -
n=5.5 [ Encoder energy
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Figure 4.10: Effect of varying S in energy expenditure of Methodology 2 in Mica?2.

Effect of various channel parameters on Node Energy: The channel parameters distance
and path loss exponent are varied to study the effect in Fig. 4.11 and 4.12, respectively. As the trans-
mitter and receiver are more distant from each other or there exists a more cluttered environment
between them, the errors increase, and the use of a channel coding scheme is more important. This is

reflected in both figures. The scheme gives better performance as the environment is harsher.
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Figure 4.11: Energy comparison of Methodology 2 for different distances in Mica2.
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Figure 4.12: Energy comparison of Methodology 2 for different pathloss exponent in Mica2.

4.5.1.3 Comparison with Methodology 1:

The proposed methodology M2 is compared with the previous methodology M1 for the cases
{5, 6, 1, 5} and {5, 7, 2, 5} in Fig. 4.13. The error correction is dependent on the correctness
of group selection, and group selection is performed based on the number of correct data blocks in
the received codeword. Moreover, the LABEL part is not exclusively protected, as in the previous
methodology. Hence, the proposed scheme is found performing better for Ej/Ny values greater than

7 dB. However, the compression achieved is significantly higher. While M1{5, 7, 2, 5} has zero
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compression/redundancy M2{5, 7, 2, 5} achieves 14.29% of compression. The 10% redundancy in
M1{5, 6, 1, 5} is outperformed by M2{5, 6, 1, 5} with no redundancy.

100 ‘ ‘
g —*-M2 : {5,6,1,5}
107k —-M1:{5,6,1,5} |
M2 : {5,7,2,5}
102 M1 : {5,7,2,5}
1078 E
w 104 3
10°° 3
10 3
107 E
10-8 1 1 1 1 X
0 2 4 6 8 10 12 14
Eb/NO in dB

Figure 4.13: BER vs. E,/Ny performance comparison of the Methodology 1 with Methodology 2 in Mica2.

The energy efficiency is higher in Methodology 2 compared to Methodology 1 for all code char-
acterizations, as can be inferred from Fig. 4.14. This reduced energy consumption is due to the
simplified operations and improved compression, making the energy values per information bit less.
The characterizations M2{30, 7, 2, 5} and M2{30, 8, 2, 6} have 17.55% and 22.09% energy re-
duction respectively compared to M1{30, 7, 2, 5} and M1{30, 8, 2, 6}, while M2{30, 6, 1, 5},
M2{30, 7, 1, 6}, and M2{30, 8, 1, 7} have about 7.78%, 7.54%, and 7.55% energy reduction com-

pared to their M1 counterparts.
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Figure 4.14: Energy comparison of Methodology 2 and Methodology 1 in Mica2.

4.5.2 MicaZ Platform
4.5.2.1 BER Performance and Compression

The BER performance achieved is depicted, and compression achieved is calculated in this section
in the micaZ platform and AWGN channel condition. The presented methodology with d,;, = 3
within each group is studied, and the performance is compared with the uncoded transmission, stan-
dard error correction schemes, Hamming (7, 4) and RS (31, 29), and the Methodology 1.

The methodology is studied, and the results are shown in Fig. 4.15 for the cases %k, kik, =
{5, 7, 2, 5}, {10, 7, 2, 5},{30, 7, 2, 5}], where k,,, k1, and ko values are fixed at 7, 2, and 5,
respectively, to observe the consequence of variation in S on BER and compression. The results are
also compared with the uncoded transmission, Hamming (7, 4) code, and RS (31, 29) code, in the
same circumstances. At a BER=10"°, the CG achieved by Hamming (7,4) is 0.561 dB, with a redun-
dancy of 75%. RS (31, 29) code posses a CG of 1.068 dB and redundancy of 6.9%. However, our code
achieves compression in place of redundancy. The CG and compression pair attained by the proposed
scheme is (3.739 dB, 14.29%) for S = 5; (4.181 dB, 21.43%) for S = 10; and (4.328 dB, 26.19%) for

S = 30. An increase in S raises the CG and compression while other parameters are fixed.
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10°®

The effect of varying code parameters other than S, fixed at 10, for the cases in Zg := [{10, 6, 1, 5},

{10, 7, 1, 6},{10, 7, 2, 5

improvement in grouping e

BER performance. The same effect can be noticed when k,, is fixed and k7 increases. Nevertheless, an

increase in ko with fixed k,, reduces the grouping efficiency and hence, brings the performance down

marginally.
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Figure 4.15: BER vs. E}/N, performance of the Methodology 2 for %y k,k,, uncoded, Hamming, and RS in
MicaZ.

1. {10, 8, 1, 7},{10, 8, 2, 6}] is studied and plotted in Fig. 4.16. The

fficiency with an increase in k,, and k; values and fixed ko brings better
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Figure 4.16: BER vs. E,/Ny performance of the Methodology 2 for the instances of Zs in MicaZ.
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Fig. 4.17 compares the theoretical and simulated BER performance. The equations described in
Section 4.3.1 are used to obtain the upper bound, lower bound, and actual theoretical BER curves.

The equivalence of the simulated and theoretical curves affirms the integrity of the scheme.

T T T T T
—6—M2{30,8,1,7} BER Upper bound
—B—M2(30,8,1,7} BER Lower bound
—¥—M2{30,8,1,7} Theoretical BER

—& -M2{30,8,1,7} Simulated BER

10

Eb/NO in dB

Figure 4.17: Theoretical, simulated, upper bound, and lower bound BER of M2 {30, 8, 1, 7} in AWGN
channel and MicaZ platform.

4.5.2.2 Energy Efficiency

Effect of various code parameters on Node Energy: The node energies for a fixed S and
changing k,, ki, and ko are plotted in Fig. 4.18 and Fig. 4.19, for achieving a BER of 107°, at
distance=40 meter, S = 30, and n = 5.5. The radio energies are analytically quantified, and the
computation energy is estimated by simulation in the former figure. All energies are obtained through
simulation using AVRORA in the latter figure. The slight decrease in the theoretical values accounts
for the approximation we have done while calculating the transceiver circuit power. It is inferred
from Fig. 4.18 and Fig. 4.19 that the proposed methodology with characterizations {30, 6, 1, 5},
{30, 7, 2, 5}, and {30, 8, 2, 6} outperforms Hamming (7, 4) code and RS (31, 29) code in energy
efficiency. For instance, from Fig. 4.18 a decrease of 4%, 42.92%, and 28.24% in total energy con-
sumption is visualized for M2{30, 6, 1, 5}, M2{30, 7, 2, 5}, and M2{30, 8, 2, 6}, respectively in
comparison with uncoded transmission, while Hamming (7,4) and RS (31, 29) codes expend 54.76%
and 15.64% more energy compared with the uncoded transmission. The characterization {30, 7, 1, 6}

and {30, 8, 1, 7} falls behind the standard schemes in energy efficiency, though it is better in BER
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performance. Thus it is deduced that an appropriate choice of code parameters can deliver higher

energy efficiency, CG, and compression.
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Figure 4.18: Comparison of energy consumption of the Methodology 2 with standard codes and uncoded in
MicaZ, Radio energy computed theoretically.
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Figure 4.19: Comparison of energy expenditure of the Methodology 2 with standard codes and uncoded in
MicaZ.

The result of using different S values in energy efficiency is plotted in Fig. 4.20, for a distance
of 40 meters, and a path loss exponent of 5.5. The energy efliciency keeps increasing with increasing
S value, as a higher number of data-blocks in a codeword raises CG and compression and reduces
the computations per bit. The characterization {S, 7, 2, 5} achieves 10.29% saving in total energy

consumption when S = 5, 17.17% saving when S = 10, and 42.92% saving when S = 30.
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Figure 4.20: Effect of varying S in energy expenditure in MicaZ.

The energy efficiency is increasing with S, and to collect data for larger S will have increased

latency, especially for real-time data transfer. In case of all combinations equiprobable (which is the

worst case in terms of latency), it will take 7, = (k,, Snumber of groups)/data rate. In addition, there

would be some time to run the algorithm (7,), but as most of the tasks, like checking to which group

it belongs to, etc., are lookup table based it will not consume significant time. This can be estimated

using the simulator AVRORA. In the case of a very large S, the latency will be dominated by T.. The

T, and T, are estimated in Table 4.1 for the particular case of M2 {S, 7, 2, 5}.

Table 4.1: Latency Estimate

S T. (for data T, (for data T, (for encoding | T, (for decoding
rate=20kbps) rate=250kbps) operation) operation)
) 0.0140 0.0011 0.020019124348958 0.003133680555555
10 0.0280 0.0022 0.038855929904513 0.004717881944444
30 0.0840 0.0067 0.047989637586805  0.0110546875
100 0.2800 0.0224 0.37796875 0.034798177083333

Effect of various channel parameters on Node Energy: The consequence of different chan-

nel parameters on the energy efficiency of the scheme is studied in this section. With longer distances,

the bit error increases, and a channel coding scheme comes to be more significant. As a result, the

energy-saving by the coding scheme becomes more significant, as shown in Fig. 4.21. The same is the
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case with the path loss exponent. The less clear the environment more the need for an error correction

scheme and the higher the energy-saving, as depicted in Fig. 4.22.
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Figure 4.22: Comparison of energy expenditure with varying path loss exponent in MicaZ.

4.5.2.3 Comparison with Methodology 1:

The BER performance comparison of the proposed methodology M2 with the previous methodol-
ogy M1 in the {5, 7, 2, 5} and {30, 7, 2, 5} cases are studied and graphed in Fig. 4.23 in AWGN
channel condition. It can be inferred from the figure that M2 excels M1 in BER performance. M2 also
outperforms M1 in compression, specifically 14.29% of compression is achieved by M2{5, 7, 2, 5},

while zero compression/redundancy is achieved by M1{5, 7, 2, 5}.
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Figure 4.23: BER vs. E}/Ny performance comparison of Methodology 1 and 2 in MicaZ platform and AWGN
channel.

The energy efficiency of the proposed methodology is found to be improved compared with that
of the previous methodology in Fig. 4.24. The node energy expended per bit is less in the case of M2
compared to the case of M1 for each of the characterizations. As a representative case, M2{30, 8, 2, 6}
has 46.46% saving in energy compared to M1{30, 8, 2, 6}. The freedom from exclusive LABEL decod-

ing and its influence in SYMBOL decoding have played a major role in reducing energy consumption.
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Figure 4.24: Energy comparison of Methodology 1 and 2 in the

ZM1{30,8,2,6}

ica% platform and AWGN channel.
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4.5.3 Results for Higher d,,;, among Group Members

The scheme expanded to have a d,;, = 5 within each group is also designed and evaluated in the
context of MicaZ and Mica2 motes. The BER performance of {S, 6, 1, 5} with d;;, = 5 for various
S values are compared with the uncoded and RS (31, 27) scheme in Fig. 4.25. This comparison is
exercised because RS (31, 27) also has a minimum distance of 5, which results in two symbols of error

correction per codeword.

10° w
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—6—RS(31,27)
——M2{56,1}d . =5 <

——M2{10,6,1}d_ =5

min—

5

min— 4

—%M2{30,6,1} d

10

Eb/NO in dB
Figure 4.25: BER vs. E,/Ny performance of the Methodology 2 with d,,;, = 5, uncoded, and RS in MicaZ.

The results of Methodology 2 redesigned and studied for 2-bit error correction per data block
scenario are compared with those of 1-bit error correction per data block scenario and are found
improved, as shown in Fig. 4.26. The results affirm that the scheme can be refined with varying

parameters to enhance the performance.
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Figure 4.26: BER vs. E},/Ny performance comparison of the Methodology 2 with dp,in = 3 and dpin = 5 in

Mica2.

The energy efficiency of the expanded scheme for {S; 6, 1, 5} with d,;, = 5 for various S values
is studied in the same platforms and compared with uncoded and RS (31, 27) scheme in Fig 4.27. It
is observed that the scheme is energy efficient compared to uncoded and RS (31, 27). RS (31, 27) is

selected here for comparison, as its d,,;, is also 5.
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Figure 4.27: Energy performance of the Methodology 2 with d,,;, = 5 compared with uncoded and RS (31,
27) in MicaZ.

The 2-bit error correction per block scheme is more energy efficient compared to its 1-bit error

counterpart, besides its improvement in BER performance, as is evident from Fig. 4.28. Hence, it is
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4. Methodology II

deduced that the methodology performs better with higher d,;, value.
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Figure 4.28: Energy comparison 2-bit and 1-bit error correction per block schemes of Methodology 2 in Mica2

4.5.4 Comparison with Conventional Source plus Channel Encoding Schemes

To compare the performance of the scheme with the combined effect of conventional source and
channel encoding, two lossless source encoding schemes in combination with RS (31, 29) are consid-
ered; Huffman encoding and Run-length encoding (RLE). Huffman being the optimal encoding and
RLE being the simplest one. The proposed methodology is compared with Huffman +RS, RLE +RS
schemes in Fig. 4.29 and Fig. 4.30. From the figures, it can be observed that the proposed scheme
is further better performing in terms of energy efficiency because of the additional energy expended
for source encoding. Here, it should be noted that source decoder (decompression) energy has not
been plotted, which will be an additional energy overhead. It is evident that in Huffman encoding
compression achieved is more, hence the reduced radio energy, but the encoding energy consumption
is more compared to RLE. It is also inferred from the plots that compression in data is achieved at
the expense of computation energy in the case of standard compression techniques. In contrast, the

compression is achieved in the proposed scheme with no additional energy requirement.
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Figure 4.29: Comparison of energy consumption of the Methodology 2 with conventional source and channel
codes combined and uncoded, Radio energy computed theoretically.
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Figure 4.30: Comparison of energy expenditure of the Methodology 2 with conventional source and channel

codes combined and uncoded.

In addition, our proposed scheme is orthogonal to the source compression scheme. Similar to the

source encoding + RS/Hamming, we can apply source encoding + proposed scheme as well. And the

relative difference in energy consumption will remain unchanged.
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4. Methodology II

4.6 Conclusions

Methodology 1 from Chapter 3 is reinforced with a new methodology, Methodology 2, which
provides better CG, compression, and energy efficiency in this chapter. The new methodology is
studied and simulated for various simulation parameters and further compared with Methodology 1.
A noteworthy raise in compression from 14.29% for M1 {10, 7, 2, 5} to 21.42% for M2{10, 7, 2, 5}
and a significant increase in CG from 3.46 dB to 4.18 dB at BER of 10~ can be observed in AWGN
channel and Mica2 platform. Energy efficiency is also higher for Methodology 2. The method is
compared with standard codes such as RS (31, 29) and Hamming (7, 4), and significantly higher
performance is noted. Enhancing grouping with a higher d,,;, further improved the scheme with
increased CG and better energy efficiency. The methodology is also compared with the conventional
source and channel encoding schemes combined to find a more pronounced gain in energy efficiency.

In the next chapter, the scheme’s effectiveness in a more realistic environment is investigated. A
Rayleigh fading channel is considered, and both methodologies of the scheme are evaluated for the

environment.
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5. Methodology I and II in Rayleigh Channel

5.1 Introduction

The analysis of any communication scheme calls for the modeling of the channel used. The wireless
channels are complex, and hence some stochastic models are usually used. In the previous chapters,
we used the simplest model, the AWGN model, for the analysis of Methodology 1 and Methodology 2.
The reason is to lighten the theoretical analysis. However, this model is not befitting for time-varying
channels like fading channels. The WSNs use a small transmission power [119], which implies a short-
range, and we can assume a changing environment and immobile nodes. Hence, the RMS delay spread
is very low compared to symbol durations. Also, the data rates are not high. Then the channels
can be assumed to be frequency nonselective fading channels [68]. For this reason, models specifically
used for frequency-nonselective fading channels [120, 121] are appropriate for WSNs. Rayleigh fading
model is one of the most popular models. In this chapter, we analyze the suitability of our scheme in

the Rayleigh channel conditions. Both Methodology 1 and 2 are studied here rigorously.

5.2 Performance Evaluation Framework

Proposed methodologies are analyzed in the context of the Mica2 mote to study the performance

in Rayleigh channel conditions.

5.2.1 BER Performance

Methodology 1: The channel transition probability p of Rayleigh channel when NCBFSK mod-

ulation is employed is given by the mathematical formula mentioned below [122]

1

P (5.1)

T+ B
The value of p is used in equations (3.3) and (3.4) to find the block and bit error probabilities of
LABEL and SYMBOLs of a codeword. The error probability of codeword is determined by (3.7). The
upper and lower limits of BER are calculated using equations (3.8) and (3.9).

Methodology 2: The channel transition probability equation (5.1) and the equations from Section
4.3.1 are being used to calculate the error probabilities, lower and upper limits of error probabilities

of a Methodology 2 codeword.
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5.3 Simulation Parameters

5.2.2 Energy Efficiency

The theoretical and experimental analysis of energy efficiency is performed with the metric ‘energy
consumption per information bit required to achieve a specific value of BER’. The energy model used

is the same as in the previous chapters and can be referred from Section 3.4.

5.3 Simulation Parameters

The methodologies are simulated for the Mica2 mote. The simulation is carried out for varying code
and channel parameters. The code parameters are shown in Table 3.1, and channel parameters are
shown in Table 3.2. The CG and energy efficiency are analyzed and compared for an error probability

of 1073, The characterization simulated are shown in the following sets,

Ry, ks = [{5,7,2,5}, {10,7,2,5},{30,7,2,5}]
Rsr, = 1{10,6,1,5}, {10,7,2,5},{10,8,3,5}]
Ry, = 1{10,8,1,7}, {10,8,2,6},{10,8,3,5}]

Rai, = [{10,6,1,5}, {10,7,1,6},{10,8,1,7}]

where, %k, kK, denote the cases considered for simulation purposes with fixed ko, ky,, and k; and
varying S, and Zsk,, #sk,,, and Zsy, denote the cases considered for simulation purposes with fixed

S =10, and ko, k,,, and k; fixed, respectively.

5.4 Performance Analysis of Methodology 1 in Rayleigh Channel

5.4.1 BER Performance and Compression

The performance of Methodology 1 in the Mica2 platform and Rayleigh channel for varying S
values is studied by keeping the values of ko, k,, and ki fixed. Fig. 5.1 shows this effect of S for
km =7, k1 =2, and ko =5, i.e., the cases contained in %, , k,, and the performance of the uncoded
transmission, Hamming (7, 4) code, and RS (31, 29) code. It is observed that the CG increases as S
increases. The CG achieved at a BER=1072 is 10.66 dB for S = 5; 11.44 dB for S = 10; and 11.86 dB
for S = 30. The CG of Hamming (7,4) and RS (31, 29) codes are 7.97 dB and 1.18 dB, respectively.

The compression is calculated in Chapter 3; the values remain the same here.
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5. Methodology I and II in Rayleigh Channel
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Figure 5.1: BER vs. FE}/Np performance of the uncoded, Hamming, RS, and M1 {S, 7, 2, 5} with S =
5, 10, and 30 in Mica2 platform and Rayleigh fading channel.

Fig. 5.2 compares the theoretical and simulated BER performance. The figure plots the upper
and lower limits of theoretical error probability along with the simulated and theoretical bit error

probability. The simulated plot is validated with the comparison with theoretical plots.

—él— M1 {30,7,2‘,5) BER up;;er bound
—6—M1{30,7,2,5} BER lower bound
—¥—M1{30,7,2,5} Theoretical BER
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Il Il
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Figure 5.2: Theoretical, simulation, upper bound, and lower bound BER of M1 {30, 7, 2, 5} in Mica2
platform and Rayleigh fading channel.

As expected from the result analysis in previous chapters, the CG and compression are found

increasing with k,, and ki, while kg is fixed in Fig 5.3. The cases considered are contained in Zgy, .
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5.4 Performance Analysis of Methodology 1 in Rayleigh Channel

The CG obtained for a fixed k9 = 5, is 11.11 dB for k,,, = 6, 11.44 dB for k,, = 7, and 11.68 dB for
ky, = 8 and the compression achieved is 3.33%), 14.2857%, and 23.75% respectively. This improvement

is caused by the betterment of grouping efficiency with increasing k,, and k; values.

10° . . .
——M1{10,6,1,5} Mica2 Rayleigh
—6—M1{10,7,2,5} Mica2 Rayleigh
—%—M1{10,8,3,5} Mica2 Rayleigh
10 E Uncoded Mica2 Rayleigh
102 ¢
o
i}
m
10% ¢
104 ¢
0 5 10 15 20 25 30

Eb/NO in dB

Figure 5.3: BER vs. E; /Ny performance of Methodology 1 for cases contained in #y, in Mica2 platform and
Rayleigh fading channel.

A similar result can be found with fixed k,, and varying k; and k2, as in the cases of Zgy,, , in Fig.
5.4. The CG and compression improves with increasing ki and fixed k,,,. The CG, compression pair

achieved is (10.53 dB, 0%) for k; = 1, (11.21 dB, 12.5%) for k1 = 2, and (11.68 dB, 23.75%) for k; = 3.
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5. Methodology I and II in Rayleigh Channel
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Figure 5.4: BER vs. Ep/N, performance of Methodology 1 for cases encompassed in %, in Mica2 platform
and Rayleigh fading channel.

The cases in Zgy,, where k; is fixed, and k,, and kg are varying, shows reducing grouping effi-
ciency with increasing k,, and ko values. The resulting plot is shown in Fig. 5.5. The CG obtained
are 11.11 dB for k,,, = 6, 10.82 dB for k,, = 7, and 10.53 dB for k,, = 8 and the compression gained
are 3.33%, 2.8571%, and 0% respectively.
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Figure 5.5: BER vs. E;/Ny performance of Methodology 1 for cases contained in %y, in Mica2 platform and
Rayleigh fading channel.
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5.4 Performance Analysis of Methodology 1 in Rayleigh Channel

5.4.2 Energy Efficiency

The radio and computation energies are plotted in this section for the energy efficiency comparison
of the schemes.

Effect of various code parameters on Node Energy: Fig. 5.6 represents the effect of vary-
ing kn,, ki, and ko values with a fixed S on energy efficiency. The channel parameters were set at
distance=25 meter, S=30, and n=3.5. At a BER of 1073, Methodology 1 with characterizations
{30, 6, 1, 5}, {30, 7, 2, 5}, and {30, 8, 3, 5} are energy efficient compared to uncoded, Hamming (7, 4)
code, and RS (31, 29) code. All the schemes except M1{30, 8, 1, 7} are energy efficient compared to
uncoded and RS (31, 29) code. Though the characterization M1 {30, 8, 1, 7} is not better in energy
efficiency compared to the standard schemes, its BER performance is better comparatively. It is hence
deduced that we can achieve higher CG, compression, and energy efficiency by the proper selection
of code parameters. The percentage of energy efficiency improvement of the scheme M1{30, 7, 2, 5}
is 41.45% compared to uncoded, 13.18% compared to Hamming (7, 4) code, and 44.96% compared to
RS (31, 29) code.
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Figure 5.6: Comparison of energy expenditure of Methodology 1 with standard codes and uncoded in Mica2
platform and Rayleigh fading channel.

As anticipated, the energy efficiency is found to increase with increasing S in Fig. 5.7. The figure
is plotted with channel parameters fixed at distance=25 meter and n=5. The reduced energy con-
sumption is because of the increased number of SYMBOLs in each codeword, which improves CG and

compression and decreases the number of calculations per information bit.
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Figure 5.7: Effect of varying S in energy expenditure of Methodology 1 in Mica2 platform and Rayleigh fading
channel.

Effect of various channel parameters on Node Energy: The channel parameters such as
distance and path loss exponent are varied, and the impact of the same in energy efficiency is studied
and plotted in Fig. 5.8 and Fig. 5.9 respectively. The amount of energy saved is higher for higher

distance and path loss exponent, as is deducted from the figures.
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Figure 5.8: Energy comparison of Methodology 1 for different distances in Mica2 platform and Rayleigh fading
channel.
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Figure 5.9: Energy comparison of Methodology 1 for different pathloss exponent in Mica2 platform and
Rayleigh fading channel.

5.5 Performance Analysis of Methodology 2 in Rayleigh Channel

5.5.1 BER Performance and Compression

Fig. 5.10 shows the effect of varying S values on BER performance of the proposed scheme with
other code parameters fixed at k,, = 7, k1 = 2, and ko = 5 in the Mica2 sensor platform and Rayleigh
channel. The figure also compares the scheme with the RS (31,29) code, Hamming (7,4) code, and
uncoded transmission. The CG and compression achieved at a BER=10"2 is (12.46 dB, 14.29%) for
S =5; (12.95 dB, 21.43%) for S = 10; and (13.27 dB, 26.19%) for S = 30. The achievements are
superior compared to the Hamming (7,4) code RS (31,29) code. The CG and compression are found

to increase as S increases.
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Figure 5.10: BER vs. E;/Ny performance of the uncoded, Hamming, RS, and M2 {S, 7, 2, 5} with § =
5, 10, and 30 in Mica2 platform and Rayleigh fading channel.

The BER performance of the scheme for varying k., k1, and ko and fixed S is studied in Fig. 5.11,
5.12, and 5.13. The performance of the scheme with fixed ko, gets better with an increase in k,, and
k1 values, as can be observed from Fig. 5.11, due to the improvement in grouping efficiency. Grouping
efficiency enhances as there are more members in a group with a minimum distance constraint. When
km is fixed, a similar increment can be observed with the increase in k; and decrease in ko as in Fig.
5.12. The increase in ko and ky, values with fixed k1, however, reduces the grouping efficiency and

hence performance.
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Figure 5.11: BER vs. E,/Ny performance of Methodology 2 for cases contained in %, in Mica2 platform
and Rayleigh fading channel.
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Figure 5.12: BER vs. E} /Ny performance of Methodology 2 for cases encompassed in %, in Mica2 platform
and Rayleigh fading channel.
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Figure 5.13: BER vs. E,/Ny performance of Methodology 2 for cases contained in %, in Mica2 platform
and Rayleigh fading channel.

The simulated BER, performance is validated and compared with the theoretical plots in Fig. 5.14.
The simulated graph well falls within the upper and lower limits and is analogous to the theoretical

BER curve, hence proving the correctness of the scheme.

T T T
—8—M2{10,8,2,6} BER upper bound
—6—M2{10,8,2,6} BER lower bound
—*%—M2{10,8,2,6} Theoretical BER

—*%—M2{10,8,2,6} Simulated BER

1072
o
1w} -3
i 10

107

10°®

108 : : ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35
Eb/NO in dB
Figure 5.14: Theoretical, simulated, upper bound, and lower bound BER of M2 {10, 8, 2, 6} in Mica2

platform and Rayleigh fading channel.

TH-2430_10610210

96



5.5 Performance Analysis of Methodology 2 in Rayleigh Channel

5.5.2 Energy Efficiency

Effect of various code parameters on Node Energy: The energy analysis of the various
characterization of Methodology 2 for distance=25 meter, S = 30, n = 3.5 is depicted in Fig. 5.15.
The analysis is done at a BER of 1073. All characterizations except M2 {30, 8, 1, 7} consume less
energy compared to Uncoded, Hamming (7, 4) code, and RS (31, 29) code. The characterization M2
{30, 7, 2, 5} is the best energy performer, which gives about 78.97% reduction in energy consumption
compared to Uncoded, 68.81% reduction compared to Hamming (7,4), and 80.23% reduction compared
to RS (31,29).
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Figure 5.15: Comparison of energy expenditure of Methodology 2 with standard codes and uncoded in Mica2
platform and Rayleigh fading channel.

The energy consumption of the scheme for varying S values is depicted in Fig. 5.16 for a distance
of 25 meters and a path loss exponent of 5. Energy efliciency improves with increasing S value. The
characterization M2 {S, 7, 2, 5} taken as an example gives energy saving in 63.62%, 66.03%, and
82.24% respectively for S =5, S = 10, and S = 30.
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Figure 5.16: Effect of varying S in energy expenditure of Methodology 2 in Mica2 platform and Rayleigh
fading channel.

Effect of various channel parameters on Node Energy: As the channel between transmit-
ter and receiver becomes more difficult for communication, for instance, of higher distance or higher

path loss exponent, the scheme’s usage becomes more relevant, as is evident from Fig. 5.17 and 5.17.
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Figure 5.17: Energy comparison of Methodology 2 for different distances in Mica2 platform and Rayleigh
fading channel.
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Figure 5.18: Energy comparison of Methodology 2 for different pathloss exponent in Mica2 platform and
Rayleigh fading channel.

5.6 Performance Comparison of Methodology 1 and 2 in Rayleigh
Channel

The two methodologies are compared in the context of the Rayleigh fading channel in this sec-
tion, similar to the comparison in Chap. 4.6. The BER performance is compared in Fig. 5.19 and
energy consumption is compared in Fig. 5.20. Analogous to the case of the AWGN channel, in
the Rayleigh channel also Methodology 2 outperforms Methodology 1 in both BER performance and

energy efficiency. Methodology 2 has 60.93% less energy expenditure compared to Methodology 1.
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Figure 5.19: BER vs. E}, /Ny performance comparison of Methodology 1 and 2 in Mica2 platform and Rayleigh

channel.
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Figure 5.20: Energy consumption comparison of Methodology 1 and 2 in Mica2 platform and Rayleigh channel.

5.7 Conclusions

The methodologies proposed are analyzed and compared in Rayleigh channel conditions in order
to study their usefulness in a fading environment. A fading channel is more realistic than the AWGN
channel and hence needs to be studied. In line with the results obtained for the AWGN channel,
methodologies perform better in CG and energy efficiency compared to uncoded and standard codes
such as Hamming and RS. For instance, at a BER=10"3, the characterization M1 {30, 7, 2, 5}
achieves 11.86 dB CG and 23.81% compression and M2 {30, 7, 2, 5} achieves 13.27 dB CG and
26.19% compression . This achievement is compared with the 7.97 dB CG and 75% compression of
Hamming (7,4) and 1.18 dB CG and 6.9% compression of RS (31, 29) codes. The improvement in
energy efficiency of M1 {30, 7, 2, 5} is (41.45%, 13.18%, 44.96%) and of M2 {30, 7, 2, 5} is (78.97%,
68.81%, 80.23%) compared to uncoded, Hamming (7, 4) code, and RS (31, 29) code respectively. It
is also inferred that M2 outperforms M1 in all aspects. M2 expends 60.93% less energy compared to
MI.

The next chapter discusses the tradeoff of the scheme. An investigation is carried out for the
methods to mitigate the scrambling that happens to the input data as a tradeoff to the pronounced

achievements of the scheme.
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6. Descrambling Methods

6.1 Introduction

The methodologies presented in the previous chapters provide us with significant achievements in
terms of coding gain, compression, and less energy consumption. The tradeoff of these is the disorder
occurring with the input data. The scheme is suitable for typical applications and constraints of
WSNs rather than conventional networks. Typical applications of the WSNs include monitoring and
surveillance, where the data from a time frame is used for further processing. The typical constraints
include the scarcity of memory and energy stored and long battery life requirements. In many WSN
applications, this sequence disorder for a short period is not a major concern. E.g., is an application
in which the temperature of a room is monitored, and the values in a time frame are averaged out (or
the peak value is found) at the receiver. Here, a sequence disorder in the codeword is not going to
harm the credibility of the monitoring system. However, there are applications in which this sequence

disorder matters, and we in this chapter make an effort to address this concern.

6.2 Method 1: Delta Encoded Sequencing

The first and most apparent attempt made is to include sequence numbers of each input message
along with its corresponding SYMBOL in the codeword. The sequence numbers for a fixed amount
of data are used in this method. To reduce the redundancy incurred to an extend, these sequence
numbers are delta encoded [123].

Delta encoding is a way of storing or transmitting data in the form of differences (deltas) between
sequential data rather than absolute values. Delta indicates the change in a variable. The first se-
quence number is kept as it is in the delta encoded stream. The second and the following values are
the difference (delta) between the values themselves and the previous value to that. This method
reduces the number of bits needed to transmit the data. The technique is applicable when there is
only a small change between adjacent values. This is very likely to happen when sequential numbers
are grouped. The number of bits required to represent the sequence numbers depends on the number
of codewords we select as a frame, which depends on the data rate and the manageable latency of the
application. The delta encoding applied to this reduces the number of bits required for representing
the sequence value.

The codeword generated will be in the form as shown in Fig. 6.1.
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6.3 Method 2: Successor Label Identification

LABEL SEQ. No. 1 SYMBOL 1 SEQ. No. 2 SYMBOL?2 |eeeeeceece SEQ. No. S SYMBOL S

Figure 6.1: Structure of the codeword with delta coded sequence numbers.

The additional unprotected sequence bits cause extra redundancy in the data, which reduces the
BER performance of the scheme. The result depicted in Fig. 6.2 is for M2{5, 6, 1, 5} with seven
sequence bits delta encoded into six bits, added with each SYMBOL. An attempt to keep the decoded
and corrected data back in sequence produces an inferior result. Hence, we need to find a better way

of getting sequencing back.

10° w

— Uncoded

—+—M2{5,6,1,5}

—6—M2{5,6,1,5}- Delta encoded Sequence No.

0 2 4 6 8 10 12
Eb/NO in dB

Figure 6.2: BER vs. E,/Ny performance of M2 {5, 6, 1, 5} with added sequence bits.

6.3 Method 2: Successor Label Identification

The second attempt made is to reduce the number of sequence bits needed for ordering the cor-
rected data back in sequence. For achieving this, instead of using the sequence number as it is, we use
some LABEL identification bits for the successor SYMBOL along with each SYMBOL. The number
of bits needed for this LABEL ID is less than that required for sequence numbers. For instance, for
the scheme M2{S, 7, 2, 5}, the number of bits needed for this LABEL ID is only four. The codeword

generated will be in the form, as shown in Fig. 6.3.
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LABEL SYMBOL 1 SLI SYMBOL 2 SLI (eeeeeccece SYMBOL S SLI

Figure 6.3: Structure of the codeword with Successor LABEL Identification.

The result of adding these SLI (Successor Label Identification) bits, as observed from Fig. 6.4, is
the reduced coding gain and increased redundancy compared to the Methodology 2 without SLI bits.
However, this still gives better performance compared to Hamming and RS codes. Method 2 gives
improved performance compared to the sequencing method 1. Fig. 6.5 shows the performance of the

scheme for various values of S in {S, 7, 2, 5}, which again affirms the functionality of the scheme.

T T
Uncoded
—+— Hamming (7,4)
—0—RS (31,29)
—+— M2{30,6.1,5} |
—E— M2{30,6,1,5} with SLI

Eb/NO in dB

Figure 6.4: BER vs. E;/Ny performance of M2 for {30, 6, 1, 5} with added Successor LABEL Identification.
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6.4 Method 3: Successor Group Identification

T
Uncoded

—+— Hamming (7.4)
—O—RS (31,29)
—6—M2{5,7,2,5} with SLI
—¥—M2{10,7,2,5} with SLI 3
—8—M2{30,7,2,5} with SLI

Eb/NO in dB

Figure 6.5: BER vs. Ej/N, performance of M2 for various S in {S, 7, 2, 5} with added Successor LABEL
Identification.

6.4 Method 3: Successor Group Identification

We can further reduce the number of bits needed for LABEL identification if the application gives
values from a constrained set in a timeframe. For instance, let us take the case of S, 6, 1, 5 where
input can take values ranging from zero to sixty-three; SLI requires four bits for the identification
of the sixteen LABELSs. Instead, if we consider transmitting a short timeframe of data, it can be
assumed that the input ranges from zero to thirty-one (or thirty-two to sixty-three). We can then
substitute SLI with SGI (Successor Group Identification), which requires only three bits. This reduces

the unprotected redundant bits added. The codeword structure is depicted in Fig. 6.6.

LABEL SYMBOL 1 SGI SYMBOL 2 SGl |eeeeeecee SYMBOL S SGI

Figure 6.6: Structure of the codeword with Successor Group Identification.

The Fig. 6.7 shows the result of replacing SLI bits with SGI bits for LABEL identification. The

redundancy is further reduced, and thus, the CG is increased compared to adding SLI bits.
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10° ‘ :
—*— Uncoded
! —8—M2{30,7,2,5} with SGI
—&8—M2{30,7,2,5} with SLI
102
i
TR
0 10
10°®
108 ‘
0 2 4 6 8 10 12 14 16

Eb/NO in dB

Figure 6.7: BER vs. E,/Ny performance of M2 for {30, 7, 2, 5} with added Successor Group Identification.

6.5 Method 4: Predecessor Group Identification and Successor Group
Identification

In another attempt to ensure the decoded messages back in order, we identify the group the
information block belongs to and embed this information in the data blocks. The Predecessor Group
Identification (PGI) and SGI bits are appended at the beginning of the block. Now LABEL comprises
of PGI, and SYMBOL comprises of SGI and information. The concatenation of SYMBOLs belonging
to the same LABEL is done to form a codeword (Fig. 6.8). While decoding, based on the SYMBOLs,
the group of the codewords is identified. Starting from the SGI of the first SYMBOL of the first
received codeword, we identify a group of codewords belonging to the same group. One group among
these codewords is selected based on the matching PGI in the LABEL with the group of the first

codeword. The process repeats from the successor SYMBOLs.

PGI SGI SGI | | e SGI

LABEL SYMBOL 1 SYMBOL 2 SYMBOL S
Figure 6.8: Structure of the codeword with PGI and SGI.

Adding PGI and SGI bits in this manner introduced an overhead of Slog 2(#Groups) + ka2 bits.
For instance, in the characterization M2 {30, 17, 3, 14} with PGI and SGI, the original input is of

length 11 bits. Adding the PGI and SGI bits makes the code parameter k,,=17. When S=30, for
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the original 330 bits of input, there is an overhead of 30 x 3 + 14 = 104 bits with an error correction
of 30 bits. For comparison, Hamming (15,11) with the same input of 30 % 11 = 330 bits, overhead is
30 x 4 = 120 bits, with the same error correction of 30 bits.

Fig. 6.9 shows the performance of the scheme for various configurations, with and without PGI-
SGI. The overall impact is reduced performance as compared to the original proposal. However, still

better performance is achieved compared to the Hamming and RS codes.

T
Uncoded
—+— Hamming(7,4)
—6— RS(31.29)
—&— M2{30,103,7}
—6— M2{30,10,3,7} with SGI 3
—%— M2{30,20,3,17) with SGI

4 5 6
Eb/NO in dB

Figure 6.9: BER vs. E,/Ny performance of M2 with PGI and SGI.

6.6 Conclusions

The magnificent advantages achieved by the methodologies presented in the previous chapters,
such as intensified CG, compression, and energy efficiency, comes with a tradeoff. The tradeoff is
the disorder of the input data. This chapter attempted to mitigate this disadvantage. The first
method being the simplest and most obvious, doesn’t give a good result. However, the other three
methods presented provided results better than the standard schemes, though the achievements are
less compared to the schemes without the sequencing methods incorporated.

In some WSN applications, the sequence of information may not matter much, e.g., temperature
or humidity measurements of a location taken between hourly or half-hourly intervals. Multiple
measurements made between the prescribed duration may arrive out of order. In such cases, without
the overheads for descrambling methods, we can save more energy. Furthermore, for applications
with absolute sequence requirements, time-stamps are added with the measured data at the source
and transmitted as the information. In such cases also, we do not need to include the overheads

for descrambling. However, the descrambling methods can be used with the proposed methodologies
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in the kind of applications where the order of the data stream is essential, and no time-stamps are

present.
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7. Conclusions and Future Work

The thesis proposes and presents two novel schemes for energy-efficient communication in WSNs.
For the analysis of each methodology, we derive analytical expressions of BER and energy consumption
per information bit and simulate the techniques. This chapter presents a summary of this thesis and
suggests some possible future extensions of the present work. The main contributions of this thesis

are summarized in Section 7.1, and possible future work is outlined in Section 7.2.

7.1 Summary of the Present Work

Chapter 3 presents our first novel methodology, Methodology 1, for energy-efficient, robust com-
munication in WSNs. The methodology provides better error correction, implicit compression, and
reduced complexity. The scheme is based on efficient grouping and placing of input data. A minimum
Hamming distance restriction imposed in grouping offers error correction capability, and a significantly
higher BER performance is achieved compared to standard coding schemes. The SYMBOL parts of
the codeword are covered under the protection of the minimum distance groups. The LABEL part of
the codeword is additionally protected with the help of rectangular codes. The particular structure
of the codeword results in an implicit compression too, without the use of any standard compression
techniques. The encoding and decoding operations are also simplified so that the computation energy
per information bit is less compared to that of conventional schemes. Unlike some of the techniques in
literature, which reduce the encoding complexity and hands over the complexity burden to the decoder
in the assumption of energy abundant decoder, the proposed technique reduces decoder energy. This
makes the schemes suitable for any topologies. The scheme is analyzed with both Mica2 and MicaZ
platforms in the AWGN channel scenario.

In Chapter 4, an enhanced methodology, Methodology 2, to the one presented in Chapter 3, is
presented. This methodology provides enhanced error correction, improved compression, and com-
plexity further reduced. The grouping techniques remain the same. The encoding and decoding
techniques are different from those of Methodology 1. Explicit use of rectangular coding is omitted
in this methodology, which further reduces redundancy and computations. Both LABEL and SYM-
BOL parts of the codeword belong to the same group, covering them with implicit error protection.
The technique excels in CG, compression, and energy efficiency compared to the first technique. The
methodology is further enhanced with increased minimum distance value within each group, which

proves its generality. Analysis of Methodology 2 also is performed with Mica2 and MicaZ platforms
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7.2 Future Directions of the Research

in the AWGN channel scenario.

In Chapter 5, both the methodologies presented in the previous chapters are analyzed in a Rayleigh
channel environment. An analysis of the scheme in different environments helps to affirm its usefulness
in general. The Rayleigh channel is a more realistic channel than AWGN, posting the schemes suitable
for fading channels as well. The comparison in this environment also proves Methodology 2 better
than Methodology 1 and both methodologies better than standard schemes.

All the advantages of our schemes come with a tradeoff of sequence disorder, which is not a major
concern in many types of WSN applications like temperature monitoring. However, for making the
scheme suitable for those applications in which sequence order matters, in Chapter 6, the attempts
to mitigate this disadvantage are presented. The sequence reordering does reduce the benefits of the

scheme, though they still give better results compared to standard schemes.

7.2 Future Directions of the Research

The work reported in this thesis can be extended in the following directions.

The schemes can be expanded with various code parameters further.

A more advantageous method for sequencing can be introduced.

Code-structure can be revised in ways so that sequence disorder doesn’t occur.

The schemes can be further compared with more standard schemes.
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