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ABSTRACT

Wireless sensor networks (WSNs) are gaining popularity in different areas of
applications like industrial monitoring, military applications, home automation,
smart grid applications, body organ monitoring, etc. A WSN is a wireless net-
work comprising of a number of devices, called sensor nodes. A sensor node, usu-
ally battery powered, is capable of detecting physical phenomena, such as light,
temperature, movement, noise, pressure, humidity, etc. Medium access control
(MAC) protocols are in a key role for determining the energy efficiency of a WSN,
which is a key design issue for battery operated sensor nodes. Alongside energy
efficiency, reliable transmission is also always preferred in communication net-
works. The IEEE 802.15.4 standard provides low power solutions to the WSN
applications by specifying physical and MAC layer functions for low rate wireless
personal area networks.

In this thesis, Markov chain models are derived to study the throughput and the
energy consumption of IEEE 802.15.4 MAC taking into account the packet cor-
ruption by both collisions and channel errors. An increase in reliability reduces
retransmissions of erroneous packets, which in turn reduces the energy consump-
tion. Therefore, a network with low energy consumption and high reliability is
always desired. Wireless radio channel is the medium used for the transmissions
in WSNs and it is error prone leading to received data corruption. To mitigate
this influence of channel to some extent, forward error correction (FEC) may be
employed. FEC provides error correction with the addition of redundant bits to
the original message. Various FEC codes are analysed to study the influence of
coding on the performance of the IEEE 802.15.4 type networks. Along with the
FEC, influence of data frame payload size on performance is also studied. Nu-
merical analyses are carried out and illustrated using Matlab. The results show
that the performance of an IEEE 802.15.4 type network can be improved using
an appropriate choice of payload size and FEC.

Keywords: WSN, MAC, IEEE 802.15.4, FEC, throughput, energy consumption,
Markov chain model, payload size, channel errors
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1. INTRODUCTION

Wireless sensor networks (WSNs) in present world are getting popular due to their
usability in different kinds of network areas with wide variety of applications. The
sensor nodes used in the networks can monitor wide variety of physical phenomena
like light, temperature, movement, noise, pressure, humidity, etc. The ability to mon-
itor physical phenomena make WSNs feasible for various commercial projects like
wildlife monitoring, body organ monitoring, home automation, industrial monitoring,
environment monitoring, agriculture, military applications, etc. [1]. WSN is a network
which consists of number of wirelessly connected devices called nodes. The nodes are
simple, low cost and resources limited. Generally each node is composed of an energy
source, a sensing block, a processing block, and a communication block. A simple
block diagram of a WSN node is illustrated in Figure 1.1.

Usually battery is used as an energy source to provide power to other blocks in a
node. A central node acts as the network controller and can be connected to mains.
A sensing block is used to sense the physical condition of the surroundings where
the devices are deployed. With the inclusion of memory unit to store data and code,
and a microcontroller, the processing block is responsible for the control of the device
processes. The communication block contains the radio frequency (RF) transceiver
module, which is used for data transmission and reception.

Power Supply

Communication
Block

Sensing Block

Memory

CPU

Processing
Block

Figure 1.1: Basic block diagram of a typical WSN node.

Medium access control (MAC) is a logical entity in a communication protocol stack
that is used for controlling and/or coordinating the access mechanism of wireless chan-
nel by the nodes in the network. Therefore, the MAC is involved in controlling the
communication block directly. Among the processes in a node: sensing, data pro-
cessing, and communication, communication consumes most of the energy [1]. The
MAC protocol to be used in WSN depends upon the requirements set by the applica-
tion that are being handled by the network, but generally MAC layer in WSN provides
functionality for [2]:

• Framing: Defines the frame format and accordingly data packet is converted to
frames, which the MAC layer uses for communication.
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• Medium access: Controls the access of network by the nodes. This is main
functionality of MAC protocol in WSN as channel is used by large number of
nodes and hence need to resolve the issues like collisions.

• Reliability: Ensures that the transmissions within in the network are successful.
Acknowledgement (ACK) frames are sent back to the sender after successful
reception of the frame by destination nodes.

• Error control: Errors can be introduced during the transmissions. Error control
can be done either by retransmission of the same frame if ACK is not received at
the sender, known as automatic repeat request (ARQ) or with the use of forward
error correction (FEC). FEC is used to overcome the effect of bit errors.

Sensor nodes in WSNs are limited in terms of energy, memory, computing and pro-
cessing capability, and communication bandwidth. The node density in WSN is high,
nodes are prone to failure and topology may change over time. Therefore, the MAC
layer to be designed should be efficient in terms of these resources. Main design re-
quirements of WSNs MAC protocols are [3–6]:

• Energy efficiency: Nodes in a WSN are deployed densely in different types
of environments. Nodes are usually battery powered. Changing or recharging
the battery may be very difficult or in some cases impossible. Thus, the life
of node depends upon how efficiently it uses the available limited energy. So,
energy efficiency is the most important feature of WSN. As stated earlier, energy
consumed by the communication process (i.e by the transceivers) dominates and
communication process is directly controlled by the MAC. So it is the MAC
protocol whose design influences the energy efficiency and thus the lifetime of
the network. Not all the energy consumed is useful. Some portions of energy
get wasted. Sources of energy waste in WSN can be summarised as [3–6]

– Collision: Collision occurs when two or more number of nodes transmit
data in the shared channel simultaneously. It is the main problem in con-
tention based protocols. Collision leads to the corruption of packets which
must be discarded. Retransmission of these corrupt packets leads to an
increase in energy consumption. As a dominant source of energy waste,
collision should be considered and minimized by an efficient MAC proto-
col. [3–6]

– Overhearing: When node receives and deals with the packets not destined
for it, it is called overhearing. This leads to unnecessary energy consump-
tion. Overhearing is dominant in dense network with high traffic. [4, 5]

– Control packet overhead: Use of control packets increases the reliability of
network but the transmission of control packets consumes energy. As they
do not directly carry the data, they also reduce the effective throughput of
the network. So there is a tradeoff between reliability and energy consump-
tion when control packet overhead comes into consideration. [3, 4]

– Idle listening: When a radio receiver listen to idle channel for possible
incoming data, then it is called idle listening. Mainly problem of low traffic
WSNs, idle listening also causes in significant waste of energy. [4]

– Overmitting: Overmitting occurs when there is transmission but the desti-
nation receiver is not ready to receive. [4]



12

Thus, an efficient MAC protocol must consider sources of energy waste
and minimise the energy consumption. One of the most promising way for
energy saving is duty cycling. In duty cycling nodes goes to sleep state and
wakes up only when it needs to transmit or receive. So, nodes will be kept
in sleep state as much as possible. This in turn reduces the idle listening,
overhearing and channel contention.

• Scalability and adaptability: Due to the large number of sensor nodes, their
limited life span and the application requirements, the topology of WSNs can
change over time. In some networks inclusions of mobile nodes also contribute
in change of the topology. So, the MAC protocol should be able to adapt to the
changes in network size, density, and topology of the network. [3]

• Latency: Latency is delay for a receiver to successfully receive a packet from
a sender. Delay requirement of a sensor network depends upon the application.
Some application requires the event detected to be delivered immediately, while
for others latency does not affect the performance of the network. [3]

• Reliability: Reliability is the ability of network for successful transmission
within the network. It can be achieved by the use of error correction schemes.
But the benefit of using these schemes may come at the cost of other design re-
quirements. For instance, if error correction codes are used to increase reliabil-
ity, control packet overhead increases. Therefore, a good MAC protocol should
consider the trade-offs. Reliability is also an application oriented requirement.

Among the aforementioned requirements, energy efficiency is the major performance
measure of MAC protocol. But energy efficiency alone cannot address all the issues for
different applications in WSNs. Besides energy efficiency, other factors that influence
the efficiency of MAC protocol are application dependent. For example, latency is a
major issue for real time traffics while reliability is crucial for structure monitoring
applications.

The reliability of the communication link also impacts the energy consumption in
WSN. If there is data corruption during the transmission in the communication link,
there is need of retransmission. A retransmission increases the energy cost. A reliable
link can achieve energy savings. The bit error rate (BER) is the measure of errors
introduced in the channel. BER can be reduced by transmitting at higher transmit
power, but increasing transmit power is not efficient in WSNs. The reliability of a
sensor network can be increased with the use of error control techniques: ARQ and
FEC. In ARQ, the same frame is retransmitted if ACK does not arrive at the sender.
In FEC, error correction codes are used which adds redundant bits to the information
bits. The redundancy is added to mitigate the effect of error introduced during the
transmission process. Use of FEC adds redundant bits which increase the overhead.
The increase in overhead increases the energy consumption and the latency. But the use
of FEC increases reliability by protecting against the error-prone channel and reducing
the number of retransmission. The complexity of the FEC is also an issue in WSN.
Less complex codes are preferred due to resource constraints. Thus, the choice of FEC
is also a factor for efficient MAC protocol in WSN.

Packet size is another design issue while considering energy consumptions of a
MAC protocol. To balance the control overhead, longer packet sizes are preferable,
but in an erroneous channel, there are more chances of data packet impairment for
longer packets. Modulation of a signal in digital communication is done in order to
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obtain spectral efficiency. Different modulation schemes have different energy effi-
ciencies. The probability of bit error in the transmission channel also depends on the
modulation scheme being used.

The aim of this thesis is to study the joint effect of packet size, modulation scheme,
and error control coding on the throughput and energy efficiency of MAC protocol in
WSN. For the purpose of study, surveys are carried out for different MAC protocols
and error control methods. Institute of Electrical and Electronics Engineers (IEEE)
Std 802.15.4 [7] MAC has been taken into account for the analysis purpose. The IEEE
802.15.4 [7] defines the standard for low rate wireless personal area networks (LR-
WPANs). Markov chain models for IEEE 802.15.4 have been derived to model the
throughput and energy consumption with consideration of packet error rate (PER) in
the communication link. The PER has been calculated for various FEC codes to study
the influence of the error control coding on the performance. Since the standard does
not specify the FEC for narrowband, the code used for the analysis are the popular
and most widely used codes Bose-Chaudhuri-Hocquenghem (BCH) codes and Reed-
Solomon (RS) codes [8]. BCH and RS are good candidates as FEC codes in WSNs
as they are simple and can be implemented using shift registers [9]. The PER depends
upon BER of the radio channel. So the BER for the modulation specified by the IEEE
802.15.4 [7] standard for narrowband 250 kbps, is used for the calculations. Numerical
analysis simulations have been done using Matlab for the derived Markov chain mod-
els to obtain values for different probabilities which are required to obtain throughput
and energy consumption.

The structure of thesis is as follows: Chapter 2 presents classification of MAC proto-
cols for WSNs. The chapter also includes literature review on Markov chain modelling
of IEEE 802.15.4 MAC, and a survey on works related to packet size, error correction
coding and modulations. Chapter 3 gives an overview on IEEE 802.15.4 standard.
Chapter 4 discusses various error control coding with emphasis on block codes. In
Chapter 5, Markov chain models for IEEE 802.15.4 MAC are derived for slotted and
unslotted modes. Chapter 6 discusses about the calculation of PER. Chapter 7 de-
scribes the system model, presents the results obtained from numerical analysis, and
discussion. Chapter 8 provides the summary of the thesis. An appendix is also pro-
vided at the end where tables are presented for the values obtained from analysis.
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2. RELATED WORKS

2.1. Classification of MAC protocol

MAC protocols in WSN have been extensively studied during the last decade. A lot
of different propositions and improvements for MAC are available. The result of these
studies leads to different optimized MAC protocols from different perspective. MAC
protocols can be categorized in different ways based on: channel access mechanism,
level of network structure, perspective of nodes, power saving mechanisms, routing,
etc. In this thesis, channel access mechanism based taxonomy is discussed. On the ba-
sis of channel access mechanism MAC protocol can be divided into contention based,
schedule-based, and hybrid.

2.1.1. Contention-based MAC protocol

In contention-based MAC protocol, the channel is shared among the nodes, so nodes
compete for the channel access procedure. A contention mechanism is used based
on certain probability model to allocate the channel to a node on demand at any given
time. Most of these protocols are based on the ALOHA protocol and carrier sense mul-
tiple access (CSMA) protocols, or their variants. In ALOHA nodes transmit the packet
immediately after generating it (pure ALOHA) or in the next slot (slotted ALOHA). If
there is a collision then a node retransmits after some random time. In case of CSMA a
node listens to the channel and transmits when the channel is idle. Use of carrier sens-
ing reduces the collision but they cannot be fully avoided [10]. The main advantages
of contention-based protocols are their simplicity and scalability. As the resources are
allocated on demand, they can scale more easily to changes in network density or the
traffic, and they are more flexible. Also, the contention-based protocols do not need
finely tuned time synchronization as in time division multiple access (TDMA) proto-
cols. The disadvantage of these protocols is energy inefficiency. They normally have
all the sources of energy waste discussed earlier. Some of the contention-based MAC
protocols are:

The power aware multi-access protocol with signalling (PAMAS) [11] is one of the
earliest contention-based MAC protocol with primary objective of energy efficiency
by reducing overhearing in ad-hoc type networks. In this protocol, nodes which are
not in transmitting or receiving state are turned off. The turning off mechanism does
not affect the throughput or delay performance of the protocol. The protocol uses two
different channels for data and control packets so it requires two separate radios.

Based on non-persistent CSMA combined with preamble sampling Hoidi et al. [12]
proposed a low power wireless sensor MAC (WiseMAC) protocol. The main idea is
to reduce energy consumption by minimizing idle listening. In preamble sampling a
preamble is followed by the data packets to alert the receiving node. All nodes in
the network listen to the radio channel for short durations to detect preamble signal.
All nodes sample the medium with same period. If the medium is busy in its wakeup
period, the node listens to the channel until it receives the data packet or until the
channel becomes idle again. Thus, if the sender node knows the sampling schedule
of the receiving node, it can wait till the receiving node is about to sample. This
shortens the period of preamble which helps to reduce the energy consumption. The
neighboring nodes learn their sleeping schedule from ACK messages during every data
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transfers. Based on neighbor’s sleep schedule, transmissions are scheduled so that
the receiving node’s sampling time lies at the middle of the sending node’s preamble
[4]. Besides low energy consumption, advantages of this protocol is its adaptability to
traffic load fluctuations. Hidden node problem is one of the drawback of the protocol.
Hidden node is a node which is not in the range of other nodes. For example, if a
node A is transmitting to another node B and there is another node C within range of
B but not within range of A. In such condition, when node C starts carrier sensing, it
is unable to detect transmission between A and B. This can lead to collision. Another
disadvantage of the protocol is different sleep wake-up time for each neighbor of a
node.

Sensor MAC (S-MAC) [13] is one of the important MAC protocols proposed for
WSN. S-MAC received a lot of attention and improvements, and inspired a lot of
MAC protocols for WSN. The basic idea of S-MAC is periodic sleep-listen schedules
of the nodes which are handled locally by the network. Neighboring nodes form clus-
ter virtually and share the common sleep-listen schedule. Schedule exchange between
nodes of the same cluster is obtained by periodic SYNC packet broadcast to immedi-
ate neighbors. It is carrier sense multiple access with collision avoidance (CSMA/CA)
based protocol and it also employs request-to-send/clear-to-send (RTS/CTS) hand-
shake which helps in collision avoidance in case of hidden terminals and exposed
terminals. Another important feature of S-MAC is the idea of message passing where
long messages are divided into frames and sent in burst. This way the control over-
head can be minimised. Thus the different causes of energy waste are addressed by this
protocol. Higher latency, lower throughput are some disadvantages of this protocol.

To enhance the performance of S-MAC under variable load, the time-out MAC (T-
MAC) [14] was proposed. T-MAC’s deals with energy waste due to idle listening.
Basically it is extension of S-MAC where the fixed sleep-listen cycle is replaced by
an adaptive one. When there is no activity for a threshold time, the listen period ends.
Reduced listen period leads to energy saving. The T-MAC idea for early termination of
active period leads to another problem called early sleeping. This problem arises when
a neighbor node has still message but the destination node enters the sleep state. The
author presented this problem and also provided the solutions. The solution is using
future-request-to-send control packet by sending node to inform receiving node that
there is still message to be sent. The receiving node then stays in active state for that
particular time. T-MAC is better in compared to S-MAC in both low and high traffic
conditions.

Berkeley media access control (B-MAC) [15] is also a contention-based MAC pro-
tocol with preamble sampling technique. B-MAC uses unsynchronized duty cycling
and long preamble to wake up the receivers. Nodes that detect the preamble stay in
active state to receive the data following the preamble. The receiving node returns to
sleep state after completion of transmission or if there is no preamble detection. An
adaptive preamble sampling method called low power listening (LPL) to reduce duty
cycle and minimize idle listening is employed. B-MAC also introduced clear channel
assessment (CCA) mechanism for effective collision avoidance.

Sift [16] protocol is another contention-based MAC protocol. Sift is event driven
type of protocol which provide low latency at the cost of energy. Optimized MAC [17]
is improved version of S-MAC in which it adjusts the nodes duty cycle according to
traffic conditions to save energy. The duty cycle will be more for high traffic situa-
tion and less for low traffic. Control packets size and number are reduced in order to
minimise control overhead.
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2.1.2. Schedule-based MAC protocols

In schedule-based MAC protocols each node uses its own allocated time slot(s) to
transmit or receive and goes to inactive state when there is no activity. This arrange-
ment of channel access mechanism avoid collisions. Also the turning off of transceiver
during inactive period avoids idle listening and overhearing. Time synchronization and
poor scalability are some disadvantages of this type of protocols. TDMA is schedule-
based MAC protocol widely used for WSNs. In TDMA based protocol the channel is
divided into fixed number of time slots and these time slots are configured into frames
that repeat periodically. Each node in the network is allocated a fixed number of time
slots and is allowed to transmit only at those slots in the frame. Some form of cluster is
made among the nodes with a central coordinator. This coordinator allocates time slots
and provides timing synchronization. Some of the TDMA based MAC protocols are:
lightweight medium access protocol (LMAC), power aware cluster TDMA (PACT),
Bit map assisted MAC protocol (BMA), and traffic-adaptive medium access protocol
(TRAMA).

LMAC [18] is TDMA based MAC protocol in which operation is not dependent
on central coordinator unlike most of TDMA protocols. The nodes choose their own
time slot with local information. During its time slot, node transmits message which
contains data unit and control message. The control message addresses the receiver
and the length of data unit. When a control message is transmitted, all neighboring
nodes try to receive it. If the node is not intended receiver, it will shut off its radio.
Due to the fact that each time slot is controlled by a single node, collision can be
avoided. The protocol does not use ACK mechanism leaving the reliability issue to
higher layers.

PACT [19] is TDMA based MAC protocol proposed for multi-hop networks where
large numbers of nodes are used. Passive clustering in which only some set of nodes
take part in data communication at a time, is used in this protocol. The role of cluster
head is interchanged over time to save energy. Nodes duty cycle is adapted to the user
traffic which means radio is turned off if network is not active.

BMA [20] was mainly proposed for large scale clustered based networks intended to
be used in event-driven applications. In an event-driven application, nodes send data
to cluster head only if they detect significant event. BMA is superior to traditional
TDMA in terms of latency. The cluster head sets up and manages schedule for the
nodes. All nodes except those taking part in communication turn off their radio. If
there is no data then even the cluster head turns off its radio till the next session.

TRAMA [21] was proposed to provide energy efficient collision free channel access
mechanism while maintaining good throughput and low latency. In TRAMA, energy
efficiency is achieved by collision free channel access and also by putting the nodes
in low power state when they are not actively involved in transmission. It is basically
a scheduled-based protocol with a random access technique for providing the sched-
ules. The protocol has neighbor protocol (NP) which uses random access period to
collect information of one or two-hop neighbors, schedule exchange protocol (SEP) to
establish the schedule for a given period among the neighbors and adaptive election al-
gorithm (AEA) which determines the current transmitter and receiver and let all other
node to switch to low power state.
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2.1.3. Hybrid MAC protocols

Hybrid MAC protocols try to exploit the advantages of both contention and schedule-
based protocols over each other. The contention-based protocols are simple and have
good scalability while schedule-based protocol offer collision free transmission and
high channel utilization.

Zebra MAC (Z-MAC) [22] is considered as hybrid MAC protocol as it dynamically
adjusts the behaviour of MAC between CSMA and TDMA. The adjustment depends
upon the contention in the network. By using the knowledge of topology and loosely
synchronized clock it improve MAC performance in high contention while CSMA is
used as default. A node can transmit in its allocated time slot as well as other time slot
if needed. It can do so when the owner of that time slot is not using the allotted time
slot. Owner node of the timeslot is given priority. CCA is employed .

Among the standards available for the WSN, IEEE 802.15.4 [7] defines the standard
for LR-WPANs. The standard aims to focus on providing low power, low cost and
simple yet reliable wireless network. The standard specifies two layers (PHY and
MAC) at lower level with an option to design higher layers as per the application
requirement. As the focus of this thesis is on this standard a description of the standard
will be discussed later in another chapter separately.

2.2. Markov chain modelling for IEEE 802.15.4

A lot of studies related to the performance of the IEEE 802.15.4 using simulations and
analytical works are available. Most of the analytical models for IEEE 802.15.4 are
based on discrete time Markov chain model first provided by Bianchi [23] for IEEE
802.11 CSMA/CA. Bianchi’s model analyses the performance of IEEE 802.11 using
the probability of device in channel accessing state under saturated traffic conditions
in ideal channel. The accuracy of the model is verified by comparing with simula-
tion results. Based on Bianchi’s model, Pollin et al. [24] proposed a Markov model
for IEEE 802.15.4 beacon enabled mode. The carrier sensing probability across the
nodes was assumed to be independent. Park et al. [25] proposed a generalized Markov
model of the exponential backoff process with retry limits and acknowledgements un-
der unsaturated traffic condition for slotted CSMA-CA. The performance metric were
throughput, energy consumption, delay and reliability. Authors in [26] computed the
throughput and energy efficiency under saturated conditions for slotted CSMA-CA .
Wen et al. [27] proposed a model under unsaturated and saturated traffic condition.
The performance metrics observed are throughput, access delay and energy consump-
tion. Misic et al. [28] studied a non-saturated traffic model which is more appropriate
traffic condition for WSN. The models in papers [29–31], considered the non-beacon
enabled mode to evaluate the IEEE 802.15.4 MAC where only one carrier sensing state
is considered. In most of the works [24–30,32–34] considered, the channel is assumed
to be ideal, so only collision is considered as the cause of unsuccessful transmission.
But in practical scenario the PER due to the channel error has significant impact in the
performance of the network. The Markov chain model used in this thesis considers
PER due to channel errors. Also the impact on PER due to the use of FEC block codes
is considered. A model closely related to this work is presented by Zhang et. al [35]
in their paper. Different optimized packet sizes are derived with different BER which
shows that for better channel condition the optimized packet size is higher. But the
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paper does not consider the effect of block codes. To model the channel error impact,
similar approaches of Markov modelling in works [36–38] for basic mode of IEEE
802.11 MAC has been used. The difference in Markov modelling of 802.11 is that the
node listen to the channel continuously whereas in case of 802.15.4 the carrier sensing
is done at CCA states [24].

2.3. Packet size, error control coding and modulation

As the IEEE 802.15.4 [7] focuses on two lower layers, the MAC payload is the effec-
tive data of the standard. It is desired to make the MAC payload as long as possible
for efficient use of radio resources and to compensate the overhead. But the use of a
single channel and contention nature of the protocol, longer packet size leads to col-
lisions. Longer packets are also more prone to errors introduced in the channel. The
data corruption due to either collisions or channel error requires increased number of
retransmission attempts. This leads to higher energy consumption. The unreliability
problem can be reduced using FEC. But the use of FEC adds redundant bits increases
the overhead which in turn increase the energy consumption and the latency. So packet
size should be determined by considering tradeoff among all related factors.

Considering energy efficiency as optimization metric Sankarasubramaniam et al.
[39] studied packet size optimization for wireless sensor network. Authors considered
the effect of retransmissions and error correcting codes in various environment for
independent bit errors. It has been shown that coding can improve the energy efficiency
of communication link and packet size can be longer under reliable channel condition.
The paper also reveals that the energy efficiency and optimal packet size increase with
the use of BCH codes. The BCH code outperformed the convolutional code used.
Simulations showed that the energy efficiency can be improved by 23% using BCH
codes compared to uncoded case.

Vuran et al. [40] studied the error control in wireless sensor networks taking transmit
power, and hop length into consideration. It has been shown that FEC scheme can
significantly improve the error resiliency, end to end delay, and PER. Additionally it
has been shown that the suitability of error control scheme depends on the physical
architecture of sensor nodes, the distance between nodes, and the target PER.

In [41], the energy efficiency of FEC in ultra-wideband (UWB) wireless sensor net-
works has been studied taking both PHY and MAC in consideration. The paper shows
that the coding reduces significant energy consumption in high BER as compared to
uncoded case. Stronger codes performed better when the error in the channel is high,
and consumed less energy than weaker codes. It has been observed that RS and BCH
codes have similar performance in case of UWB WSNs.

In [42], coding in multi-hop scenario has been studied. The paper presented that RS
coding with different error correcting capabilities are best for energy efficient WSNs
based on decoding energy. Some of the observation made were: The decoding energy
consumption of RS code is increasing function of code’s error correction capability
and a linear function of codeword length, 1 error BCH coding also provide the same
level of performance as RS code but is less energy efficient.

In [43], effect of error correcting codes and modulation scheme on energy con-
sumption of a sensor node has been studied. Authors figured out some optimal ECC-
modulation pair for energy efficiency in WSNs. The paper also showed that the energy
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efficiency is based on the distance between the node. Authors defined a crossover
distance below which uncoded transmission is preferred compared to coded due to
computation energy being more than transmission energy. For a distance of 150 me-
ters between nodes RS (127, 115, 13) with BPSK and saves 47% energy as compared
to the uncoded transmission. When considering RS coding with different block size
for a distance of 110 meters, RS(63,59,5) is found to be the optimal energy code.

Using platforms like application-specific integrated circuit (ASIC) and field-
programmable gate array (FPGA), Balakrishnan et al. [8] analyzed that binary BCH
codes are better in terms of both implementation complexity and energy efficiency in
comparison to RS codes, and convolutional codes. It has been also concluded that the
use of linear cyclic codes scale down the energy consumption by significant amount in
WSNs.

Tian et al. [44] have shown that FEC outperforms ARQ for larger distance and ARQ
is better when the packet size is larger. The energy efficiency and optimal payload
length increases with decreasing BER for all error control schemes.

Fu et al. [45] proposed an energy efficient transmission scheme for RS coded quadra-
ture amplitude modulation (QAM) systems. The observations for energy efficient
scheme made were: for short distance 64-QAM without coding, for moderate distance
16-QAM with RS coding, and for large distance 16-QAM with highest code rate.

Authors in [46] presented a comparison analysis for MQAM, MPSK and MFSK for
WSNs for both additive white Gaussian noise channel (AWGN) channel and Rayleigh
fading channel. It has been shown that M-ary modulations are more efficient than
binary modulations, MFSK has poor performance for shorter distance where circuit
energy consumption is dominant but more energy efficient option for larger distances.
The paper presented that MQAM scheme is more energy efficient than other schemes
considered.

With the consideration of 2.4 GHz frequency, 10 KHz bandwidth for a distance of
5 meters for both AWGN and non-frequency selective slow Rayleigh fading channel,
authors in [47] presented that MQAM is energy efficient. MFSK is more resilient to
fading but consumes more energy than corresponding MPSK and MQAM.
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3. OVERVIEW OF IEEE 802.15.4

The IEEE 802.15.4 [7] is a standard provided by IEEE standard committee for LR-
WPAN that is a simple, low cost, low power, and low data rate wireless communica-
tion network. These features make it very suitable for WSNs. The standard focus and
specifies two bottom layers: Physical layer (PHY) and MAC sub-layer of the commu-
nication protocol stack leaving the upper layers to be designed as per the application
requirement. A simple protocol architecture of IEEE 802.15.4 complaint device is
illustrated in Figure 3.1. The initial release of this standard was done in 2003 and
amendments were made afterwards. The WPAN consists very less or no infrastruc-
ture [7].

Upper layers

MAC layer

PHY layer

Physical
Medium

Figure 3.1: IEEE 802.15.4 device architecture.

The IEEE 802.15.4 specifies mainly two types of network devices: full function
device (FFD) and reduced function device (RFD). The FFD is a device which supports
all the features provided by the standard. It is capable of serving as a personal area
network (PAN) coordinator as well as a simple node in the network. The coordinator
is a node which manages the network. RFDs have limited amount of processing power
and memory as compared to FFD. RFDs are used for applications that are extremely
simple like in sensors and actuators. RFD is not capable of serving as either a PAN
coordinator or a coordinator.

3.1. Network topologies

Network topology signifies the way in which connections are made between devices
in a network. The standard provides two types of network topologies: Star topology
and peer-to-peer topology. Both are illustrated in Figure 3.2. The star topology is cen-
tralized in which the communication takes place only between a PAN coordinator and
its associated devices. The associated devices cannot make communication between
themselves. Star topology is simple to implement but useful for covering only a small
network area. Applications of this topology include home automation, peripherals,
healthcare monitoring, and gaming. [7]

In peer-to-peer topology, the devices in a network are able to communicate with each
other in addition to a PAN coordinator. As seen in the Figure 3.2, there are multiple
paths for the communication which improve reliability of the network. There is no
need of network reorganisation even if some of the links fail as there are other working
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links which can directly be used for communication. It allows more complex network
topology like mesh network to be formed. This topology can be used in industrial
monitoring, smart agriculture, inventory tracking, etc. Due to its complexity, it requires
routing algorithms. [7]

Star topology Peer-to-peer topology

PAN Coordinator

RFD

FFD

Figure 3.2: Star and Peer-to-peer topologies.

3.2. Physical layer

The PHY is the lower layer as specified in the 802.15.4 standard [7]. PHY provides
an interface between the wireless channel and the MAC layer. PHY provides PHY
data service and PHY management service. The main functionalities of the PHY in-
clude the activation and deactivation of the radio unit, energy detection (ED) within
the current channel, data transmission and reception, CCA for CSMA-CA, link qual-
ity indicator (LQI), and channel frequency selection [7]. The standard specifies several
PHYs which uses different modulation schemes and frequency bands. Table 3.1 illus-
trates the summary of the PHY specified by the standard.

Table 3.1: Frequency band and data rates
PHY
(MHz)

Frequency band
(MHz)

Chip rate
(kchip/s)

Modulation
Bit rate
(kbps)

Symbol rate
(ksymbol/s)

Symbols

868/915
868-868.6 300 BPSK 20 20 Binary
902-928 600 BPSK 40 40 Binary

868/915
(optional)

868-868.6 400 ASK 250 12.5 20-bit PSSS
902-928 1600 ASK 250 50 5-bit PSSS

868/915
(optional)

868-868.6 400 O-QPSK 100 25 16-ary orthogonal
902-928 1000 O-QPSK 250 62.5 16-ary orthogonal

2450 2400-2483.5 2000 O-QPSK 250 62.5 16-ary orthogonal

The binary phase shift keying (BPSK) PHY at 868/915 frequency band, and offset
quadrature phase shift keying (O-QPSK) PHY at 2.4 GHz use direct sequence spread
spectrum (DSSS) technique for spreading. In addition to the PHYs presented in the
table, the standard specifies some optional PHYs. Some of the other optional PHY are
chirp spread spectrum (CSS) PHY at 2.4 GHz band, m-ary phase shift keying (MPSK)
PHY at 780 MHz band, Gaussian frequency-shift keying (GFSK) PHY operating at
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950 MHz band, UWB PHY operating at sub-gigahertz and 3-10 GHz band. [7]

3.2.1. OQPSK PHY

The O-QPSK PHY in IEEE 802.15.4 [7] standard uses OQPSK as modulation scheme
and DSSS for spreading. The resulting symbol is a 16-ary orthgonal symbol. The
standard specifies the data rate of 250 kbps when operating in 2.4 GHz, 915 MHz
or 750 MHz band. The data rate for 868 MHz band is specified to be 100kb/s. The
modulation process is presented in Figure 3.3.

Bit to symbol
mapping

O-QPSK
modulation

Symbol to chip
mapping

Input data bits from
PPDU

Modulated
signal

Figure 3.3: O-QPSK PHY modulation process.

First the input bits are mapped to data symbols. A byte of data is divided into
two symbols and each data symbol contains 4 consecutive bits. Thus obtained each
data symbol is then mapped into 16 32-chip pseudo noise (PN) sequences in case of
2.4 GHz band, while 16-chip PN sequences in case of 915 MHz, 868 MHz, and 780
MHz bands. The chip sequences which represents each data symbol are then carrier
modulated using O-QPSK modulation with half sine pulse shaping. The quadrature-
phase (Q) of the modulated signal carries the odd indexed chips while in-phase (I)
carries the even indexed chips. For the purpose of offset the Q-phase chips are delayed
by a time equal to the inverse of the chip rate. The chip rate for 2.4 GHz band is 32
times the symbol rate while for 915 MHz, 868 MHz, and 780 MHz bands chip rate is
16 times the symbol rate. [7]
The half sine pulse shape used to represent baseband chip is given as [7]

p(t) =

{
sin(π t

2Tc
), if 0 ≥ t ≥ 2Tc

0, otherwise,
(3.1)

where Tc is the inverse of chip rate.

3.2.2. BPSK PHY

The BPSK PHY uses DSSS and BPSK as spreading scheme and chip modulation
respectively. Differential encoding is done for the data symbol encoding. The data rate
for the BPSK PHY is specified as 20 kb/s for 868/950 MHZ band and 40 kb/s for 915
MHz band. A block diagram of the BPSK PHY modulation is shown in Figure 3.4 [7].
Each bit from the incoming data is first differentially encoded then bit to chip mapping
is done. Thus obtained chip is passed through BPSK modulator to obtain modulated
signal. The modulation process is done octet wise where less significant bit (LSB) is
processed first. [7]
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Figure 3.4: BPSK PHY modulation process.

Differential encoding is done by modulo-2 addition of the input bit with the previous
encoded bit. The process bit to chip mapping maps each input bit into a 15-chip PN
sequence. Thus obtained chip sequences are then modulated using BPSK with raised
cosine pulse shaping. A chip value of 0 is denoted by negative pulse and chip value of
1 is denoted by positive pulse. [7]

The raised cosine pulse shape with roll-off factor of 1, which is used to denote each
baseband chip in the BPSK PHY is given by [7]

p(t) =

{
sin(πt/Tc)

π/Tc

cos(πt/Tc)

1−4t2/Tc
2 , t �= 0

1, t = 0.
(3.2)

3.2.3. PHY layer functions

Some of the main functions of PHY 802.15.4 are: [7]

• Activation and deactivation of radio unit
The PHY is responsible to turn ON or OFF the radio transceiver as requested by
the MAC to enter transmission, reception, or sleeping state.

• Energy detection (ED)
It is a mechanism in which received signal power (energy level) is estimated
within the bandwidth of the radio channel. This estimate is done in order to pro-
vide a proper channel for the network layer. The duration of energy detection is
equal to 8 symbol periods. There are no attempts to identify or decode the signal
during energy detection procedure. The minimum value of ED should indicate
the received power less than 10 dB above the receiver maximum threshold sen-
sitivity. The range of received power the ED values should span must be at least
40 dB.

• Link quality indication (LQI)
LQI measurement by PHY is performed to determine the quality and strength
of the received packets. The measurement can be carried out using receiver
ED, signal-to-noise estimation, or a combination of both methods. At least 8
unique values of LQI should be used. The values should be chosen from within
the range of maximum and minimum LQI values. The maximum LQI value is
associated with the highest quality signal and minimum LQI value is associated
with the lowest quality signal detected by the receiver.

• Clear channel assesment (CCA)
CCA is done in order to avoid a collision of packets from different nodes. PHY
layer is responsible for CCA using at least one of the following methods:
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– Energy above threshold: If any energy above the ED threshold is detected
during the ED measurement, CCA should report a busy medium.

– Carrier sense: CCA should report busy medium only when it detects a
signal compliant with the IEEE 802.15.4 standard. The signal should have
the same modulation and spreading characteristics as that of the PHY in use
by device in consideration. The energy level of the signal may be above or
below the ED threshold.

– Carrier sense with energy above threshold: In this method the CCA should
report the medium to be busy if a signal is IEEE 802.15.4 standard compli-
ant and energy level of the signal is above the ED threshold.

• Channel frequency selection
The PHY should be able to provide specified channel requested by the upper
layers. So PHY should be able to tune the transceiver to the specified channel.

3.2.4. PPDU format

The structure of PHY protocol data unit (PPDU) specified by IEEE 802.15.4 standard
is shown in Figure 3.5 [7]. The synchronization header (SHR) consists preamble and
start of delimiter (SFD) field. SHR is used in radio unit for frame and timing syn-
chronization. Another field is PHY header (PHR) which contains information about
payload length. PHY service data unit (PSDU) is the payload of the PPDU. PSDU is
of variable length, which contains the MAC frame. The maximum value of PSDU is
specified as 127 octets in the standard.

Preamble SFD PHR PSDU

4 Octets Variable1 Octet 1 Octet

SHR

Figure 3.5: PPDU format.

3.3. Medium Access Control Sub-Layer

The MAC is next layer to PHY and it is responsible for transmission and reception
of the MAC frames across PHY layer. MAC provides MAC data service and MAC
management service. Main functions of MAC layer include [7]:

• Generation of network beacons if the device is a coordinator

• Synchronization to the network beacons in nodes.

• PAN association and disassociation support for nodes.

• Employing CSMA-CA mechanism for channel access procedure.

• Acknowledgement of the successful frame transmission.
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• Provide a reliable link between two MAC entities.

3.3.1. Communications mode

The standard provides two communications modes for MAC sublayer: beacon en-
abled and non-beacon enabled. Non-beacon enabled mode uses unslotted CSMA-CA
mechanism for channel access. In non-beacon enabled mode when a node wishes to
transmit, the node waits for a random time. If the channel is idle during this time,
the node transmits its data. If the channel is found to be busy, the node waits another
random period before trying to access the channel.

In beacon enabled mode, PAN coordinator periodically transmits beacons to syn-
chronize the nodes associated. This mode employs slotted CSMA-CA for channel
access. The backoff periods of all the nodes are aligned to that of the PAN coordinator.
In this mode, superframe structure is used. Channel sensing and transmission are done
at the beginning of the slots.

3.3.2. MAC frame format

The 802.15.4 standard [7] specifies four types of the frame structure at MAC layer: a
beacon frame, a data frame, an ACK frame, and a MAC command frame. The beacon
frame is used by the PAN coordinator to transmit beacons. The data frame is used for
all the data transfers. An ACK frame ensures the successful reception of the frame
between MAC peer entities. MAC Command frame is used for handling MAC control
transfers between the MAC peers. The general MAC frame format is shown in Figure
3.6 [7]. MAC protocol data unit (MPDU) or simply MAC frame consists of MAC
header (MHR) block, MAC service data unit (MSDU) block, and MAC footer (MFR)
block. The MPDU which is physical layer payload is limited to a size of 127 octets.
The frame control field is used to store information about the frame type, addressing
fields, and other control information. The addressing fields consist destination PAN
identifier, destination address, source PAN identifier, and source address. If security
is enabled an auxiliary security header field is used and frame payload is encrypted.
Frame payload is of variable length and contains the frame specific information. Frame
check sequence (FCS) is used to check data integrity. The FCS is calculated from the
MHR and payload part of the frame.

Frame
Control

Sequence
Number

Addressing
Fields

Frame
Payload

Auxiliary
Security
Header

Frame
Check

Sequence

Octets: 2 1 0-20 0-14 Variable 2

MHR MSDU MFR

Figure 3.6: MAC frame format.
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3.3.3. Superframe structure

A superframe structure as seen in Figure 3.7, is used in beacon enabled mode. The su-
perframe is bounded by two successive beacons and consists an active portion and an
optional inactive portion. The beacon interval (BI) defines the time between two suc-
cessive beacons. During inactive portion, nodes can enter a low-power (sleep) mode.
The active portion is also divided into contention access period (CAP) and contention
free period (CFP). The duration of active portion is defined by superframe duration
(SD). A device can transmit during the CAP by contending with other devices using
slotted CSMA-CA. The CFP is optional and used for contention free TDMA commu-
nication. So during CFP, a device with an allocated guaranteed time slot (GTS) can
communicate without employing CSMA-CA. PAN coordinator is responsible for the
allocation of the GTS. Out of total 16 slots of the active portion, a maximum of 7
slots can be reserved for contention free communication. The values of BI and SD can
be determined by beacon order (BO) and superframe order (SO), respectively. BI is
related to (BO) as [7]

BI = aBaseSuperframeDuration ∗ 2BO (3.3)

for 0 ≤ BO ≤ 14.

SD is related to SO as

SD = aBaseSuperframeDuration ∗ 2SO (3.4)

for 0 ≤ SO ≤ 14.

In case of non beacon enabled mode, the values of both BO and SO should be 15.

0 1 2 93 64 87 10 11 12 13 14 15

BeaconBeacon
CAP CFP Inactive period

Superframe duration (SD)

Beacon interval (BI)

Figure 3.7: The IEEE Std 802.15.4 Superframe structure.

3.3.4. CSMA-CA

The IEEE 802.15.4 [7] implements CSMA-CA mechanism for the radio channel ac-
cess procedure. CSMA-CA algorithm should be used before the transmission of the
data or MAC frames within CAP. The CSMA-CA is not employed for the transmission
of beacon frames, ACK frames, and data frames during CFP. [7]
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In CSMA-CA mechanism, if a device wishes to transmit, it employs CCA procedure
to first check whether the channel is busy or not. If the channel is found to be busy, the
node will backoff for a random period and try again. Two types of CSMA-CA are de-
fined by the standard: slotted and unslotted CSMA-CA. In both slotted and unslotted
CSMA-CA, unit duration called backoff period is used. This duration, aUnitBackoff-
Period is equal to 20 symbols. Each node should maintain three variables number of
backoffs (NB), backoff exponents (BE), and contention window size (CW). NB is the
number of times the CSMA-CA was required to backoff for current transmission. NB
is initialized to zero for every new transmission. BE is related to the number of backoff
periods a node should wait before attempting channel assess. CW defines the number
of backoff periods required to be available before transmission can start. The CW is
only used in slotted CSMA-CA. [7]

Slotted CSMA-CA

Slotted CSMA-CA uses the superframe structure. All the nodes in the PAN synchro-
nize their backoff boundaries to the superframe slot boundaries of the PAN coordinator.
The PAN coordinator transmits the beacon to which all nodes should align their first
backoff period. The slotted CSMA-CA algorithm is shown in Figure 3.8. The steps
involved in slotted CSMA-CA algorithm are: [7]

Step 1: Initialization of NB=0 and CW=2. BE is also initialised. The initial value
of BE depends upon the use of battery life extension. If battery life extension is
used BE=min(2,macMinBE) and BE=macMinBE otherwise.

Step 2: After determining the location of backoff boundary, the MAC should
defer the channel access attempt for a random number of backoff periods in the
range 0 to 2BE − 1.

Step 3: CCA should be performed to check whether the channel is idle or not.
The CCA is performed by PHY as requested by the MAC at the backoff period
boundary.

Step 4: If the channel is busy, NB and BE should be incremented by 1. The CW
should be reset to 2. If the value of NB is greater than macMaxCSMABackoffs,
the algorithm should go to failure state otherwise should return to step 2.

Step 5: If the channel is idle, CW should be decremented by 1 until it reaches 0.
If CW=0, the data frame is transmitted.

Unslotted CSMA-CA

Unslotted CSMA-CA is used in non-beacon enabled mode. In unslotted CSMA-CA,
PAN coordinator do not transmit beacon frames and no superframe structure is used.
Nodes are not synchronized to backoff slot boundary. The algorithm is similar to
slotted CSMA-CA with few exceptions. The CW variable is not used. There is no
battery life extention in unslotted CSMA-CA. The unslotted CSMA-CA algorithm is
illustrated in Figure 3.9. The steps in unslotted CSMA-CA are: [7]

Step 1: Initialization of NB=0 and BE=macMinBE.
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Figure 3.8: Slotted CSMA-CA algorithm.

Step 2: MAC should wait for a random number of backoff periods between 0 to
2BE − 1 before channel access attempt.

Step 3: CCA should be performed immediately after random backoff delay in
step 2.

Step 4: If the channel is busy, NB and BE should be incremented by 1 and
algorithm should go back to step 2. The algorithm should go to failure state if
NB>macMaxCSMABackoffs.

Step 5: If the channel is idle, data frame is transmitted.
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Figure 3.9: Unslotted CSMA-CA algorithm.
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4. ERROR CONTROL CODING

An optimal design for WSN should consider that the design should provide a reliable
communication with low energy cost. Wireless channel which is used as medium for
communication in WSN is prone to errors. Error probability of channel varies with
different types of modulation used for the transmission. Error control coding is one of
the methods to increase reliability by mitigating with the errors introduced in the radio
channel during the transmission. Error control schemes are used for detection, and to
some extent correction of errors introduced in the channel. FEC coding and ARQ are
two broad categories of error control schemes. FEC is based on error correcting codes
whereas ARQ is based on retransmission procedure.

4.1. Forward error correction

FEC is one of the methods to increase reliability of the network. In this scheme, error
correcting codes are used to add redundancy to the packet. The use of error correcting
code allows to detect bit errors, and to correct the errors in the packet within the error
correcting capability of the code. Use of error correction coding reduces the BER and
PER in the wireless channel. This scheme is able to correct errors at the receiver side
without the need for retransmission of the data, thereby decreasing the retransmission
cost. The use of error correcting code, however, increases the communication over-
head: transmission of additional bits, encoding cost, and decoding cost. FEC provides
improved performance in a narrow signal-to-noise ratio (SNR) region. At low SNR
per bit FEC cannot mitigate the effect of severe channel conditions and at high SNR
FEC is not preferred as it makes the packet longer in size which increases the collision
probability [48].

4.1.1. Block codes

A block code contains k bits of information data with the length of codeword n, and is
denoted as (n,k). If error correction capability is also included, then it can be denoted
as (n,k,t) where t is the error correcting capability of the block code in terms of bits
that can be corrected. The code rate is defined as Rc = k/n bits per codeword symbol,
and code rate gives the amount of inserted redundancy. The information rate of (n, k)
code is given by Rb = n

k
Rs where Rs is the rate at which symbols are transmitted

across the channel. [49]
A block code C comprises a set of i vectors of length n given as ci = ci1 + ci2 +

ci3...cin are called codewords whose elements are obtained from q symbols. So if the
input is k bits, then there are qk distinct messages and thus a lookup table with k inputs
and n outputs can be obtained. Generally for a block code with q symbols, there are
qk codewords which can be chosen from qn possible codewords to encode the k-bit
information blocks. If the values in codeword consist two symbols i.e. q = 2 then
the block code is a binary block code. With a large value of k and n, the encoding
is complex. This complexity problem can be reduced by using the linear block codes
[9, 49].
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In linear binary block code (n, k), if input is k bits then there are 2k distinct code-
words of length n for k < n. The modulo-2 sum of two codewords is also a code word
when the block code is linear. Each message of the length n symbols can be mapped
into one of the 2k codewords. [9, 49]

Generator and parity check matrices

A generator matrix shows how codewords are generated from the information bits in
linear block code. For a message vector U , a codeword vector C can be obtained
using a generator matrix G as, C = UG.

Let us consider (n, k) code denoted as C. Let Ui be the message vector and it
represents the k information bits then, Ui = [ui1, ui2...uik] and the codewords that
encode the message are given by codeword vector, Ci = [ci1, ci2...cin]. Then,

Ci = UiG (4.1)

where,

cij = ui1g1j + ui2g2j + ...+ uikgkj, j = 1, 2...n (4.2)

and the k × n generator matrix G is given as

G =

⎡
⎢⎢⎢⎢⎣
g11 g12 . . g1n
g21 g22 . . g2n
. . . . .
. . . . .
gk1 gk2 . . gkn

⎤
⎥⎥⎥⎥⎦

. A (n, k) block code is called systematic when a codeword contains the original k
information bits intact and remaining n − k bits are the added redundant bits called
parity bits used for error protection [9,49]. For a systematic code the generator matrix
is of the form [49]

G = [Ik|P ], (4.3)

where Ik is k × k identity matrix and P is a k × (n− k) parity bit matrix. The parity
bits matrix is used to determine the parity check bits [50].

For any linear (n,k) code there exist a (n,n-k) dual code with 2n−k code vectors. Any
code word in the (n,k) is orthogonal to any code word of the (n,n-k) code. The generator
matrix of this dual code denoted as H , is the parity check matrix of the original (n,k)
code. [50] So, for a systematic code with generator matrix given by (4.3), the parity
check matrix will be of the form [49],

H = [In−k|P T ], (4.4)

and because of the orthogonality, multiplying any of the code vector with parity check
matrix produces an all zero vector,

CiH
T = 0. (4.5)
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Equation (4.5) is true for all the code words of the block code C , therefore [49],

GHT = 0. (4.6)

Syndrome calculation

For the error detection process the syndrome S is calculated using the received code-
word. Let R is the received codeword corresponding to C then syndrome of R is
given by [49],

S = RHT . (4.7)

If the syndrome of the received codeword is equal to zero then the received codeword
can be assumed to be correctly received i.e. when S = 0. But there are possibilities
that the received codeword contain undetectable errors. Undetectable errors occur
when the received codeword matches to any of non-zero valid codeword different from
the transmitted one. Let e=[e1e2...en] be the error vector, the received codeword is [49]

R = C + e. (4.8)

The syndrome of the erroneously received codeword is thus,

S = RHT = (C + e)HT = CHT + eHT = eHT . (4.9)

When the error vector is known the received codeword can be corrected as

C′ = R + e. (4.10)

Weight distribution and Error probability

The error detection and correction capability of a block code is determined by a pa-
rameter called minimum distance. The distance between two codewords is the number
of elements that they differ in. The minimum distance of a block code is given by
the minimum weight of the non-zero codeword. In case of binary block codes, weight
of a codeword is the number of non-zero elements in the codeword. Let one of the
codeword of C be Ci=[01010101], then weight of this codeword is 4 and the distance
of this codeword from the all zero codeword is also 4.

A binary linear block code has codewords whose weights range from zero to the
value of the block length. The weight distribution of a block code C, W (C) is defined
as: [9, 51]

W (C) = Ai, (4.11)
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where Ai is the number of non-zero codewords in C with weight i . The weight dis-
tribution of C can be used to compute the probability of decoder fail to detect error
when in transmission over binary symmetric channel (BSC). If dmin is the minimum
distance of a (n, k) block code, then the upper-bound of the minimum distance is given
as [50]

dmin ≤ n− k + 1. (4.12)

A (n, k) block code is capable of detecting error pattern of dmin − 1 or fewer errors
in a codeword. The random-error detection capability dc and random-error correcting
capability t of a block code can be calculated as [9]

dc = dmin − 1, (4.13)

t =

⌈
dmin − 1

2

⌉
, (4.14)

where �� denotes the ceiling function.
Error probability is one of the factors which characterize the performance of a block

code. Let us consider a (n, k) block code C with error correcting capability t, is used
in a binary symmetric channel (BSC). A BSC is channel model in which a bit (either
zero or one) is transmitted and error occur when flipped bit is received at the receiver.
Let that probability be p then the probability of i errors from a codeword of C is,

Aip
i(1− p)n−i, (4.15)

where Ai is the weight distribution of weight i. The undetectable error probability in
codeword is given by,

Pu(E) =
n∑

i=dmin

Aip
i(1− p)n−i. (4.16)

The detected error probability is the difference of probability of one or more errors
occurrence, and the undetectable error probability

Pd(E) =
n∑

i=dmin

(
n

i

)
pi(1− p)n−i − Pu(E). (4.17)

The decoder error probability is given by [9],

P (E) ≤
n∑

i=t+1

(
n

i

)
pi(1− p)n−i. (4.18)

The average probability of an undetected error for a systematic block is given by [9],

Pu(E) ≤ 2−(n−k)

n∑
i=1

(
n

i

)
pi(1− p)n−i, (4.19)

= 2−(n−k)[1− (1− p)n].

As [1 − (1 − p)n] ≤ 1, Pu(E) is seen to be decreasing exponentially with the value
n − k, which is the number of parity check bits in the block code. So average proba-
bility of undetected error can be decreased significantly by increasing n− k.
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4.1.2. Hamming codes

Hamming code is one of the important and earliest class of linear block codes used for
error correction. This class of codes has been widely used in data storage and in the
field of digital communications [9]. A Hamming code provides double error detection
and single error correction capability. A linear (n, k) Hamming code with mi ≥ 3 has
the following parameters, [9, 50]

- Length of the code: n = 2mi − 1,

- Number of information symbols: k = 2mi −mi − 1,

- Number of parity check symbols: n− k = mi,

- Minimum distance: dmin = 3,

- Error-correction capability: t = 1,

- Code rate: Rc =
2mi−mi−1

2mi−1
.

An example of a Hamming code is (7,4) block code with n=7, k=4, m=3, and t=1.

4.1.3. Cyclic codes

Cyclic codes are type of linear codes in which circular shift of one of the codeword
produces another codeword. A linear (n, k) block code C is cyclic code if every cyclic
shift in a code vector of C is also a code vector in C [9]. Encoding and decoding for
error detection and correction can be implemented using shift registers and combina-
tional logical circuits. The inherent algebraic properties of the cyclic codes provide
simpler and practical decoding processes in comparison to random linear codes. Some
of the cyclic codes are: BCH codes, and RS codes.

BCH codes

BCH codes are one of the most powerful random error correcting class of cyclic codes.
This class of code is significant generalization of the Hamming code for multiple error
detection. For an integer mi ≤ 3 and t < 2mi−1, a binary BCH code can be obtained
with the parameters: [9]

- Block length: n = 2mi − 1,

- Number of parity check symbols: n− k ≤ mit,

- Minimum distance: dmin ≥ 2t− 1.

The BCH code with above given parameters with minimum error correcting capa-
bility t is called a t error correcting BCH code. BCH codes are based on finite field,
known as galois field (GF) which consist of a set of elements. A nonzero element in
GF(q) is called primitive if the order of that element is q − 1. Let us consider a ga-
lois field GF(2mi) and αp be its primitive element. The generator polynomial of the
above mentioned BCH code g(x) is the lowest degree polynomial over GF(2) having
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αp, αp
2, αp

3.....αp
2t as its root [9]. If φi(x) is the minimal polynomial of αp

i , then
g(x) is given by the least common multiple of φ1(x), φ2(x)....φ2t(x),that is,

g(x) = LCM{φ1(x), φ2(x)....φ2t(x)}. (4.20)

The degree of the generator polynomial is at most mit. So, the number of parity check
digits, n − k is at most mit. When the value of t is small, n − k is exactly equal to
mit. [9]

Syndrome
calulation

Compute
σ(x)

Compute
error position

Compute
error values

Delay RAM +

r(x)

c(x)

e(x)

Figure 4.1: Simple block diagram of BCH decoder.

For an (n, k) BCH code, the encoding of the message polynomial u(x) starts by
multiplying it with xn−k resulting in xn−ku(x), and then divided by a given genera-
tor polynomial g(x). The remainder thus obtained from the division will be the par-
ity check polynomial h(x). And after that the parity check polynomial is added to
xn−ku(x) which will result in the codeword polynomial c(x).
A simple block diagram of BCH decoder is shown in Figure 4.1 [51]. The decoding
process of BCH codes involve the following steps: [9, 51]

1. Compute the syndrome from the received codeword polynomial r(x), where
r(x) = c(x) + e(x) and e(x) is the associated error polynomial.

2. Find of the error location polynomial σe(x) from the syndrome.

3. Use the error location polynomial to find erroneous bits and correct them.
The roots of the error location polynomial give the inverse of the error locations.

The steps 1 and 3 in decoding process are easier for computation in comparison to
the step 2. [9] The syndrome calculation in the first step is done employing power
sums. The step 2, which involves the computation of error location polynomial is
implemented using different algorithms like Berlekamp Massey Algorithm (BMA),
Euclidean algorithm (EA), or direct solution. Error position computation is done using
Chien search, which is a simple trial and error procedure to find the roots of error
location polynomial. [51]
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Error probability of BCH codes

In case of BCH coding the codeword error or block error probability for (n, k, t) block
code, as seen from (4.18), is given by [9, 51]

Per
BCH =

n∑
i=t+1

(
n

i

)
Pb

i(1− Pb)
n−i, (4.21)

where t = (n − k)/2 is the error correcting capbility, n is the block length and k is
payload length. Pb is the bit error probability of the channel.

RS codes

RS codes are non-binary class of systematic cyclic codes. They are considered as non-
binary BCH codes. In case of non-binary codes the elements of the codewords in the
set of fixed length codewords are selected from an alphabet of q symbols [50]. An RS
code can be described by the following parameters [9, 50]:

- Block length: n = q − 1 = 2mi − 1,

- Number of parity check symbols: n− k = 2t,

- Minimum distance: dmin = n− k + 1 = 2t+ 1.

The code can correct up to t symbols in error, which is the error correcting capability
of the code and is given by

t =
1

2
(dmin − 1). (4.22)

Let us consider the finite galois field, GF (qmi) where αp be a primitive element, then
the block length n would be qmi − 1. Let us consider u(x) be the message polynomial.
The minimum polynomial of any element αp

i in GF (qmi) is (x − αp
i). Typically the

codes are over the field GF (2mi). The generator polynomial of this code is obtained
by multiplying minimal polynomials of αp

i,

g(x) = (x− αp)(x− αp
1).....(x− αp

2t). (4.23)

RS encoding is similar to the BCH encoding process. The encoding process includes
the following steps:

1. Obtain the product of the message polynomial u(x) and x2t.

2. Divide u(x)x2t by the generator polynomial g(x).

3. The remainder b(x) obtained from the step 2 is parity check polynomial which
is combined with the product obtained from step 1 to obtain RS codeword poly-
nomial c(x).

The systematic RS encoding can be summarised as

c(x) = u(x)x2t + b(x), b(x) = [u(x)x2tmodg(x)]. (4.24)

In addition to decoding process steps required in case of BCH code, RS decoding
process involves one more step of finding the values of errors [51].
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Error probability of RS codes

Different from BCH codes, RS codes have symbol size denoted by sb. The sb is the
number of bits in an RS symbol. So the block error probability for (n, k, t, sb) RS code
using (4.18) is given as [9, 50, 51]

Per
RS =

n∑
i=t+1

(
n

i

)
(Ps

RS)
i
(1− Ps

RS)n−i, (4.25)

where t = (n− k)/2 and Ps is the symbol error probability of the RS code which can
be computed from channel BER as:

Ps
RS = (1− (1− Pb)

sb). (4.26)

4.1.4. Convolutional codes

Convolutional code is another class of error correcting codes in which the entire mes-
sage is encoded into a single code sequence. A convolutional encoder contains mem-
ory which means that the output of the encoder depends on previous inputs and/or
outputs. A convolutional code can be denoted as (n, k,m). The n encoder output at
any time depends upon k inputs at that time as well as m previous input blocks. The
code rate of a convolutional code is given as Rc = k/n. [9, 50, 51]

1 2 3 k

1 2 3 4 n

1 2 3 k 1 2 3 k

+ + +

Stage 1 Stage 2 Stage K

To modulator

k input
bits

Codeword with
length n

Figure 4.2: Convolutional encoder.

A convolutional encoder can be implemented by using linear finite-state shift regis-
ters as shown in Figure 4.2 [49]. The shift register consists of K stages which contains
k bits in each stage. There are also n algebraic function generators which takes input
from all K stages. The input is thus shifted along the shift register k bits at a time.
The output is n bits for each k-bit input sequence. The number of shift register stages
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K is called constraint length of the convolutional code. The length of the codeword n
depends on K unlike block code where the length only depends upon k. [49, 50]

Decoding of the convolutional code can be done by approaches like sequential de-
coding or maximum likelihood decoding. The Viterbi algorithm is a maximum likeli-
hood decoding approach and is optimum for convolutional codes. In Viterbi decoding,
closest coded sequence to the received sequence is searched by processing the input
information sequence on a bit-by-bit basis. The decision to select the closest code
word is done on the basis of the distance to the received codeword. [49–51]

4.2. Automatic repeat request

In ARQ procedure, a packet is transmitted again in case positive ACK is not received
at the source node within a predefined time. A packet experiencing timeout is retrans-
mitted until it is delivered error free at the destination node. When error free packet
is received a positive ACK is transmitted back to the source. Also negative acknowl-
edgement (NACK) can be used. In such case, if error is detected in a frame, the frame
is discarded and a NACK is sent back to the transmitter. Error detection is usually
performed by employing a cyclic redundancy check (CRC) code. Error detecting code
is applied to the packet before transmission at the source node. A checksum is then
calculated at the destination to check for the errors. Use of ARQ scheme leads to
significant increase in retransmission cost and overhead in case of high BER. But if
channel quality is good, overhead of ARQ is low compared to FEC schemes. [52]
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5. PERFORMANCE ANALYSIS OF 802.15.4 MAC BASED ON
MARKOV CHAIN MODEL

The analysis of a MAC protocol can be done with different approaches like computer
simulation, hardware implementation, mathematical model, or combination of those
approaches. One of the mathematical approaches is Markov chain modelling where
behaviour of the protocol is studied based on behaviour of a single node using discrete
time Markov chain. A lot of literature on Markov modelling of IEEE 802.15.4 is
available for both slotted and unslotted CSMA-CA. As discussed in Chapter 2, most
of the works [24–30, 32–34] considered that the channel is ideal. The ideal channel
means that there is no effect in performance of the model due to the errors introduced
in channel. The PER of the channel affects the performance of the network, so it
should be taken into consideration. In addition to that, the PER of FEC is taken into
consideration to study the effect of the different rate of codes in the PER and overall
performance of the network. In the following sections of this chapter, two analytical
models, one for each unslotted and slotted mode of IEEE 802.15.4 are presented which
consider the effect of channel error on the performance.

In CSMA-CA type of protocol a number of nodes in the network contend for the
channel access. For a node to start a transmission, it should first sense the radio channel
to find if it is available for transmission. If the channel is idle, the node transmits. If
the channel is sensed to be busy, the device backoff for random duration and repeat the
procedure. The following sections in this chapter deal with Markov chain models for
unslotted and slotted CSMA-CA of IEEE 802.15.4 type network.

5.1. Markov chain model for unslotted CSMA-CA

Let us consider a network with N nodes operating in star topology all at an equal dis-
tance from the coordinator. All nodes in the network contend for the channel to send
data to the coordinator (sink). It is also assumed the traffic generation is of unsaturated
type because it is more realistic model. In saturated traffic condition a new packet is
always available for transmission at the end of each transmission, whereas in unsatu-
rated type a node can be in idle state without attempting to transmit. The channel is
assumed to be non-ideal with PER due to channel Pe.

Let s(t) be the stochastic process representing backoff stage and b(t) the stochas-
tic process representing the backoff counter of a node in the network. Let bi,j =
limt→∞P{s(t), b(t)}, i ∈ (0,m, ), j ∈ (0,Wi − 1). Here m is the maximum value of
backoff counter and it is given by macMaxCSMABackoff. W0 is the backoff window
duration of first backoff stage and W0 = 2MinBE . The backoff window duration at ith

stage is given by

Wi = 2iW0, m ≤ MaxBE −MinBE

Wi = 2MaxBE−MinBEW0 m > MaxBE −MinBE, (5.1)

where MinBE and MaxBE are the minimum and maximum backoff exponent val-
ues, respectively.
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Figure 5.1: Markov chain model for IEEE 802.15.4 unslotted CSMA-CA.

A two dimensional Markov chain model based on the random process {s(t), b(t)}
can be constructed as shown in Figure 5.1. With the help of Markov chain model
stationary probabilities of different states can be obtained. The durations are measured
in units of backoff durations, and corresponds to the duration of one single backoff
duration. The backoff counter decrements by one in each unit backoff duration on
a backoff stage. When the backoff counter in a backoff stage reaches zero the node
performs CCA. If channel is found to be idle, transmission occurs. The transmission
can be unsuccessful if either collision occurs or frame is corrupted due to channel
error or both. The collision probability Pcol and the packet error probability due to
channel Pe are independent of each other. If CCA assessment is unable to find the
channel idle, a new backoff stage is choosen by incrementing backoff counter by 1 up
to macMaxCSMABackoff. Let pu be the transition probability from one backoff stage
to another when CCA finds the channel busy.

The state transition probabilities of the markov chain model presented in the Figure
5.1 are:

p{i, j|i, j + 1} = 1, i ∈ (0,m), j ∈ (0,Wi − 1) (5.2)

p{i, j|i− 1, 0} =
pu
Wi

, i ∈ (1,m), j ∈ (0,Wi − 1) (5.3)

p{T |i, 0} = (1− pu), i ∈ (1,m− 1) (5.4)

p{0, j|T} =
(1− q1Ps)

W0

, j ∈ (0,W0 − 1) (5.5)

p{I|T} = q1Ps, (5.6)



41

p{0, j|m, 0} =
(1− q1)

Wo

, j ∈ (0,Wi − 1) (5.7)

p{I|m, 0} = q1, (5.8)

p{0, j|I} =
1− q2
W0

, j ∈ (0,Wi − 1) (5.9)

p{I|I} = q2. (5.10)

Equation (5.2) shows that the probability of decrease in backoff counter by a unit in
every interval time is equal to 1. The transmission of the packet starts from (i, 0) states.
Equation (5.3) gives the probability of choosing random backoff value in increased
backoff stage after unsuccessful channel access in previous backoff stage. Equation
(5.6) is the transition probability from one of the (i, 0) state to the transmission state T .
State T takes a number of backoff duration equal to transmission duration of payload
Lu. Equation (5.5) gives the probability of going to one of the states (0, j) of first
backoff stage from T state given that there is at least a packet in queue. Here q1
is the probability that there is no packet to be sent after one transmission and Ps is
the probability that the transmitted packet is successfully delivered. During the CCA
procedure in (i,0) state, if the channel is found to be busy, the backoff stage is increased
and random value of backoff is chosen. After transmission if there are more packets to
be sent or an unsuccessful transmission occurs then new backoff is chosen according
to (5.3) otherwise idle state is reached. When the backoff stage reaches maximum
value of macMaxCSMABackoff and if CCA detection still finds channel busy, current
transmission is terminated and new initial backoff value is chosen if there are more
packets to be sent. q2 is the probability that there is no packet to be transmitted after
one idle period. In total there are m + 1 backoff stages from 0 to m. Equation (5.10)
shows that there is no packet to be sent, so node remains in I state. A new backoff
procedure at backoff stage 0 is started when packet arrives, whose probability is given
by (5.9). From the Figure 5.1 it can be noted that stationary probabilities of states (i,0)
is given as

bi,0 = pubi−1,0 = pu
ib0,0. (5.11)

Let the stationary probability for the idle state I and transmission station T be bI and
bT respectively, then,

bI = Psq1bT + q2bI + q1pubm,0, (5.12)

and,

bT = (1− pu)
m∑
i=0

bi,0. (5.13)

Also,

bi,j =
Wi − j

Wi

(pubi−1,0), i ∈ [1,m], j ∈ (0,Wi − 1)

=
Wi − j

Wi

pu
ib0,0. (5.14)
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For first backoff stage i = 0, b0,j is given by,

b0,j =
W0 − j

W0

[(1− q1Ps)bT + (1− q2)bI + pu(1− q1)bm,0]. (5.15)

Due to the fact that all stationary probabilities must sum to one, a normalization con-
dition to get the value of b0,0 can be obtained as

1 = bI + bT +

Wi−1∑
j=0

b0,j +
m∑
i=1

Wi−1∑
j=0

bi,j. (5.16)

Now to solve (5.16) for the value of b0,0, the three terms of the equation should be
obtained in terms of b0,0. From (5.12),

bI = (1− pu)Psq1

m∑
i=0

bi,0 + q2bI + q1pubm,0,

bI = (1− pu)Psq1[b0,0 +
m∑
i=1

bi,0] + q2bI + q1pupu
mb0,0,

(1− q2)bI = (1− pu)Psq1
1− pu

m+1

1− pu
b0,0 + q1pu

m+1b0,0,

bI =
Psq1(1− pu

m+1) + q1pu
m+1

1− q2
b0,0. (5.17)

From (5.15),

b0,j =
W0 − j

W0

[(1− pu)(1− q1Ps)
m∑
i=0

bi,0 + (1− q2)bI + pu(1− q1)bm,0]

=
W0 − j

W0

[
(1− pu)(1− q1Ps)

m∑
i=0

pu
ib0,0 + [Psq1(1− pu

m+1)

+ q1pu
m+1]b0,0 + pu(1− q1)pu

mb0,0

]

=
W0 − j

W0

[
(1− pu)(1− q1Ps)

1− pu
m+1

1− pu
+ q1Ps(1− pu

m+1)

+ q1pu
m+1 + pu

m+1(1− q1)

]
b0,0

=
W0 − j

W0

[1− pu
m+1 + pu

m+1]b0,0

=
W0 − j

W0

b0,0. (5.18)

Substituting the values of bi,j, b0,j, bI , and bT from (5.14), (5.17), (5.18), and (5.13) to
(5.16),

1 =
Psq1(1− pu

m+1) + q1pu
m+1

1− q2
b0,0 + Lu(1− pu)

m∑
i=1

pu
ib0,0+ (5.19)
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m∑
i=1

Wi−1∑
j=0

Wi − j

Wi

pu
ib0,0 +

Wi−1∑
j=0

W0 − j

W0

b0,0.

It can be seen from (5.1) that for m ≤ MaxBE −MinBE,Wi = 2iW0. Putting the
value of Wi,

1 =
m∑
i=1

[2iW0 + 1

2

]
pu

ib0,0 +
Psq1(1− pu

m+1) + q1pu
m+1

1− q2
b0,0 +

W0 + 1

2
b0,0

+ Lu(1− pu
m+1)b0,0 (5.20)

=
m∑
i=0

[2iW0 + 1

2

]
pu

ib0,0 − W0 + 1

2
b0,0 +

Psq1(1− pu
m+1) + q1pu

m+1

1− q2
b0,0

+
W0 + 1

2
b0,0 + Lu(1− pu

m+1)b0,0

=
m∑
i=0

[(2pu)iW0 + pu
i

2

]
b0,0 +

Psq1(1− pu
m+1) + q1pu

m+1

1− q2
b0,0

+ Lu(1− pu
m+1)b0,0,

=

[
W0

2

(
1− (2pu)

m+1

1− 2pu

)
+

1

2

(
1− pu

m+1

1− pu

)

+
Psq1(1− pu

m+1) + q1pu
m+1

1− q2
+ Lu(1− pu

m+1)

]
b0,0,

(5.21)

Rearranging the terms,

b0,0 =
2(1− pu)(1− 2pu)(1− q2)

au + bu + cu
, (5.22)

where,

au = W0(1− (2pu)
m+1)(1− pu)(1− q2),

bu = [1 + 2Lu(1− pu)](1− pu
m+1)(1− q2)(1− 2pu),

cu = 2(1− pu)(1− 2pu)
[
Psq1(1− pu

m+1) + q1pu
m+1]. (5.23)

For m > MaxBE−MinBE, let MaxBE−MinBE = df , then similar to previous
calculation, b0,0 can be obtained as

b0,0 =
2(1− pu)(1− 2pu)(1− q2)

av + bv + cv + dv
, (5.24)

where,

av = W0(1− (2pu)
df+1)(1− pu)(1− q2),

bv = (1− 2pu)(1− q2)[2
dfW0(1− pu

m−df ) + (1− pu
m+1)],

cv = 2(1− pu)(1− 2pu)[Psq1(1− pu
m+1) + q1pu

m+1],

dv = 2Lu(1− pu)(1− 2pu)(1− q2)(1− pu
m+1). (5.25)



44

The probability of a node in the network to perform CCA in any backoff interval can
be derived as [26, 27]

φ =
m∑
i=0

bi,0 =
m∑
i=0

pu
ib0,0 =

1− pu
m+1

1− pu
b0,0. (5.26)

The probability that a node starts to transmit in any random backoff interval is [27]

τ = (1− pu)φ = 1− pu
m+1b0,0. (5.27)

The node performs CCA with probability φ which depends upon the value of transition
probability pu and the value of b0,0. The probability of assessing the channel busy by a
node pu is the probability that any of the remaining N − 1 nodes is transmitting in the
channel during that time. So pu is given as [24]

pu = Lu(1− (1− τ)N−1). (5.28)

From a node’s perspective a collision will occur when at least one another node among
the N − 1 nodes transmits during the same duration as it does. So the probability of
collision is given by,

Pcol = τ(1− (1− τ)N−1). (5.29)

After a successful channel access, a packet is successfully transmitted to the receiver if
it neither collides nor faces error due to channel. Let Pe be the probability of error due
to channel impairment. So probability of successful transmission by a node is given
by,

Ps = (1− Pcol)(1− Pe). (5.30)

Let the packet arrival rate at the MAC layer from upper layer be λ and follow Poissons
process. Let us also consider the MAC layer does not accept new packets when the
node is in transmission state or in attempt for transmission. This assumption is made
to simplify the buffering condition at MAC layer, which means if a node is in one of
the tranmission or CCA states then MAC layer does not accept packets from higher
layers [27]. The probability that there is no packet to send after one transmission q1
and, the probability that there is no packet to transmit after one idle period q2 are given
as [27, 38]

q1 = e−λTs , (5.31)

q2 = e−λW , (5.32)

where Ts is the average service time and W is the unit backoff duration. The aver-
age service time Ts is average of the total time spent for successful transmission and
unsuccessful transmission and given by,

Ts = (1− τ)σb + τ(1− Ps)Tunsuc + τPsTsuc, (5.33)

where Tsuc and Tunsuc are the time durations incurred for successful transmissions and
unsuccessful transmissions respectively. Tunsuc denotes duration spent on unsuccessful
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transmission due to collision and/or channel error. σb is the duration of an idle backoff
period. If Tcol and Terr be the duration spent on collided transmission and unsuccessful
transmission due to channel error, then both are assumed to be equal to Tunsuc. Tsuc

and Tunsuc are given as [32, 38]

Tsuc = Tcca + TL + TACK + δ,

Tunsuc = Tcol = Terr = Tcca + TL + δ, (5.34)

where Tcca, TL, TACK and δ are the time durations to perform CCA, to transmit the pay-
load, to receive for an ACK, and to wait for an ACK respectively. The values of τ and
pu can be solved using numerical search with iterative approach from (5.27)∼(5.34).

5.1.1. Throughput

The throughput is defined as the fraction of time duration that the channel is utilized for
the successful transmission of a payload [23]. To calculate throughput, probability of
at least one transmission, probability of the transmission being successful, and average
time duration of the transmission are required.

In each backoff duration any node in the network has transmitting probability τ . Let
Ptr, the probability that there is at least one transmission in the considered time dura-
tion and let Psuc be the probability that it is successful. The transmission is successful
if the transmitted packet does not collide with another transmission and/or it is not
corrupted due to channel error. Then,

Ptr = 1− (1− τ)N , (5.35)

and

Psuc =
Nτ(1− τ)N−1

Ptr

(1− Pe) =
Nτ(1− τ)N−1(1− Pe)

1− (1− τ)N
. (5.36)

After obtaining the values of the probabilities Ptr and Psuc, the throughput of the
channel can be calculated. Let the throughput be St, then similar to [23, 33, 38] it is
given by,

St =
[Average amount of successfully transmitted data]

[Average time interval]

=
PtrPsucE[TL]

(1− Ptr)σb + Ptr(1− Psuc)Tunsuc + PtrPsucTsuc

=
Nτ(1− τ)N−1(1− Pe)E[TL]

(1− Ptr)σb + Ptr(1− Psuc)Tunsuc + PtrPsucTsuc

, (5.37)

where E[TL] is the average payload length. Tcol and Tsuc are obtained from 5.34. As
per the assumption in (5.34), the time duration for unsuccessful transmission due to
channel error and collided transmission are same, Tunsuc is used in the above expres-
sion of throughput to denote both the duration for collided transmission and erroneous
transmission. First term in denominator is the duration in which the channel is idle
when none of the nodes is transmitting. Second term in the denominator accounts
for unsuccessful transmission due to channel error and/or collisions while third term
accounts for the duration of successful transmission. The fraction implies the unit of
throughput as data per time.
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5.1.2. Energy consumption

The average energy consumed in a node is the total amount of energy consumed in
different states. To calculate the energy in each state the average duration (probability
and time) of each state is multiplied by the associated energy consumption. Let Etx

be the energy consumed for the transmission and Erx be the energy consumption for
reception. Let Ecca is the energy consumption for a CCA assessment. The total energy
consumption, Et can be obtained as [26, 32, 33]

Et = φEccaTcca + PtrPsucEs + Ptr(1− Psuc)Eu + PIEI , (5.38)

where Es is the energy consumption for successful transmission,Eu is energy con-
sumption for unsuccessful transmission, PI is the probability of node being in idle
state, EI is energy consumed in idle state, and Ecca is the energy consumption for
the CCA states. The energy consumption for a successful transmission is the sum of
energy consumed for CCA detection, transmitting data, waiting for an ACK, and re-
ceiving an ACK. In case of unsuccessful transmission, energy consumed on waiting
maximum duration for an ACK is taken into consideration. Let the energy consumed
for unsuccessful transmission due to both collision and channel error be the same. So
Es and Eu can be expressed as [32, 33]

Es = TccaEcca + TLEtx + [TACK + δ]Erx, (5.39)

Eu = TccaEcca + TLEtx + TtimeoutErx, (5.40)

where Ttimeout is the maximum duration of δ. With the assumption that the energy
consumed during the idle state is trivial, ignoring EI from (5.38), the average energy
consumption for successful unit data transmission is given as [33]

Eavg =
Et

PtrPsucE[TL]

=
φEccaTcca + PtrPsucEs + Ptr(1− Psuc)Eu

PtrPsucE[TL]
,

=
φEccaTcca + PtrPsucEs + Ptr(1− Psuc)Eu

Nτ(1− τ)N−1(1− Pe)E[TL]
. (5.41)

The unit of the energy consumption given by this equation is energy per unit data.

5.2. Markov chain model for slotted CSMA-CA

The difference between slotted and unslotted CSMA-CA mode of IEEE 802.15.4 has
been discussed in Chapter 3. In slotted CSMA-CA of IEEE 802.15.4, the carrier sens-
ing is done twice to check if the channel is idle. The variables NB and BE are initial-
ized to zero. The variable CW is initialized to 2. If the channel is sensed to be busy
NB is incremented by 1 upto macMaxCSMABackoff, indicating increment in backoff
stage. BE is also incremented by 1 and CW is reset to 2. If channel is found to be idle
CW is decremented till it reaches zero. When CW = 0 the data frame is transmitted.
This procedure can be modeled using Markov chain as described below.
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Figure 5.2 shows the Markov chain model with double CCA. The states (i, 0) and
(i,−1) corresponds to first CCA and second CCA respectively. The idle state I repre-
sents the period when there is no packets to be sent. This state can be reached either
after successful transmission or after transmission failure in m + 1 transmission at-
tempts and there is no more packets in queue. The state T represents the transmission
states. When in transmission state L slots are counted, where Ls is the packet transmis-
sion duration measured in backoff slot. In the Figure 5.2, α and β are the probabilities
that the channel is busy at first and second CCA, respectively. The probability Pq is
the probability of queue being empty. Ω1 is the probability of transition to idle state
after transmission, and Ω2 is the probability that there is no packet to be sent after one
idle period.

The state transition probabilities of the Markov chain are

p{i, j|i, j + 1} = 1, i ∈ (0,m), j ∈ (0,Wi − 2) (5.42)

p{i,−1|i, 0} = 1− α, i ∈ (0,m) (5.43)

p{i, j|i− 1, 0} =
α

Wi

, i ∈ (1,m− 1), j ∈ (0,Wi − 1) (5.44)

p{i, j|i− 1,−1} =
β

Wi

, i ∈ (1,m− 1), j ∈ (0,Wi − 1) (5.45)

p{T |i,−1} = 1− β, i ∈ (0,m), j ∈ (0,Wi − 1) (5.46)

p{0, j|T} =
1− Ω1

W0

, j ∈ (0,W0 − 1) (5.47)

p{I|T} = Ω1, (5.48)

p{0, j|m, 0} =
αPq

Wo

, j ∈ (0,Wi − 1) (5.49)

p{I|m, 0} = αPq, (5.50)

p{0, j|m,−1} =
βPq

Wo

, j ∈ (0,Wi − 1) (5.51)

p{I|m,−1} = βPq, (5.52)

p{0, j|I} =
1− Ω2

W0

, (5.53)

p{I|I} = Ω2. (5.54)

Equation (5.42) shows that the probability of decrease in backoff counter by a unit
in every interval time is equal to 1. Equation (5.43) gives the probability that channel is
idle in first CCA detection. If the channel is busy in first CCA or second CCA detection
then there is an increment in backoff stage and a new backoff value is chosen, this
happens with the probabilities given by (5.44) and (5.45) respectively. After second
CCA if the channel is idle then transmission stage is reached. After transmission
if there are more packets to be sent then new backoff is chosen according to (5.47)
otherwise idle state is reached. When backoff stage reaches maximum value of backoff
exponent and if CCA detection find channel busy current transmission is terminated
and new initial backoff value is chosen if there is more packets to be sent.

Now from (5.43) it can be noted that

bi,−1 = (1− α)bi,0, (5.55)
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Figure 5.2: Markov chain model for IEEE 802.15.4 slotted CSMA-CA.

and from the Figure 5.2

bi,0 = αbi−1,0 + βbi−1,−1 (5.56)

= αbi−1,0 + β(1− α)bi−1,0

= (α + β − αβ)bi−1,0. (5.57)

The equation for general steady state can be formulated as [27]

bi,0 = xib0,0, bi,−1 = (1− α)xib0,0, (5.58)

where x = α + β − αβ.
Now due to the chain regularities in Markov model,

bi,j =
Wi − j

Wi

bi,0 i ∈ (0,m), j ∈ (0,Wi − 1), (5.59)

bSI =
Ω1

1− Ω2

b0,0, (5.60)

and

bST = (1− β)
m∑
i=0

bi,−1. (5.61)



49

Now imposing the normalizing condition due to the fact that all stationary probabilities
must sum to one and using the equations presented above

1 = bI + bT +
m∑
i=0

Wi−1∑
j=−1

bj,k

=
Ω1

1− Ω2

b0,0 + Ls(1− β)
m∑
i=0

bi,−1 +
m∑
i=0

Wi−1∑
j=−1

Wi − j

Wi

bi,0

=
Ω1

1− Ω2

b0,0 + Ls(1− β)
m∑
i=0

(1− α)bi,0 +
m∑
i=0

[(1− α) +
Wi + 1

2
]bi,0

=
Ω1

1− Ω2

b0,0 + Ls(1− β)(1− α)
m∑
i=0

xib0,0 +
m∑
i=0

[(1− α) +
Wi + 1

2
]bi,0

=
Ω1

1− Ω2

b0,0 + Ls(1− x)
m∑
i=0

xib0,0 +
m∑
i=0

[(1− α) +
Wi + 1

2
]bi,0. (5.62)

For m ≤ MaxBE −MinBE

m∑
i=0

[(1− α) +
Wi + 1

2
]bi,0 =

b0,0
2MinBEW (1− x)[1− (2x)m+1] + (1− 2x)2(1− α)(1− xm+1)

2(1− 2x)(1− x)
, (5.63)

which will give b0,0 as

b0,0 =
2(1− Ω2)(1− 2x)(1− x)

2MinBEW (1− x)(1− Ω2)[1− (2x)m+1] + a+ b+ c
, (5.64)

and for m > MaxBE −MinBE

b0,0 =
2(1− Ω2)(1− 2x)(1− x)

2MinBEW (1− x)(1− Ω2)[1− (2x)MaxBE−MinBE+1] + a+ b+ d
, (5.65)

where

a = (1− Ω2)(1− 2x)(3− α)(1− xm+1),

b = 2Ω1(1− 2x)(1− x),

c = 2Ls(1− Ω2)(1− 2x)(1− x)(1− xm+1),

d = 2MaxBEW (xMaxBE−MinBE+1 − xm+1) + 2L(1− x)(1− xm+1).

Now probability of a node in the network to attempt the first CCA can be derived
as [27, 33]

Pcca1 =
m∑
i=0

bi,0 =
m∑
i=0

xib0,0 =
1− xm+1

1− x
b0,0, (5.66)
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and the probability that the node attempts second CCA is given by [27, 33]

Pcca2 =
m∑
i=0

bi,−1 =
m∑
i=0

(1− α)bi,0 =
(1− α)(1− xm+1)

1− x
b0,0. (5.67)

A node attempts to transmit if the channel is idle in both the CCA detections. So the
probability of a node to start a transmission Pt is given by [27, 33]

Pt = (1− β)Pcca2 =
(1− α)(1− β)(1− xm+1)

1− x
b0,0 = (1− xm+1)b0,0. (5.68)

α is the probability that at least one of the other nodes in the network is transmitting
[24, 27]

α = Ls(1− [1− (1− α)(1− β)Pcca1]
N−1)

= Ls(1− (1− Pt)
N−1).

(5.69)

During second CCA detection, the channel will be busy if any of the N − 1 nodes just
starts to transmit after successfully finding the channel idle after second CCA. So the
probability of channel to be busy during second CCA such that the channel was free
during first CCA denoted as β is given as [27, 33]

β = [1− (1− Pt)
N−1](1− β),

or, β = [1− (1− Pt)
N−1]− β[1− (1− Pt)

N−1],

or, β =
1− (1− Pt)

N−1

2− (1− Pt)N−1
. (5.70)

Similar to the unslotted case, the probability of collision P S
col, and probability of suc-

cessful delivery P S
s are, [23]

P S
col = 1− (1− Pt)

N−1, (5.71)

P S
s = (1− Pcol)(1− Pe). (5.72)

The probability Ω1 and the probability that there is no packet to transmit after one idle
period Ω2 seen in the markov chain are given as [27]

Ω1 = (1− Pcol)(1− Pe)Pq,

Ω2 = e−λW . (5.73)

The probability Pq is the probability of queue being empty and given as [38]

Pq = e−λTS
s , (5.74)

where

T S
s = (1− Pt)σb + Pt(1− P S

s )T
S
unc + PtP

S
s T

S
suc (5.75)
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where T S
suc and T S

unc are the time durations for successful transmission, and unsuccess-
ful transmission due to packet error and/or collision respectively. σS

b is the duration of
an empty slot. It is assumed that the time duration for both the collided transmission
and erroneous transmission is same, therefore [32, 38]

T S
suc = 2Tcca + TL + TACK + δ,

T S
unc = 2Tcca + TL + δ. (5.76)

The values of α, β and Pt can be solved using numerical search with iterative approach
from (5.68),(5.69), (5.70), (5.73), ∼(5.76).

5.2.1. Throughput

The probability that there is at least one transmission in the channel in time slot being
considered is

P S
tr = 1− (1− Pt)

N , (5.77)

and the probability P S
s that the data transmission is successful is [27]

P S
suc =

NPt(1− Pt)
N−1

Ptr

(1− Pe). (5.78)

Similar to definition and approach as in (5.37), the system throughput can be ex-
pressed as

SS
t =

[Average amount of successfully transmitted data]
[Average time interval]

=
P S
trP

S
sucE[TL]

(1− P S
tr)σ

S
b + P S

tr(1− P S
suc)T

S
col + P S

trP
S
sucT

S
suc

=
NPt(1− Pt)

N−1(1− Pe)E[TL]

(1− P S
tr)σ

S
b + P S

tr(1− P S
suc)T

S
col + P S

trP
S
sucT

S
suc

.

5.2.2. Energy consumption

Similar to (5.41), the average energy consumption for successful unit data transmission
in slotted mode can be expressed as

ES
avg =

Et

P S
trP

S
sucE[TL]

=
Pcca1EccaTcca + Pcca2TccaEcca + P S

trP
S
sucE

S
s + P S

tr(1− P S
suc)E

S
u

P S
trP

S
sucE[TL]

,

(5.79)

where,

ES
s = 2TccaEcca + TLEtx + TACKErx + EδTδ, (5.80)

ES
u = 2TccaEcca + TLEtx + TtimeoutErx. (5.81)
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6. PACKET ERROR RATE CALCULATION

6.1. Wireless channel propagation

Let us consider Ptx be the transmitted power (in dB) from the transmitter node. Then
the received power Pr at the receiver is given by

Pr = Ptx − Pl(d), (6.1)

where Pl is the pathloss given by the log normal shadowing model at a distance d. The
Pl(d) is given as [53]

Pl(d) = Pl(d0) + 10ηlog10
d

d0
+N(0, σS), (6.2)

where d is the distance between transmitter and receiver, Pl(d0) the path loss at ref-
erence distance d0, η is path loss exponent, and N(0, σs) is random variable with zero
mean and σS standard deviation (shadowing component in dB). The attenuation due
to shadowing is not considered for the calculations in this thesis. The pathloss at a
reference distance can be obtained by using experimental value or calculated using the
Friis equation. The path loss from Friis equation is [53]

Pl(d0) = 10log

[(
4πd0
λf

)2]
, (6.3)

where λf is the wavelength at the frequency f . Let Pn be the noise floor which can be
expressed as

Pn = (F + 1)KBT0B, (6.4)

where KB is the Boltzmann constant, F the noise figure, T0 the temperature in kelvin,
and B the bandwidth. The SNR, γ(d), at a distance of d is [50]

γ(d) = Pr − Pn (6.5)

= Ptx − Pl(d)− Pn,

where all powers are in dB.

6.2. Additive white Gaussian noise channel and bit error probability of
modulations

AWGN is a channel model in which the transmitted signal is corrupted by channel
due to linear addition of white noise with a constant spectral density and a Gaussian
distribution of amplitude. The model does not consider fading and other interferences.
Let sa(t) be the transmitted signal then the received signal in AWGN channel is r(t) =
sa(t) + n(t), where n(t) denotes additive white Gaussian noise with zero mean and
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power spectral density N0

2
. SNR can be defined as the ratio of received power Pr to the

noise power within the B of sa(t). The received SNR is given by [49]

SNR =
Pr

N0B
. (6.6)

When expressed in terms of energy per bit Eb or energy per symbol Esym, SNR is
expressed as

SNR =
Esym

N0BTsym

=
Eb

N0BTbit

, (6.7)

where Tsym is symbol time and Tbit is bit time. Es

N0
and Eb

N0
are termed as the SNR per

symbol and the SNR per bit, respectively. (Eb/N0), can be obtained using γ(d) from
6.5 [49] as

Eb/N0 = γ(d)B/Rb, (6.8)

where Rb is the data rate, and γ(d) is in linear scale .

BER of a channel is the ratio of number of bits in error to the total number of
bits transmitted over the channel. BER is a performance measure of the modulation
schemes. The bit error probability of BPSK and QPSK modulation is given by [49,50]

Pb = Q(

√
2Eb

N0

). (6.9)

As described in [7] for O-QPSK modulation with DSSS, the BER, without consid-
ering phase noise and other interference, is given by [7, 54]

Pb =
Ms/2

Ms − 1

Ms−1∑
k=1

(−1)k+1

k + 1

(
Ms − 1

k

)
e
− k

k+1

KbEb
N0 , (6.10)

where Kb = log2Ms, and Ms = 16 is the symbol size. Figure 6.1 shows the bit error
curve for the QPSK modulation and the modulation specified by the standard and given
by (6.10). Here, only SNR is considered which is different from the equation provided
by the standard [7] where signal-to-noise and interference ratio (SINR) is used.

6.3. Packet error probability

The probability that a transmitted packet is corrupted due the presence of noise in the
channel is termed as PER. The PER is the other cause of packet corruption beside
collision of packets from contenting nodes. The PER of a channel depends upon the
BER of the channel. The PER can be calculated from the channel BER as [50]

PER = 1− (1− Pb)
L, (6.11)

where L is the packet size.
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Figure 6.1: Bit error probability curve for BPSK/QPSK modulation and OQPSK-
DSSS (IEEE).

Equation (6.11) suggests packet error probability increases with increase in payload
size for fixed value of BER. This can be visualized from the Figure 6.2. The figure
shows that the PER increases with increase in both the channel BER and the payload
sizes. It can be seen that if the channel condition is good, longer packet sizes can be
used maintaining a fixed PER. For example, with value of packet size 100 bits, for the
value of BER 10−3, PER is 0.1 while the PER reduces to 0.01 when BER is 10−4.

Probability of error in block coding

When the transmission is implemented with error control coding using FEC codes, the
PER for different FEC schemes can be calculated using the channel BER obtained.
For an BCH(n, k, t) code, the (6.11) can be expressed as

PERBCH = (1− (1− Pe
BCH)LBCH ), (6.12)

where LBCH is the number of BCH encoded codewords in a packet and Pe
BCH is the

codeword error probability of the BCH code used. LBCH can be calculated as

LBCH =

⌈
payload

k

⌉
. (6.13)

The decoded codeword error probability of the hard decoded BCH code can be ap-
proximated as [9, 49, 50]

Pe
BCH =

1

n

n∑
i=t+1

(
n

i

)
iPb

i(1− Pb)
n−i. (6.14)

Figure 6.3 shows and compares the effects of coding on the packet error probability
as given by (6.12) with uncoded case. For the purpose of illustration, BCH(31,27,2)
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Figure 6.2: Packet error probability for different BER and payload sizes without cod-
ing.

is considered as a coded case. It can be deduced that the BCH coding reduces the
packet error probability for same value of channel BER. It can also be noted from the
figure that when channel condition is severe the performance improvement provided
by coding is significantly less than when channel condition is better. In a similar way,
for (n, k, t, sb) RS code, the PER is given by

PERRS = (1− (1− Pe
RS)LRS), (6.15)

where Pe
RS is

Pe
RS =

1

n

n∑
i=t+1

(
n

i

)
i(Ps

RS)
i
(1− Ps

RS)n−i, (6.16)

t = (n − k)/2, and Ps is the symbol error probability of the RS code which can be
computed as

Ps
RS = (1− (1− Pb)

sb), (6.17)

where sb is the number of bits in RS symbol, LRS is number of RS encoded codewords
in a packet given as LRS =

⌈
payload

k

⌉
.
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Figure 6.3: Uncoded vs coded packet error rate for various BER and payload sizes.
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7. RESULTS

This chapter deals with the results for the expressions obtained in Chapter 5 and Chap-
ter 6. The results are obtained using Matlab modelling. The analytical system model
is presented below. Let us consider a wireless sensor network scenario with following
assumptions:

• The topology of the network is single hop star with a single PAN coordinator.

• All the nodes are at equal distance from the PAN coordinator.

• All the nodes in the network send data to PAN coordinator (sink) only and the
PAN coordinator is powered to main, so there is adequate energy at the sink.
This assumption helps to limit the analysis to focus on transmission from end
nodes to sink only.

• All the links are identical, i.e. the transmissions from all nodes face same amount
of channel error during the transmission.

• The decoding of the block codes at the receiver is assumed to be completed in
short duration such that the acknowledgement, if any, arrives at the sender within
the macAckWaitDuration.

• ACK frames do not collide and do not get corrupted by channel errors.

The parameters used for calculations taken from the standard provided for IEEE
802.15.4 [7] are presented in Table 7.1. The parameters are the default values provided
in the standard. The energy consumption values are taken from data sheet of Chipcon
CC2420 [55].

It must be noted that, when block codes are used, the added parity bits increase the
payload size. This leads to an increase in transmission time. To consider this effect of
the increased transmission time due to added bits, the transmission duration of payload
is calculated as

TL
coded =

⌈
Payload size

Coderate

⌉
datarate

(7.1)

where Payloadsize and datarate refers to the payload size and the channel data rate
considered in uncoded case. And the Coderate is Rc = k/n.

Also the difference in SNR per bit for coded and uncoded transmissions need to be
taken into account as the energy per transmitted bit in coded case is less than that of
the uncoded case. This has been taken into account by using

SNRcoded
bit = Coderate × SNRuncoded

bit . (7.2)

The maximum size of MPDU as specified in the standard is 127 octets. In this
thesis, the payload refers to only MSDU without the MAC header and the PHY header
provided by the standard [7]. Assuming the minimum frame overhead of 13 octets
needed, the maximum length of the payload can be calculated as 127 − 13 = 114
octets equivalent to 912 bits. As the total payload size including the parity bits in
block coded case cannot exceed this value, it influences the choice of block code. For
example, if a BCH(31,27) having coderate Rc = 0.87 is used, then the maximum
uncoded payload should be less than 	0.87× 912
 = 793 bits. Hence, the maximum
payload size for study is confined to 900 bits.
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Table 7.1: Values of the parameters for simulation

Simulation parameters values

Number of nodes 2-100

MaxBE 5

MinBE 3

macMaxCSMAbackoff 4

Tcca 20 symbols duration

TACK 32 symbols duration

payload size variable

aUnitBackoffPeriod 20 symbol durations

macAckWaitDuration 54 symbol duration

Symbol duration 16μs
Arrival rate 0.007 per unit backoff duration

Transmit power 0 dBm

Distance 100 m

Pathloss exponent 4

Noise figure 23 dB

Bandwidth 30 kHz

Carrier frequency 2450 MHz

Data rate 250 Kbps

Ecca 0.0113472 mJ

ETx 0.0100224 mJ

ERx 0.0113472 mJ

7.1. Scenario: Unslotted mode

7.1.1. Effect of channel error on throughput and energy consumption

As discussed earlier, most of the previous works [24–30, 32] on Markov chain mod-
elling of the 802.15.4 consider the channel to be error free. Ideal channel is not a
practical scenario as transmissions get corrupted due to errors from the radio channel
which has significant impact on the performance of wireless networks.

For the calculation of throughput and energy consumption per bit, expressions ob-
tained from (5.37) and (5.37) are used, respectively. Figures 7.1 and 7.2 show the
effect of channel error on the throughput and energy consumptions in comparison to
the condition when ideal channel is assumed in the calculations. Plots for different
payload sizes 50, 100, 200, 300, 400, 500, 600, 700, 800, and 900 bits are presented in
the figures. In both figures, the non-ideal channel case considers the value of PER due
to channel error be equal to 20 percent without coding. The 20 percent PER is chosen
as an example to illustrate how consideration of PER can affect the performance of
the model. As expected, it can be seen from the figures that throughput decreases and
energy consumption per bit increases when a non-ideal channel is taken into consider-
ation for the analysis. The decrease in throughput and increase in energy consumption
is the influence of unsuccessful transmissions due to packet corruption caused by chan-
nel error. It can also be seen that, increase in payload size increases throughput and
decreases the energy consumption in ideal channel case.
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Figure 7.1: Throughput for ideal and non-ideal channel conditions with 20% PER.

Figure 7.2: Energy consumption for ideal and non-ideal channel conditions with 20%
PER.
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It is also observed from the Figure 7.1 that the throughput initially increases with
increase in number of nodes, and after reaching its peak, the throughput decreases.
Initial increase in throughput is due to the increase in utilization of channel as number
of stations applying for a transmission increases. This increasing utilization of channel
at smaller size of network has significant effects as compared to the collisions occurred
in the channel. But as network size grows, the effect of collision increases significantly
which results in lower throughput.

7.1.2. Throughput and energy consumption without coding

Figure 7.3 shows the channel throughput with different payload sizes across number
of nodes in the scenario as described previously, and the parameters presented in Table
7.1. The transmission is uncoded. The value of SNR obtained from computation
is 5.8026 dB which gives a corresponding BER of 0.001575 for the modulation as
expressed in (6.10). As the system model described previously assumes that all the
links are identical, so the PER obtained without coding is same in all the analysis
described later in this chapter.

Figure 7.3: Throughput for uncoded case with different payload sizes.

It can be seen that increase in payload size upto 400 bits increases the throughput.
A maximum throughput of about 50.09 kbps is achieved when the packet size is 400
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bits. Payload size greater than this value results in reduced throughput as the influence
of bit error rate of the channel has more prominent effect than the channel utilization
obtained by taking larger packet size. Larger packets are more prone to channel errors
than the shorter ones. For a fixed channel bit error rate, packet error rate increases with
the packet size which in turn reduces the reliability of the network. Increase in packet
error rate leads to number of unsuccessful transmissions. Unsuccessful transmission
leads to retransmission attempts which decreases the throughput. Similarly energy
consumption per bit for uncoded case is shown in Figure 7.4. Energy consumption is
also lowest when the payload size is 400 bits for uncoded case which can also be seen
on the tables in the Appendix. The value of lowest energy consumption per successful
bit obtained is 0.147 μJ . Throughput is calculated according to (5.37) while energy
consumption is calculated using (5.41).

Figure 7.4: Energy consumption for uncoded case with different payload sizes.

A better visualization of the effect of increasing the payload size and number of
nodes can be seen in Figure 7.5. It is observed that both the network size and payload
length has significant influence on the throughput and the energy consumption. Also
the figures suggest that the optimal packet size maximise the throughput and minimise
the energy consumption per bit. The maximum values of the throughput and minimum
values of energy consumption for each payload size are presented in the Appendix.
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Figure 7.5: Throughput and energy consumption for uncoded case with different pay-
load sizes across number of nodes.

7.1.3. Throughput and energy consumption with different codes

FEC can be used to balance the tradeoff between larger payload size and reliability.
Use of FEC helps to reduce the PER that occurrs due to the errors introduced in the
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channel. Use of FEC increases the throughput as the optimal size of the packet can be
increased under same channel condition.

When coded transmission is considered the value of the payload size in numerator
of (5.37) takes the value of original payload size excluding the parity bits added by
block coding. But the denominator takes into account the time to transmit the payload
size including the overhead due to block codes. This is done because the useful part
of the transmission is original payload not the parity bits added. In this thesis different
BCH and RS codes of block size 15, 31 and 63 are considered.

Figure 7.6: Throughput and energy consumption for BCH codes(n=15) with different
payload sizes across number of nodes.

Figure 7.6 shows the throughput and energy consumption for BCH codes with block
size 15. Codes used are BCH(15,11,1), BCH(15,7,2), and BCH(15,5,3). It is clear
from the figure that only BCH(15,11,1) has better performance than the case with-
out coding. BCH(15,11,1) with code rate 0.73, performed best on all the payload
sizes among the BCH(15,k) codes studied. It can be seen that the stronger codes
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BCH(15,5,3) and BCH(15,7,2) are not even as efficient as uncoded case on any value
of payload size studied. This is because larger overhead introduced by coding cannot
overcome the channel effect due to lengthening of the payload. The channel effect
here refers to PER, which increases with the increase in payload size. The highest
throughput obtained is 74.5 kbps with BCH(15,11,1) and payload size of 800 bits. The
lowest energy consumption with same combination is 0.16 μJ .

 [bits]

Figure 7.7: Throughput and energy consumption for BCH codes(n=31) with different
payload sizes across number of nodes.

Figure 7.7 illustrates the performance of BCH(31,k,t) codes in terms of through-



65

put and energy consumption. The codes used for the analysis are BCH(31,26,1),
BCH(31,21,2), BCH(31,16,3), BCH(31,11,5), and BCH(31,6,7). The BCH(31,26,1)
code with code rate 0.83 performed better than the rest of BCH codes used. The code
BCH(31,21,2) with code rates 0.67 also performed better than uncoded case. The per-
formance is also improved when using BCH(31,16,3) as compared to uncoded case
only for the value of payload size 300 bits and larger. The highest throughput obtained
is 99 kbps with BCH(31,26,1) using payload size 900 bits and the lowest energy con-
sumption with same combination is 0.079 μJ . Rest of the stronger codes performed
worse than uncoded case.

Figure 7.8: Throughput and energy consumption for BCH codes(n=63) with different
payload sizes across number of nodes.

Figure 7.8 illustrates the performance of BCH(63,57,1), BCH(63,51,2), BCH(63,45,3),
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BCH(63,39,4), and BCH(63,35,5). Among the codes BCH(63,51,2) and BCH(63,57,1)
provided the best performances. The performance of the codes BCH(63,51,2) and
BCH(63,57,1) are almost same. The maximum throughput achieved is 111 kbps and
minimum energy consumption is 0.072 μJ for BCH(63,51,2) with payload size 900
bits.

Figure 7.9 illustrates the throughput and energy consumption across payload size for
different BCH codes with block size 63 and network size of 40 nodes.

Figure 7.9: Throughput and energy consumption comparison with 40 nodes.

It can be seen that the performance is improved significantly with larger payload
size when coding is used. This is because, at smaller payload size, use of block codes
adds unnecessary overhead which reduces the throughput and increases the energy
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consumption. It is seen that the throughput and energy consumption performance us-
ing BCH(63,24,7) is worse than that of uncoded case. BCH(63,30,6) provides per-
formance improvement only after the payload size increases past 250 bits. All the
other codes provide performance enhancement significantly at larger payload size.
For BCH(63,24,7) the maximum throughput and minimum energy consumption is ob-
tained with 300 bits payload when number of nodes is 40. Larger or smaller payload
size than 300 bits showed degraded performance.

From the results obtained and as shown in the figures, it is obvious that coding pro-
vide increase in throughput and decrease in energy consumption. But using stronger
codes may not always be beneficial as seen in Figures 7.6, 7.7, 7.8, and 7.9. The
stronger codes like BCH(63,24,7), BCH(31,6,7), BCH(31,11,5), BCH(15,5,5) showed
that they produced lower throughput and high energy consumption in comparison to
uncoded transmission. Therefore, while choosing a block coding scheme, code rate
should be selected precisely. Also it can be noted that the performance of the block
codes gets better with increase in block size for same BER.

Figures 7.10, 7.11, and 7.12 show the throughput and energy consumption perfor-
mance for different RS codes. When block size is 15, RS(15,13,1) code provides
the best performance. The maximum throughput achieved is 61.3 kbps and energy
consumption is 0.12 μJ with payload size 500 bits. All other codes RS(15,5,5),
RS(15,7,4), RS(15,9,3) and RS(15,11,2) performed worse than uncoded case. In fig-
ure for energy consumption only three cases has been shown for the clear illustration.
Similarly, Figures 7.11 and 7.12 show the throughput and energy consumption char-
acteristic of different codes with block size 31 and 63 respectively. In case of block
size 31, RS(31,27,2) performed better than other codes giving maximum throughput
value of 78.8 kbps and minimum energy consumption value of 0.099 μJ per bit. For
block size of 63, RS(63,55,4) with code rate 0.87 performed better than other codes:
RS(63,31,1), RS(63,57,3), RS(63,47,8), RS(63,39,12), and RS(63,31,16). The max-
imum throughput obtained with RS(63,55,4) is 99 kbps while the minimum energy
consumption is 0.008 μJ per bit.

The maximum values of the throughput and minimum values of the energy con-
sumption per bit for different BCH codes and RS codes are presented in Appendix.
The results obtained from figures and tables using different codes gives the best codes
to be compared among the groups presented before.

As stated earlier in this chapter the maximum payload size that can be used in IEEE
802.15.4 excluding the protocol overheads of 13 octets is 912 bits, so the BCH(63,51,2)
with code rate 0.809 can take a maximum uncoded payload size of about 737 bits and
BCH(63,57,1) with code rate 0.90 can take a maximum size of about 824 bits.
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Figure 7.10: Throughput and energy consumption for RS codes(n=15) with different
payload sizes across number of nodes.
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Figure 7.11: Throughput and energy consumption for RS codes(n=31) with different
payload sizes across number of nodes.
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Figure 7.12: Throughput and energy consumption for RS codes(n=63) with different
payload sizes across number of nodes.
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7.2. Scenario: Slotted mode

Similar to the approach in unslotted case, the expressions derived in Chapter 5 for slot-
ted case are used for plotting the throughput and energy consumption per bit. Table7.1
presents the parameters used for the analysis. The system model is same as in the
unslotted case.

7.2.1. Throughput and energy consumption without coding

Figure 7.13 shows the plots for throughput and energy consumption for different pay-
load sizes across the number of nodes. The figure shows similar behaviour to that of
unslotted case with the increase in payload size. The payload size taken into consid-
eration are 50,100, 200, 300, 400, 500, 600, 700, 800, and 900 bits. The throughput
increases with an increase in the payload size up to 400 bits. Further increase in pay-
load size decreases the throughput same as in unslotted case. The energy consumption
plots shows that initially when the network size is low, increase in number of nodes
decreases the energy consumption. This decrease in energy consumption is due to the
utilization of channel which otherwise would be idle in smaller network size. But as
the number of the nodes grow, the effect of contention comes into effect, thereby in-
creasing the unsuccessful transmission. The unsuccessful transmission leads to higher
energy cost. The maximum throughput and minimum energy consumption are ob-
tained when the payload size is 400 bits. The maximum throughput obtained without
coding is about 46.4 kbps and the minimum energy consumption per successful bit is
0.16 μJ .

Compared to the unslotted case, decrease in throughput on increasing the number of
nodes is less significant. One of the reason is the use of double CCA which helps in
collision resolution better than single CCA.

7.2.2. Throughput and energy consumption with different codes

In case of coded transmission for the slotted case, instead of using all the codes that
have been used to analyse the performance in unslotted case, only the BCH codes with
block length of 63 are chosen. The chosen codes are BCH(63,57,1), BCH(63,51,2),and
BCH(63,45,3). Figure 7.14 shows the throughput and energy consumption in case of
slotted case. Similar to the results in unslotted case, all the codes improve both the
throughput and energy consumption.

The BCH(63,51,2) provided the maximum throughput about 106 kbps when the
payload size is 900 bits, while the minimum energy consumption per successful bit is
0.075 μJ . BCH(63,57,1)and BCH(63,45,3) also performed similar to the BCH(63,51,2).
In the figure, it can be seen that for the payload sizes smaller than 700 bits, BCH(63,57,1)
performs better while BCH(63,51,2) is better for larger payload sizes. It can also be
seen that, larger packet sizes can be utlilized to obtain better throughput and energy
performance compared to that of uncoded transmission.
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Figure 7.13: Throughput and energy consumption on slotted case.
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Figure 7.14: Throughput and energy consumption comparison.
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7.3. Discussion

This thesis aims to study the effect of the channel errors and error correction on the
performance of the IEEE 802.15.4 MAC protocol. This study addresses the reliability
and energy consumption issues prevalent in MAC protocols for WSN. Throughput
and energy consumption per unit data transmission are the two performance metrics.
Markov chain models, which also take into account the PER in IEEE 802.15.4 type
networks has been derived. The behaviour of the network is studied based on the
behaviour of a single node using discrete time Markov chains. The effects on the
performance due to different block coding are also obtained.

The analysis showed that the performance of the IEEE 802.15.4 networks degrades
when the considerations include the channel errors, a more practical scenario, com-
pared to ideal channel case without errors. It can also be deduced that payload impacts
the performance significantly. As there is a tradeoff between larger and smaller packet
size, there exist an optimal size of payload which gives the best performance. In the
system model assumed the most efficient payload size without coding is found to be
400 bits among the payload size studied. Both increase or decrease in the payload size
from this value results in degraded performance. Based on the results obtained, it can
be deduced that the use of block code may be helpful on improving the performance
of the IEEE 802.15.4. Not all the block codes provide the performance improvement.
There are codes whose performance are even worse than without coding. One of the
characteristic seen from the results is that, the larger packet size provided the best per-
formance. But after certain limit of packet size even the best codes cannot provide
performance improvements. This is not seen in the results as IEEE 802.15.4 standard
limits the payload size to 127 bytes.

The codes considered for analysis are different rate of BCH and RS codes with
block size of 15, 31, and 63. Among the codes studied, the BCH codes with block
size 63 provided the maximum throughput and minimum energy consumptions. The
maximum throughput obtained without coding in unslotted case is 50.9 kbps for the
payload size of 400 bits while BCH(63,51,2) with payload size 900 bits provided the
maximum throughput of 111 kbps. The minimum energy consumption obtained with
BCH(63,51,2) and payload size of 900 bits is 0.0722μJ per bit. The minimum energy
consumption without coding is obtained with payload size 400 bits and is about 0.147
μJ . It has also been found that for similar rate codes, the performance improved with
the use of the larger size of blocks.

For the slotted case, among the BCH codes studied, BCH(63,51,2) performed best.
The maximum throughput obtained is 106 kbps when payload size is 900 bits with
BCH(63,51,2). The same combination provided the minimum energy consumption of
0.075 μJ . Without coding the maximum throughput is 46.4 kbps and the minimum
energy consumption is 0.169 μJ when payload size is 400 bits.

In this thesis, there are a number of assumptions made in order to simplify the anal-
ysis. So, more realistic results can be obtained by considering more practical environ-
ments in future. For instance, fading channels can be considered instead of AWGN
channel model for more accurate analysis. More accurate path loss models can be in-
cluded depending upon the application requirements and the environment where it is
being deployed. The analysis also assumes equal distances for all the links which lim-
its the analysis to a single value of received SNR. As the PER depends on the received
SNR, performance analysis of links can be carried out for different values of SNR or
distance. More variety of error correction schemes can also be studied extending the
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same analytical model presented. Different modulation schemes can also be included
in the analysis. In addition to the presented analysis in this thesis further study can be
focused on different MAC parameters and their joint impact. The validity of the anal-
ysis can be done using computer simulations and then by practical implementations.
My future plan is to study the accuracy of the derived Markov models using network
simulators, incorporate different fading channels in the model, and to optimize the
analysis for different values of SNR.
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8. SUMMARY

Wireless sensor networks emerged largely in the last decade and gained popularity due
to its applicability in different areas of applications like industrial monitoring, body or-
gan monitoring, home automation, smart grids, environmental monitoring, etc. WSNs
consist small, low cost devices with limited energy and processing power, called sen-
sor nodes. The nodes are usually battery powered leading to an energy constrained
system. Therefore, energy consumption is the crucial performance metric of WSNs.
Besides energy efficiency, reliability is also a major issue in WSNs. The unreliability
problem arises due to the error-prone wireless channel which is the medium used for
communication. Improvement in the reliability of the network reduces the need for
retransmission of packets that has been affected due to the wireless channel. Medium
access control is a logical entity used to control and/or coordinate the access mech-
anism of wireless channel in the WSN. Therefore, an efficient MAC control should
consider the energy efficiency as a major design requirement.

A wide variety of MAC protocols are available for WSNs. On the basis of channel
access mechanism, MAC protocols can be classified as contention based, schedule
based, and hybrid. In contention based protocols, nodes compete to access the shared
channel whereas in schedule based protocols each node is allocated a time slot in
the channel. Hybrid MAC tries to exploit advantages of both contention based and
schedule based MAC protocols. One of the hybrid MAC available for low power
networks is IEEE 802.15.4.

The IEEE 802.15.4 standard provides low power solutions to the WSN applications
by specifying physical and MAC layer functions for low rate wireless personal area
networks. The standard specifies slotted and unslotted CSMA-CA at MAC layer as
channel access mechanism. In CSMA-CA, a node starts transmission after a successful
CCA. If the channel is sensed busy, the node attempts retransmission after a random
backoff period until the maximum number of backoff specified is reached.

Error control schemes like FEC and ARQ may be employed to cope with the errors
introduced in the radio channel during the transmission. ARQ is based on retransmis-
sion while FEC is an error control scheme which adds redundant bits to the original
message bits. The added redundancy helps to correct the error incurred during trans-
mission, thereby eliminating the need of retransmission. Block codes and convolu-
tional coding are two categories of FEC discussed.

Markov chain modelling is one of the mathematical approaches to study the per-
formance of MAC protocols. Discrete time Markov chains are used to determine the
various state probabilities. In this thesis, Markov chain models for both unslotted and
slotted mode of IEEE 802.15.4 are derived to obtain two performance metrics, through-
put and energy consumption. The Markov chain models takes into account both the
collisions and packet error due to channel as the cause for unsuccessful transmission.
Inclusion of PER in the model enabled to study the impact of channel errors on the
performance. Furthermore, the PER of various error correcting codes can be utilized
to study the influence of coding on the performance.

PER for an AWGN channel can be obtained using the BER of the channel and the
payload size. PER of a coded transmission can be obtained using the BER of channel,
codeword error probability, and payload size.

Results showed that the channel errors has significant impact on the performance
of IEEE 802.15.4 type networks. It can also be deduced that payload impacts the
performance significantly. As there is a tradeoff between larger and smaller packet
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size, there exist an optimal size of payload which gives the best performance. FEC
may be employed to improve the performance. FEC allows to use larger payload sizes
thereby improving the performance of the IEEE 802.15.4. In case of smaller payload
sizes, the overhead introduced due to coding results in inefficient transmission. Even
for FEC, there remains an optimal code rate which in combination with correct payload
size gives the maximum efficiency. Results also revealed that among the codes studied
larger block size for similar code rate provided best performance. Among the codes
studied, the performance of BCH(63,51,2) was best and can be used in combination
with maximum payload size specified by the IEEE 802.15.4 standard.
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10. APPENDIX

Tables of values from calculations

The following tables present the maximum values of throughput and minimum values
of energy consumption obtained from the analysis using Matlab for different codes.

- Value in red color indicates maximum value in the table.
- Value in blue color indicates minimum value in the table.

1. Unslotted mode

Table 10.1: Values of highest throughput obtained for different codes and payload size
pairs with BCH codes of block size n=15 (bits/sec)

Payload(bits) No Coding BCH(15,11) BCH(15,7) BCH(15,5)

50 1,79E+04 1,80E+04 1,54E+04 1,30E+04

100 3,03E+04 3,11E+04 2,35E+04 1,70E+04

200 4,45E+04 4,87E+04 2,94E+04 1,58E+04

300 5,01E+04 5,94E+04 2,92E+04 1,19E+04

400 5,09E+04 6,62E+04 2,63E+04 8,36E+03

500 4,91E+04 7,04E+04 2,32E+04 5,67E+03

600 4,59E+04 7,28E+04 1,99E+04 3,77E+03

700 4,20E+04 7,41E+04 1,69E+04 2,48E+03

800 3,80E+04 7 ,45E+04 1,40E+04 1,62E+03

900 3,40E+04 7,42E+04 1,16E+04 1,05E+03

Table 10.2: Values of highest throughput obtained for different codes and payload size
pairs with BCH codes of block size n=31 (bits/sec)
Payload(bits) No Coding BCH(31,26) BCH(31,21) BCH(31,16) BCH(31,11) BCH(31,6)

50 1,79E+04 1,85E+04 1,80E+04 1,69E+04 1,50E+04 8,63E+03

100 3,03E+04 3,28E+04 3,13E+04 2,80E+04 2,25E+04 8,31E+03

200 4,45E+04 5,34E+04 4,97E+04 4,13E+04 2,87E+04 4,34E+03

300 5,01E+04 6,74E+04 6,17E+04 4,84E+04 2,96E+04 2,02E+03

400 5,09E+04 7,73E+04 7,01E+04 5,22E+04 2,83E+04 8,42E+02

500 4,91E+04 8,46E+04 7,64E+04 5,36E+04 2,62E+04 3,43E+02

600 4,59E+04 9,00E+04 8,09E+04 5,42E+04 2,38E+04 1,46E+02

700 4,20E+04 9,45E+04 8,42E+04 5,41E+04 2,14E+04 5,81E+01

800 3,80E+04 9,75E+04 8,67E+04 5,34E+04 1,90E+04 2,30E+01

900 3,40E+04 9,97E+04 8,88E+04 5,19E+04 1,68E+04 9,61E+00
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Table 10.3: Values of highest throughput obtained for different codes and payload size
pairs with BCH codes of block size n=63 (bits/sec)
Payload(bits) No Coding BCH(63,57) BCH(63,51) BCH(63,45) BCH(63,39) BCH(63,35)

50 1,79E+04 1,87E+04 1,86E+04 1,83E+04 1,78E+04 1,75E+04

100 3,03E+04 3,34E+04 3,30E+04 3,21E+04 3,09E+04 3,00E+04

200 4,45E+04 5,50E+04 5,41E+04 5,19E+04 4,88E+04 4,66E+04

300 5,01E+04 7,02E+04 6,91E+04 6,56E+04 6,08E+04 5,74E+04

400 5,09E+04 8,12E+04 8,03E+04 7,57E+04 6,93E+04 6,49E+04

500 4,91E+04 9,02E+04 8,91E+04 8,34E+04 7,59E+04 7,05E+04

600 4,59E+04 9,66E+04 9,61E+04 8,96E+04 8,09E+04 7,47E+04

700 4,20E+04 1,02E+05 1,02E+05 9,47E+04 8,50E+04 7,83E+04

800 3,80E+04 1,05E+05 1,07E+05 9,90E+04 8,82E+04 8,09E+04

900 3,40E+04 1,09E+05 1,11E+05 1,03E+05 9,09E+04 8,31E+04

Table 10.4: Values of highest throughput obtained for different codes and payload size
pairs with RS codes of block size n=15 (bits/sec)

Payload(bits) No Coding RS(15,13) RS(15,11) RS(15,9) RS(15,7)

50 1,79E+04 1,80E+04 1,73E+04 1,43E+04 3,33E+03

100 3,03E+04 3,10E+04 2,87E+04 1,94E+04 9,30E+02

200 4,45E+04 4,75E+04 4,12E+04 1,85E+04 3,77E+01

300 5,01E+04 5,61E+04 4,58E+04 1,39E+04 1,32E+00

400 5,09E+04 6,01E+04 4,65E+04 9,35E+03 4,02E-02

500 4,91E+04 6,13E+04 4,50E+04 6,02E+03 1,27E-03

600 4,59E+04 6,07E+04 4,23E+04 3,84E+03 3,66E-05

700 4,20E+04 5,93E+04 3,91E+04 2,38E+03 1,11E-06

800 3,80E+04 5,69E+04 3,57E+04 1,46E+03 3,16E-08

900 3,40E+04 5,41E+04 3,23E+04 8,97E+02 8,92E-10

Table 10.5: Values of highest throughput obtained for different codes and payload size
pairs with RS codes of block size n=31 (bits/sec)

Payload(bits) No Coding RS(31,27) RS(31,25) RS(31,21) RS(31,15)

50 1,79E+04 1,83E+04 1,82E+04 1,73E+04 3,36E+03

100 3,03E+04 3,22E+04 3,18E+04 2,87E+04 9,42E+02

200 4,45E+04 5,13E+04 5,03E+04 4,14E+04 4,18E+01

300 5,01E+04 6,30E+04 6,19E+04 4,68E+04 1,49E+00

400 5,09E+04 7,04E+04 6,91E+04 4,80E+04 4,56E-02

500 4,91E+04 7,49E+04 7,38E+04 4,73E+04 1,46E-03

600 4,59E+04 7,75E+04 7,65E+04 4,52E+04 4,61E-05

700 4,20E+04 7,87E+04 7,79E+04 4,26E+04 1,31E-06

800 3,80E+04 7,88E+04 7,82E+04 3,96E+04 4,05E-08

900 3,40E+04 7,82E+04 7,80E+04 3,66E+04 1,24E-09
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Table 10.6: Values of highest throughput obtained for different codes and payload size
pairs with RS codes of block size n=63 (bits/sec)
Payload(bits) No Coding RS(63,57) RS(63,55) RS(63,47) RS(63,39) RS(63,31)

50 1,79E+04 1,85E+04 1,86E+04 1,82E+04 1,63E+04 1,94E+03

100 3,03E+04 3,29E+04 3,29E+04 3,19E+04 2,58E+04 3,04E+02

200 4,45E+04 5,32E+04 5,37E+04 5,10E+04 3,34E+04 3,96E+00

300 5,01E+04 6,66E+04 6,78E+04 6,36E+04 3,39E+04 4,16E-02

400 5,09E+04 7,57E+04 7,78E+04 7,24E+04 3,13E+04 4,06E-04

500 4,91E+04 8,19E+04 8,51E+04 7,87E+04 2,77E+04 3,82E-06

600 4,59E+04 8,61E+04 9,03E+04 8,32E+04 2,39E+04 3,54E-08

700 4,20E+04 8,89E+04 9,42E+04 8,65E+04 2,03E+04 3,25E-10

800 3,80E+04 9,04E+04 9,70E+04 8,89E+04 1,70E+04 0,00E+00

900 3,40E+04 9,13E+04 9,90E+04 9,05E+04 1,41E+04 0,00E+00

Table 10.7: Values of lowest energy consumption per bit obtained for different codes
and payload size pairs with BCH codes of block size n=15 (J/bit)

Payload(bits) No Coding BCH(15,11) BCH(15,7) BCH(15,5)

50 4,12E-07 4,12E-07 4,79E-07 5,64E-07

100 2,43E-07 2,39E-07 3,15E-07 4,38E-07

200 1,66E-07 1,54E-07 2,56E-07 4,83E-07

300 1,48E-07 1,28E-07 2,63E-07 6,59E-07

400 1,47E-07 1,16E-07 2,97E-07 9,62E-07

500 1,54E-07 1,10E-07 3,43E-07 1,45E-06

600 1,66E-07 1,07E-07 4,04E-07 2,21E-06

700 1,84E-07 1,07E-07 4,82E-07 3,41E-06

800 2,05E-07 1,06E-07 5,90E-07 5,29E-06

900 2,31E-07 1,08E-07 7,14E-07 8,23E-06

Table 10.8: Values of lowest energy consumption per bit obtained for different codes
and payload size pairs with BCH codes of block size n=31 (J/bit)
Payload(bits) No Coding BCH(31,26) BCH(31,21) BCH(31,16) BCH(31,11) BCH(31,6)

50 4,12E-07 4,00E-07 4,12E-07 4,39E-07 4,94E-07 8,55E-07

100 2,43E-07 2,27E-07 2,38E-07 2,66E-07 3,32E-07 9,11E-07

200 1,66E-07 1,40E-07 1,52E-07 1,83E-07 2,67E-07 1,84E-06

300 1,48E-07 1,12E-07 1,24E-07 1,59E-07 2,64E-07 4,09E-06

400 1,47E-07 9,88E-08 1,10E-07 1,49E-07 2,81E-07 1,01E-05

500 1,54E-07 9,12E-08 1,02E-07 1,47E-07 3,08E-07 2,52E-05

600 1,66E-07 8,65E-08 9,73E-08 1,47E-07 3,43E-07 6,02E-05

700 1,84E-07 8,30E-08 9,43E-08 1,49E-07 3,87E-07 1,53E-04

800 2,05E-07 8,10E-08 9,22E-08 1,52E-07 4,39E-07 3,88E-04

900 2,31E-07 7,98E-08 9,07E-08 1,58E-07 5,01E-07 9,37E-04
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Table 10.9: Values of lowest energy consumption per bit obtained for different codes
and payload size pairs with BCH codes of block size n=63 (J/bit)
Payload(bits) No Coding BCH(63,57) BCH(63,51) BCH(63,45) BCH(63,39) BCH(63,35)

50 4,12E-07 3,96E-07 4,00E-07 4,07E-07 4,16E-07 4,24E-07

100 2,43E-07 2,22E-07 2,26E-07 2,32E-07 2,42E-07 2,49E-07

200 1,66E-07 1,36E-07 1,39E-07 1,45E-07 1,55E-07 1,63E-07

300 1,48E-07 1,08E-07 1,10E-07 1,16E-07 1,26E-07 1,34E-07

400 1,47E-07 9,39E-08 9,55E-08 1,02E-07 1,12E-07 1,20E-07

500 1,54E-07 8,53E-08 8,69E-08 9,34E-08 1,03E-07 1,12E-07

600 1,66E-07 8,03E-08 8,13E-08 8,77E-08 9,79E-08 1,07E-07

700 1,84E-07 7,69E-08 7,73E-08 8,37E-08 9,40E-08 1,03E-07

800 2,05E-07 7,46E-08 7,44E-08 8,07E-08 9,13E-08 1,00E-07

900 2,31E-07 7,25E-08 7,22E-08 7,84E-08 8,92E-08 9,83E-08

Table 10.10: Values of lowest energy consumption per bit obtained for different codes
and payload size pairs with RS codes of block size n=15 (J/bit)
Payload(bits) No Coding RS(15,5) RS(15,7) RS(15,9) RS(15,11 RS(15,13)

50 4,12E-07 1,64E-01 2,13E-06 5,11E-07 4,27E-07 4,10E-07

100 2,43E-07 3,34E+04 7,91E-06 3,74E-07 2,57E-07 2,38E-07

200 1,66E-07 - 2,03E-04 3,99E-07 1,81E-07 1,57E-07

300 1,48E-07 - 5,95E-03 5,46E-07 1,64E-07 1,34E-07

400 1,47E-07 - 1,99E-01 8,29E-07 1,64E-07 1,26E-07

500 1,54E-07 - 6,43E+00 1,31E-06 1,71E-07 1,25E-07

600 1,66E-07 - 2,25E+02 2,09E-06 1,84E-07 1,27E-07

700 1,84E-07 - 7,47E+03 3,42E-06 2,01E-07 1,31E-07

800 2,05E-07 - 2,67E+05 5,65E-06 2,23E-07 1,38E-07

900 2,31E-07 - 9,51E+06 9,26E-06 2,48E-07 1,46E-07

Table 10.11: Values of lowest energy consumption per bit obtained for different codes
and payload size pairs with RS codes of block size n=31 (J/bit)

Payload(bits) No Coding RS(31,27) RS(31,25) RS(31,21) RS(31,15) RS(31,11)

50 4,12E-07 4,03E-07 4,07E-07 4,27E-07 2,11E-06 5,34E-01

100 2,43E-07 2,30E-07 2,33E-07 2,58E-07 7,79E-06 3,11E+05

200 1,66E-07 1,46E-07 1,49E-07 1,81E-07 1,83E-04 -

300 1,48E-07 1,19E-07 1,22E-07 1,62E-07 5,24E-03 -

400 1,47E-07 1,08E-07 1,10E-07 1,59E-07 1,75E-01 -

500 1,54E-07 1,02E-07 1,04E-07 1,64E-07 5,54E+00 -

600 1,66E-07 9,98E-08 1,02E-07 1,73E-07 1,78E+02 -

700 1,84E-07 9,92E-08 1,01E-07 1,86E-07 6,32E+03 -

800 2,05E-07 9,97E-08 1,01E-07 2,02E-07 2,07E+05 -

900 2,31E-07 1,01E-07 1,02E-07 2,20E-07 6,83E+06 -
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Table 10.12: Values of lowest energy consumption per bit obtained for different codes
and payload size pairs with RS codes of block size n=63 (J/bit)

Payload(bits) No Coding RS(63,57) RS(63,55) RS(63,47) RS(63,39) RS(63,31)

50 4,12E-07 4,00E-07 3,99E-07 4,07E-07 4,51E-07 3,66E-06

100 2,43E-07 2,26E-07 2,25E-07 2,33E-07 2,86E-07 2,42E-05

200 1,66E-07 1,40E-07 1,39E-07 1,47E-07 2,23E-07 1,93E-03

300 1,48E-07 1,13E-07 1,11E-07 1,19E-07 2,23E-07 1,88E-01

400 1,47E-07 1,00E-07 9,81E-08 1,06E-07 2,45E-07 1,96E+01

500 1,54E-07 9,37E-08 9,05E-08 9,85E-08 2,81E-07 2,12E+03

600 1,66E-07 8,99E-08 8,59E-08 9,41E-08 3,30E-07 2,32E+05

700 1,84E-07 8,77E-08 8,30E-08 9,12E-08 3,95E-07 2,55E+07

800 2,05E-07 8,69E-08 8,12E-08 8,94E-08 4,75E-07 -

900 2,31E-07 8,66E-08 8,01E-08 8,85E-08 5,77E-07 -

2. Slotted mode

Table 10.13: Values of highest throughput obtained for different codes and payload
size pairs with BCH codes of block size n=63 (bits/sec)

Payload (bits) No Coding BCH(63,57) BCH(63,51) BCH(63,45)

50 1,52E+04 1,60E+04 1,59E+04 1,57E+04

100 2,63E+04 2,91E+04 2,89E+04 2,82E+04

200 3,94E+04 4,92E+04 4,86E+04 4,68E+04

300 4,51E+04 6,38E+04 6,32E+04 6,02E+04

400 4,64E+04 7,47E+04 7,43E+04 7,03E+04

500 4,51E+04 8,38E+04 8,31E+04 7,82E+04

600 4,25E+04 9,04E+04 9,03E+04 8,47E+04

700 3,92E+04 9,57E+04 9,63E+04 9,00E+04

800 3,56E+04 9,98E+04 1,01E+05 9,45E+04

900 3,20E+04 1,04E+05 1,06E+05 9,83E+04



88

Table 10.14: Values of lowest energy consumption per bit obtained for different codes
and payload size pairs with RS codes of block size n=63 (J/bit)

Payload (bits) No Coding BCH(63,57) BCH(63,51) BCH(63,45)

50 5,05E-07 4,83E-07 4,85E-07 4,92E-07

100 2,94E-07 2,66E-07 2,69E-07 2,76E-07

200 1,96E-07 1,59E-07 1,61E-07 1,67E-07

300 1,73E-07 1,23E-07 1,25E-07 1,31E-07

400 1,69E-07 1,06E-07 1,07E-07 1,13E-07

500 1,75E-07 9,49E-08 9,61E-08 1,03E-07

600 1,88E-07 8,85E-08 8,90E-08 9,54E-08

700 2,06E-07 8,41E-08 8,40E-08 9,04E-08

800 2,29E-07 8,11E-08 8,04E-08 8,66E-08

900 2,56E-07 7,83E-08 7,75E-08 8,37E-08


