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Abstract
Wireless Sensor Networks (WSN) are used in many applications, for example 
industrial applications, automatic control applications, monitoring applications, 
to name but a few. Although WSN can employ different standards in order to 
achieve short range wireless communication, the mainstream of the market is to 
adopt the low-power, low-rate IEEE 802.15.4 standard. However, this standard 
does not specify any block codes on the Physical layer (PHY) and the MAC 
sublayer. Reliability and energy efficiency are two important metrics used to 
evaluate the WSN performance. In order to enhance the reliability of the WSN 
performance,  schemes  such as  Forward  Error  Correction  (FEC)  and Hybrid 
Automatic Repeat-reQuest (HARQ) can be introduced on the PHY and MAC 
sublayer when transmitting signals. However, this will reduce the energy effi-
ciency of the WSN. In order to investigate what does affect the reliability and 
energy efficiency, this thesis has been conducted with the assistance of Matlab 
simulations, which simulate different transmission schemes proposed by the au-
thors. Based on the simulations, both the reliability and energy efficiency can be 
evaluated and the results are illustrated for both metrics. The objective of this 
thesis is to determine a scheme that is able to meet these metric requirements.

Keywords: IEEE 802.15.4 standard, WSN, FEC, HARQ, reliability, energy ef-
ficiency.
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Terminology
Acronyms

ARQ Automatic Repeat-reQest

AWGN Additive White Gaussian Noise.
BER Bit Error Rate
DSSS Direct Sequence Spread Spectrum
FEC Forward Error Correction
HARQ Hybrid-ARQ
MAC Media Access Control
PER Packet Error Rate
PHY Physical Layer
SNR Signal-to-Noise Ratio
WSN Wireless Sensor Network
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1 Introduction
1.1 Background and problem motivation

Wireless Sensor Networks have attracted significant attention in recent years 
and are currently being used in many important fields including industrial, se-
curity,  medical,  environmental,  weather  monitoring,  etc.  Furthermore,  WSNs 
offer both cost reduction and energy efficiency in industrial automation systems 
when compared to those associated with wired solutions. The main reason be-
ing that wireless sensors can be placed anywhere whereas this is not the case for 
wires and thus the costs and efficiency are significantly improved.

WSNs are considered as a technology that is comparable to the Internet. As the 
Internet allows computers to access a variety of digital information, the sensor 
network can be extended to people with real-world interaction. It is even called 
a new type of computer system which is significantly different from other hard-
ware, which requires connection by wires.

WSNs apply several standards such as  ZigBee, WirelessHART, ISA 100.11a, 
WIA-PA, etc., depending on the applications. ZigBee is a standard for low-cost 
and low-rate short range wireless communication, and it is intensely markted. 
Although it is a good substitute for certain sensor network applications, ZigBee 
has limitations in some industrial applications as it is unable to meet particular 
requirements  [1]. In industrial applications, WirelessHART, ISA 100.11a and 
WIA-PA are used. 

IEEE 802.15.4 [2] is de facto standard for the PHY and MAC layer of a WSN. 
WirelessHART and ZigBee are based on the IEEE 802.15.4 standard which spe-
cifies protocols for wireless data transmission at low rate, low power and low 
complexity in the short radio frequency range. The IEEE 802.15.4 standard as-
signs  three  unlicensed frequency bands for  wireless  communication,  namely 
868 MHz, 915 MHz and 2.45 GHz.  In addition,  the IEEE 802.15.4 utilizes 
OQPSK modulation on the DSSS PHY on the band frequency of 2.4 GHz and 
provides a data rate of 250 kb/s. 

Energy efficiency is becoming the main focus of attention. According to [3], the 
ADM (the Archer Daniels Midland Company) sets the goal of increasing energy 
efficiency by 10 percent by the year of 2015. In [4], one of the objectives of the 
France report  is  a 9 percent energy saving in 2012. In addition the  ACEEE 
(American  Council  for  an  Energy-Efficient  Economy)  says:  “... the  United 
States could reduce its energy use by about 12-22 percent and realize tens or 
hundreds of billions of dollars in energy savings and productivity gains”  [5]. 
Even though this increment is not particularly great, the progress and impact 
this will cause is highly significant.
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1.2 Problem statement
In a wireless channel, fading, interference and path loss exist, which has a great 
effect on the reliability. There are two common methods, Automatic Repeat-re-
Quest (ARQ) and Forward Error Correction (FEC), which are used to improve 
reliability of wireless communication.

ARQ refers to a scheme for which the receiver checks the correctness of the re-
ceived packets and requests the sender to retransmit a packet until the packet re-
ceived is correct. This approach increases the delay if the packet is lost.

FEC coding is a method which adds redundancy to the transmission of data and, 
by this means, the receiver is able to decode the signals correctly as long as the 
number of error symbols in a block is no more than the error correcting capabil-
ity of the code used. This method enables decoders to reduce the number of er-
rors in relation to a received signal. The codes used must not be complex be-
cause of the limited processing power of the sensor nodes. In this sense, the 
family of block codes is an adequate option. The advantage of block codes is 
that they divide transmitted data into blocks and correct errors in individual 
blocks. Generally, complex codes such as Turbo code and Viterbi code, are too 
complex for sensor hardware. In this thesis, the codes used are Reed-Solomon 
(RS) codes. There is a third method called Hybrid ARQ (HARQ) which com-
bines the two methods.

In the majority of cases, the sensor nodes are battery powered and the energy 
supply should be sufficient for several years. Therefore, energy efficiency is an-
other important performance metric. It is not feasible to charge large numbers 
of sensor nodes or to update their batteries. Considering the energy limitation, it 
is necessary to reduce the energy consumption of each node and to prolong the 
lifetime of the batteries. 

In channel coding, redundancy is added to useful information in order to form 

code words. The code rate is defined as follows: Rc=
k
N , where k and N are 

the length of the information part and the total length of a code word, respect-
ively. Further details of FEC are given in Section 2.3. 

Codes with lower code rate (referred to from now on as strong codes) can cor-
rect more errors in every code word. This enhances the reliability while result-
ing in a lower code efficiency because of longer redundancy. Thus, trade-offs 
must be balanced between these two factors as they affect the total energy effi-
ciency of transmission.

Specifically, when the channel condition, measured by Signal-to-Noise Ratio 
(SNR), is harsh, stronger codes have a higher reliability and higher energy effi-
ciency than weak codes. Nevertheless, when the channel condition improves 
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strong and weak codes provide similar reliability, but the energy efficiency of 
strong codes is lower due to higher redundancy. 

The IEEE 802.15.4 does not define any FEC features or channel coding. How-
ever, in this thesis, FEC coding is introduced into IEEE 802.15.4 packets.

1.3 Scope 
The thesis takes takes the aspect of energy efficiency into consideration, based 
on the fact that a WSN has a large scale, but it actually only sensible to consider 
energy efficiency in those cases involving large numbers of sensor nodes. The 
simulated channel is used without considering the Doppler shift, since in the 
majority of cases there are no high-speed movements in the channel. 

1.4 Goals of the thesis
In order to determine what affects reliability and energy efficiency, different er-
ror correction methods are compared with respect to these aspects. The com-
pared schemes are defined as a combination of the following features:

• Code strength - codes of higher and lower correcting power

• PHY and MAC layer coding, depending on which segment of packets 
are coded.

• Coded  packet  length  -  packets  encoded  by codes  of  different  power 
may: a) carry equal amounts of useful data or b) have equal lengths in 
bytes after coding but carry different amounts of useful data as a con-
sequence of different redundancies and code rates

The aim of this thesis is to discover a practical scheme which is able to transmit 
data in a WSN both reliably and efficiently. According to the results, the factors 
that affect the reliability and energy efficiency are determined and a scheme had 
been proposed that achieves the aim. 

1.5 Outline
Chapter 2 describes the theory work that relates to the study, including RS cod-
ing, channel fading and the proposed transmission schemes. Chapter 3 describes 
the model of the simulation and how to implement it.  Results  are shown in 
Chapter 4 and there is also a discussion. Chapter 5 provides the conclusion to 
the thesis.

1.6 Contributions
There are two major focus points, reliability and  energy efficiency. The work 
has been divided as follows: Wei Li has focused on reliability and Zhiyuan Guo 
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has focused on energy efficiency. In this report, the parts written by Wei Li are: 
the Abstract, Section 2.2.2 and Section 2.3.2 in Chapter 2, the whole of Chapter 
3, Section 4.1, Section 4.3.1, and Section 4.3.3 in Chapter 4. The parts written 
by Zhiyuan Guo are: Chapter 1, the rest of Chapter 2, Section 4.2 and Section 
4.3.2 in Chapter 4.  Chapter 5 is written by both authors. In relation to the simu-
lation, Wei Li programed one type of scheme which was then altered by Zhiy-
uan Guo to other types and then the PER of all schemes was collected in order 
to calculate the energy efficiency.

Our tutor, Barac Filip, was asked for advice and he devoted approximately 15 
hours, in total, to discussion with the authors of this thesis.
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2 Theory
The IEEE 802.15.4 standard specifies the PHY and MAC sublayer for low-
power and low-rate wireless communications. The focus of this thesis is on the 
wireless sensor networks. The IEEE 802.15.4 standard is the de facto standard 
for the bottom two layers of the wireless sensor network standard. The thesis is 
conducted on the model of the IEEE 802.15.4 point-to-point link in a WSN. 
This chapter provides details  of the IEEE 802.15.4. Additionally,  the crucial 
part of the model is the radio channel and it is thus, necessary to provide an ex-
planation regarding the radio propagation that makes the transmission vulner-
able.  As  the  goal  of  the  thesis  is  to  investigate  a  number  of  transmission 
schemes, the remainder specifies the implementation of FEC schemes that use 
block codes to strengthen reliability.

2.1 IEEE 802.15.4
At present, the wireless sensor network research has become one of the main-
stream research topics especially since industrial automation has been imple-
mented by means of computer systems. Because of the battery-powered sensor 
network nodes, processing power and storage capacity is very limited. Thus en-
ergy consumption and reliability are the primary issues of concern in the design 
of sensor networks. The IEEE 802.15.4 standard describes the PHY and MAC 
sublayer of low-rate low-power wireless communication. 

The IEEE 802.15.4 standard was released in May 2003. A wireless sensor net-
work system utilizing this standard consists of certain essential infrastructures. 
The standard defines two types of physical devices, one is called a Full Func-
tion Device (FFD) and the other is a Reduced Function Device (RFD). Their 
functions are different. The FFD  serves as a network coordinator and it may 
function as a common node, but also it is also able to relay messages from other 
nodes and, in this case, it is thus considered as being a coordinator. FFDs are 
able to complete all the functions of the standard whereas RFDs are only able to 
realize part of the functions. FFDs can communicate with FFDs and RFDs, but 
RFDs can only communicate  with FFDs or transmit  data  to outside devices 
through a FFD. RFDs are mainly used for simple control applications such as 
light switches, passive infrared sensors, etc. 

2.1.1 Network topology
Wireless Sensor Networks can be summarized in two essential network topolo-
gies – star and mesh. 

In  a  star  topology network,  a  centrally  located  sensor  gateway node  exists 
which collects information from other nodes and it has the ability to directly 
reach all other nodes. In the mesh topology, it is impossible for all the nodes to 
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directly reach the gateway node. Therefore, the communication must be estab-
lished via multiple hops. Since this thesis focuses on point-to-point links, the 
conclusions derived apply to both topologies. A typical star and typical mesh to-
pology are shown in Figure 1.

Figure 1: Topology of star and mesh network [6] 
2.1.2 Physical layer

2.1.2.1 PHY overview

The PHY consists of radio frequency transceivers and a control model, imple-
menting data communication in the lowest layer of the system. The PHY spe-
cification defines radio channels on different frequencies and also offers an in-
terface which is combined with the MAC sublayer. It encodes the binary data 
stream when transmitting messages into the radio channel and decodes the cor-
responding  binary  data  when  the  PHY acts  as  a  receiver. Modulation and 
spreading are executed on the PHY, which is mainly implemented in the hard-
ware.

According to  [2][7], the tasks that are required to be completed by the IEEE 
802.15.4 on the PHY are:

— Activation and deactivation of the radio transceiver: A radio transceiver has 
three working states,  transmitting, receiving and sleeping. Each of the states 
corresponds to the function of data transmission.

— Energy detection (ED) within the current channel: the task is to detect the re-
ceived power of a channel selected by the PHY, determining the working state 
of the transceiver.

— Link quality indicator (LQI) for received packets: it is a measurement of the 
link quality, providing the strength of the received signals and the quality in-
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formation for the network layer  and application layer.  The difference to  the 
channel energy detection is that the LQI has to decode the signal in order to 
generate a quality index, based on the first eight symbols of the incoming pack-
et. The LQI index and the PHY data are submitted to the upper layers for hand-
ling.

—  Clear  channel  assessment  (CCA):  it  evaluates  the  state  of  the  medium, 
judging whether the channel is busy or idle. The IEEE 802.15.4 defines three 
models: energy detection mode, carrier sense mode and carrier sense with en-
ergy detection mode. 

— Channel frequency selection: the standard defines 16 channels on different 
frequency bands. Channels are selected according to the requirements of the up-
per layers.

2.1.2.2 Band frequency assignment

In relation to the band frequency assignment, the IEEE 802.15.4 standard offers 
three operational frequency bands: 868 MHz, 915 MHz and 2.4 GHz. The chan-
nel assignment is shown in Figure 2. The 868 MHz band has only one channel, 
providing a data rate of 20 kb/s. For the 915 MHz band, there are 10 channels 
and the date rate is 40 kb/s. In this thesis, the focus is on the 2.4 GHz band 
which offers a throughput of 250 kb/s.

Figure 2: Operating frequencies and bands [7]

The standard specifies four sorts of PHYs based on different methods of spread-
ing and modulation combination. 

For the 869/915 MHz band, the PHY has three specifications: 1) Direct 
Sequence Spread Spectrum (DSSS) PHY employing Binary Phase-Shift 
Keying (BPSK) modulation; 2) DSSS PHY employing Offset Quadrature 
Phase-Shift  Keying (OQPSK) modulation;  3)  Parallel  Sequence  Spread 
Spectrum  (PSSS)  PHY employing  BPSK  and  Amplitude  Shift  Keying 
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(ASK)  modulation.  For  the  2.4  GHz  band,  the  DSSS  PHY employs 
OQPSK modulation which is the only one considered in this thesis [2].

Since the 2.4 GHz PHY utilizes DSSS, the chip rate in the radio channel is sev-
eral times grater than the data rate. The multiple is the spreading factor, which 
is 8 in the specification of the 2.4 GHz PHY. On the PHY, 16-ary orthogonal 
symbols are constituted by means of the binary data and every 4 bits represents 
a symbol; thus the symbol rate is 62.5 ksymbols/s. In the radio channel, the chip 
rate is 2 Mchips/s and every 32 chips represent a symbol. 

2.1.2.3 PPDU constitution

The basic unit of data communication on the PHY is PHY protocol data units 
(PPDU). The composition of a PPDU packet is described in Figure 3. The basic 
components  of  a  PPDU packet  are  a  synchronization header  (SHR), a PHY 
header (PHR) and a variable length payload.

Figure 3: Format of the PPDU [2]

The SHR, which contains a 4-byte preamble and a 1-byte Start of Frame Delim-
iter (SFD), is responsible for synchronization on receiving bit streams of sig-
nals. In addition the PHR is 1-byte header for carrying the frame length inform-
ation which contains the MAC frame length in bytes. Since it is 7-bit number, 
the maximum MAC frame length allowed by the standard is 127 bytes. 

The schematic view of the PPDU is shown in Figure 4, which illustrates that the 
PHY adds 6 bytes of the SHR and PHR at the front of the MAC protocol data  
units (MPDU).

Figure 4: Schematic view of the MAC beacon frame and the PHY packet [2]
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2.1.2.4 Spreading and modulation

After the encapsulation of the packets passed by the MAC layer, the binary data 
is mapped to symbols and then modulated. The process appears as shown in the 
diagram of Figure 5:

Figure5: Spreading and modulation chain in the transmitter [2]

Spreading is employed to increase the robustness of the signal to noise and in-
terference. By multiplying the original signal with the sequence of 0s and 1s of 
8  the  times  higher  frequency,  the  spectrum of  the  original  signal  is  spread. 
Every byte of the packet is divided into two groups of 4 bits, each of which is 
mapped to a symbol. The symbol to chip mapping is shown in Table 1:

Table 1: Symbol to chip mapping [2]

Data symbol

(decimal) 

Data symbol

(binary)

(b0 b1 b2 b3) 

Chip values

(c0 c1 … c30 c31) 

0 0000 11011001110000110101001000101110 
1 1000 11101101100111000011010100100010 
2 0100 00101110110110011100001101010010 
3 1100 00100010111011011001110000110101 
4 0010 01010010001011101101100111000011 
5 1010 00110101001000101110110110011100 
6 0110 11000011010100100010111011011001 
7 1110 10011100001101010010001011101101 
8 0001 10001100100101100000011101111011 
9 1001 10111000110010010110000001110111 
10 0101 01111011100011001001011000000111 
11 1101 01110111101110001100100101100000 
12 0011 00000111011110111000110010010110 
13 1011 01100000011101111011100011001001 
14 0111 10010110000001110111101110001100 
15 1111 11001001011000000111011110111000 
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The symbol to chip mapping refers to spreading, by which the 32-chip PN se-
quence represents a symbol. The spread spectrum is widely used in CDMA, 
WCDMA, etc.

In the bit stream, the input to modulation is divided into two streams, offset by 
90  degree  and  then  proceeds  to  the  quadrature  modulator.  The  difference 
between  OQPSK and QPSK is  that  the  OQPSK staggers  a  half  chip  cycle 
between the in-phase and quadrature streams, as shown in Figure 6. Due to the 
offset of the two ways chip cycle, the OQPSK signal phase can only jump by 0 
°, ±90 °, but never by 180° phase transitions. This method of modulation re-
duces errors.

Figure 6: Base-band chip sequences with pulse shaping for OQPSK [2]

2.2 Wireless propagation
In  a  WSN,  the  most  important  part  for  data  transmission  is  the  wireless 
propagation, which is quite different from the wired mechanism that is able to 
control the error rate without any difficulty and which can provide much higher 
data rate. What does significant affect the wireless propagation are factors such 
as propagation media, mobility of users, range of transceivers, etc. The most 
important phenomenon in wireless propagation is channel fading which is due 
to physical obstacles (large scale fading) and multipath propagation (small scale 
fading). 

2.2.1 Multipath propagation and attenuation
Since this thesis conducts a simulation of a WSN on the PHY, it is necessary to 
consider the situation in a realistic manner. Between the transmitter and receiv-
er, it is the radio channel that has a variety of different interacting objects (IO) 
in the process of radio propagation such as buildings, windows, walls, etc. All 
these IOs in the radio channel can cause reflection, diffraction, scattering, to-
gether with refraction, thus resulting in multipath propagation in the radio chan-
nel.  Reflection refers to the directional change of a carrier  caused by larger 
sized objects and occurs on the surface of the objects. When the carrier encoun-
ters a small object, whose size is close to the wavelength, then the propagation 
direction bends. This phenomenon is called diffraction. Scattering is the phe-
nomenon during which the carrier propagation changes to multiple directions 
due to various of reflections caused by small objects. The size of these small 
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objects is somewhat larger than the wavelength of the carrier. Mediums of dif-
ferent densities cause refraction that causes the propagation not to be straight.

Because different components of the multipath from the transmitter may arrive 
at different times, they interfere with each other, leading to amplitude and phase 
variations. Even though the components arrive at the same time, their phases 
can be different due to the various ways of propagation; therefore, the situation 
can also cause phase shift when compared with the original signals.

In the WSN, the majority of the devices are static. However, the environment is 
generally dynamic due to the movements of people or objects or to the presence 
of other wireless systems. Thus, no absolute static radio channel exists in a real 
situation. Additionally, devices must move based on demands and thus the as-
sumption that the radio channel is dynamic is reasonable in this thesis.

In reality, since wireless sensor nodes are small in size and are attached to large 
objects,  it  is  uncommon  to  engender  a  line  of  sight  between  two  wireless 
devices.  In  addition,  different  ways  of  propagation  in  the  medium can  also 
cause attenuation. Considering all the situations above, it is practical to employ 
the Rayleigh fading channel to conduct the simulation, which takes multipath 
propagation and movement in the radio channel into account.

2.2.2 Rayleigh channel
It is known that modulated signals are carried on cosine electromagnetic waves, 
which is on the frequency band of 2.4 GHz in the thesis. In addition, the mag-
nitude and phase are the keys of modulated signals, particularly when the mod-
ulation mechanism is OQPSK. In order to make it easy to understand, the mod-
ulated cosine signals can be expressed by means of complex number, i.e. the 
modulus of the complex number represents the magnitude of the signals and the 
phase angle is  the phase of the modulated cosine signals. If considering the 
Doppler shift, signals presented by the cosine expression are given by [8]:

E (t)=∑
i=1

N

∣a i∣cos (2π f c t−2π υmax cos (γi) t+φi) (1)

where  N is the number of multipath components;  ∣a i∣  is the magnitude of 
each component;  f c  is  the frequency of the carrier  wave;  υmax  is  the 
maximum Doppler shift; φi  is the original phase angle of the signal. Doppler 
shift is the change of the frequency between the transmitted and the received 
signal as a consequence of the relative movement between the transmitter and 
receiver. E (t)  is the signal received by the receiver, which is the vector sum 
of all components due to multipath propagation.

In [8], this expression can be transformed to the following expression expressed 
by in-phase and quadrature (I&Q) components:
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E BP(t)=I ( t )cos (2π f c t)−Q( t)sin (2π f c t) (2)

where I ( t )  and is Q(t )  shown as the following:

I ( t)=∑
i=1

N

∣a i∣cos(−2π υmax cos (γi) t+φi) (3)

Q(t )=∑
i=1

N

∣ai∣sin(−2πυmax cos(γr) t+φi) (4)

I ( t)  and Q(t )  are both the sum of random variables and are regarded as 
the real part and imaginary part of the complex signals, respectively. This thesis 
does not consider the Doppler shift in a WSN; therefore, the received real part 
of each component's electromagnetic wave intensity is  ∣a i∣cos (φi) , and the 
imaginary part is ∣a i∣sin(φi) .

In non-line-of-sight communication, multiple copies of the signal arrive at the 
receiver  and  there  is  no  dominant  component.  Since  neither  I ( t)  nor 

Q(t )  has a dominant component, according to the Central Limit Theorem, 
the sum of these variables follows the Normal Distribution, which is proved in 
[9] 5.A. From the statistical perspective of the real part and imaginary part, [9] 
5.B deduced that the probability density function of the received signal phase is 
a uniform distribution and that of the magnitude follows the Rayleigh Distribu-
tion.

2.3 Forward Error Correction 
IEEE 802.15.4 does not define any channel coding of the transmission.  The 
thesis introduces the block codes on the PHY and MAC sublayer and compares 
the performance in terms of reliability and energy efficiency of the HARQ and 
error correction schemes with uncoded systems. The codes employed by this 
thesis are RS codes which are sufficiently lightweight for the limited computa-
tion of power of wireless sensor nodes. By definition, the error correcting cap-
ability is achieved by adding redundancy to the information symbols in order to 
constitute a code block. It is evident that the error correcting capability becomes 
strong as the redundancy increases. However, the trade-offs between the code 
rate and the error correcting capability should be considered in specific situ-
ations. 
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2.3.1 RS codes
Table 2: Parameters of RS codes

Number of bits per symbol m

Code length N=2m−1

Information symbols length k

Parity symbols length N−k

Error correction capability t= N−k
2

In the thesis, the codes used are RS (15, k ), where k  is the length of the 
information symbols in a block. Reference  [10] provides details in relation to 
calculating the redundancy (parity symbols in Figure 7) based on the informa-
tion symbols. The error correction capability  t  in Table 2 means that the 
code can correct at most  t  out of  N  corrupted symbols in every code 
word.

Figure 7: A block of RS (N, k) code [10]

2.3.2 Code implementation
As mentioned in Section 2.1.2,  the data  unit  transmitted in the WSN is the 
PPDU for which the maximum size is 133 bytes, including 5 bytes of SHR, 1 
byte of PHR and the variable sized PHY payload. The maximum size of MAC 
frame is 127 bytes [2]. 

As previously explained, in the IEEE 802.15.4 standard, no code is specified on 
the PHY or MAC sublayer. It is feasible to implement the code on both the 
PHY and MAC sublayers. However, the preamble is never coded, because it is 
used for signal detection and synchronization to the incoming signal.

The first step in this thesis was to compare the WSN performance in relation to 
the reliability and energy efficiency of the PHY and MAC coding. 

• PHY coding refers to the scheme that codes the PHY header and PHY 
payload. 
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• MAC coding refers  to  the scheme that  only codes  the PHY payload 
which refers to the frame of the MAC sublayer in Figure 4.

In terms of packet length, the thesis investigates its effects on reliability and en-
ergy efficiency. There are two methods used to code data according to the ap-
plications. Some applications require that the data payload in every packet is 
the same size, while some applications can tolerate different payload lengths, 
such as video transmission. 

The two performance metrics are reliability and energy efficiency. The reliabil-
ity is expressed as the ratio of the number of successfully received packets to 
the number of transmitted packets. The energy efficiency is defined in the fol-
lowing sections.

2.4 Energy efficiency 
In most cases, the power for the nodes is supplied by batteries, so the energy ef-
ficiency is very important. The nodes as a metric to evaluate the performance of 
the data transmission in a WSN, means that research into energy efficiency is 
indispensable. 

This thesis considers one hop communication between two sensor nodes. Thus 
the energy consumption of utilizing the FEC scheme is as follows [11]:

E FEC=E FEC
tran +E FEC

r e +Ecodec (5)

where E FEC
tran  and E FEC

r e  are the energy consumed by the sensor devices for 
transmitting and receiving the packet, respectively; Ecodec  is the energy con-
sumed for encoding and decoding. For E codec , it is negligibly small and can 
be expressed as [12]:

E codec=(6 tN+6t 2)εmult+(6 tN +t2)εadd+3 t εinv (6)

where εmult  is the energy consumed in the multiply process of two m-bit sym-
bols:

εmult=3.7×10−5 m3(mW /MHz ) (7)

εadd  is the energy consumed by the addition of an m-bit symbol:

εadd=3.3×10−5 m3(mW / MHz) (8)

εadd is the energy consumed by the inversion of every m  bit: 
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εinv=3.7×10−5(2 m−3)m3(mW /MHz ) (9)

Since the FEC scheme used is RS (15, k ), in the expressions,  N  equals 
15 and m  is 4. It means that the number of bits per symbol is 4. t  is the 
error correcting capability that can be found in Table 2. So here Ecodec  is the 
energy consumption of coding and decoding per code word. 

According to [11], the energy efficiency of an FEC scheme is given by:

η=
EFEC

effi

EFEC
(1−PER FEC) (10)

where  E FEC
effi  is  the effective energy for transmitting and receiving informa-

tion. It is the energy that has been spent on a packet that has been successfully 
delivered. PERFEC  is the packet error rate of an FEC scheme, defined as the 
ratio of the number of lost packets and the number of total transmitted packets. 
The effective energy is measured by the fixed information, given by [11]:

E FEC
effi =( I t r+ I r e)V radio l T t r (11)

and in this case, I t r  and I r e  are the current for transmitting and receiving 
information respectively, and V radio  is the voltage for the radio. In the data 
sheet for the CC2430 chip by Texas instruments, I t r  and I r e  are both ad-
opted as 27 mA and V radio  is given the value of 3.6 V according to [13]. l  
is the length of information, and T t r  is the period of transmitting the inform-
ation for a size of l , i.e. if l  is measured by packets or symbols, T t r  is 
the period of transmitting a packet and a symbol respectively. The symbol rate 
of 2.4 GHz standard is 62.5 ksymbols/s, and the value of T t r  is given by the 
inverse of the symbol rate.
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3 Methodology
3.1 Model

In the thesis, the transmission model of WSN system is shown in Figure 8. As 
previously mentioned, the IEEE 802.15.4 standard does not define any channel 
coding. The goal of this thesis is to evaluate different error correction schemes 
and therefore RS codes are applied to transmit packets. 

Figure8: Model of simulation

As shown by the diagram, signals are encoded by  the RS encoder and then 
spread and modulated. When transmitted into the channel, signals suffer from 
Rayleigh fading which causes  both magnitude attenuation and phase shift. On 
the receiver side, there are corresponding blocks. Rayleigh fading channel is ap-
plied on the packets. The noise in the receiver hardware is modelled by an Ad-
ditive White Gaussian Noise (AWGN) and added to the received signal.

3.2 Implementation
3.2.1 Data transmission schemes

The objective is to compare the reliability and energy efficiency of different 
schemes. The transmission schemes are the combination of the following:

• Code strength - codes of higher and lower correcting power. The codes 
used are RS (15, k ), where k  has the value of 5, 7, 9, 11 and 13.

• Physical and MAC layer coding, depending on which segment of the 
packets are coded. As defined in 2.3.2, they can be combined with dif-
ferent RS codes, forming 2*5 = 10 schemes.

• Coded  packet  length  -  packets  encoded  by codes  of  different  power 
may: a) carry equal amounts of useful data or b) have equal lengths in 
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bytes after coding but carry different amounts of useful data as a con-
sequence of different redundancies and code rates. It is can be combined 
with the above schemes, forming 2*10 = 20 schemes.

Thus, there are four sorts of schemes after combination, each of which can use 
5 different RS codes:

FCMAC – fixed coded packet length combines with MAC coding;

FCPHY – fixed coded packet length combines with PHY coding;

FUMAC – fixed uncoded PHY payload combined with MAC coding;

FUPHY – fixed uncoded PHY payload combined with PHY coding.

In total, they are 20 different FEC schemes. Additionally, an uncoded scheme is 
also evaluated and in this case, two other schemes can be formed. One is the 
uncoded packet, which has the same length as the schemes of fixed coded pack-
et length while the other is the uncoded packet, which has the same length as 
the schemes associated with the fixed uncoded PHY payload.

3.2.2 Matlab simulation
The data transmission model in Figure 8 can be simulated by objects in the 
Matlab library. After the model has been implemented in Matlab code, all 22 
schemes can be programmed by changing the parameters of the objects in each 
block. Normally, a large number of transmitted packets are required to guaran-
tee the accuracy. In the simulation, the number of tested packets is 100,000 for 
each data transmission scheme. The measured PER of all schemes in the simu-
lation is used in the energy efficiency calculation. 

The energy efficiency calculation is also implemented in Matlab.  The above 
four sorts of data transmission schemes make four comparisons:

FCMAC vs FCPHY and FUMAC vs FUPHY compare the MAC coding and 
PHY coding;

FCMAC vs FUMAC and FCPHY vs FUPHY compare the fixed coded packet 
length and fixed uncoded PHY payload.

Table 3 describes the length of packet in the transmission schemes in detail. 
Figures in parentheses represent the length (in bytes) of the PHY payload to be 
coded, the length of the coded part after coding and the total length after cod-
ing, respectively. For example, for the MAC coding, the first figure in paren-
theses is the length of the PHY payload before coding. The second Figure is the 
length of this part after coding. In addition, the third figure is the total length of 
the packet after coding, including 4 bytes of preamble, 1 byte of SFD, 1 byte of 
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PHY header and the coded PHY payload. Meanwhile, the PHY coding leaves 4 
bytes of the preamble uncoded and codes the rest of the PPDU. 

Since the RS codes are block codes, the situation arises during which the num-
ber of useful information bytes does not fit an RS code. For example, if the 
length of the PHY payload to be coded by the MAC coding is 40 bytes then, 
this fits RS (15, 5) code well, but it cannot fit RS (15, 7). Thus, two bytes of 
zeros are padded after the useful information constituting 42 bytes of the PHY 
payload so that it fits the RS (15, 7) code.

In the case of the fixed coded packet length scheme, the total length of the 
packets after coding must be equal for all schemes. This means that the sizes of 
the useful data payload are different for different RS codes due to different re-
dundancies. The fixed uncoded PHY payload scheme means that the useful in-
formation payload for all RS coding schemes is the same. Since the maximum 
size of the MAC frame is 127 bytes, the total length of a packet must be no 
more than 133 bytes.

Table: 3 Parameters of all schemes

Fixed coded packet length Fixed uncoded PHY payload
k/RS(15, k) MAC coding PHY coding MAC coding PHY coding

5 (38,120,126) (38,120,124) (40,120,126) (40,135,139)* 
7 (54,120,126) (54,120,124) (40,90,96) (40,90,94) 
9 (70,120,126) (70,120,124) (40,75,81) (40,75,79) 
11 (86,120,126) (86,120,124) (40,60,66) (40,60,64) 
13 (102,120,126) (102,120,124) (40,60,66) (40,60,64) 

uncoded (120,-,126)* (40,-,46) 
* According to IEEE 802.15.4, the maximum size of a packet is no more than 133 bytes.  
Here the length of 139 bytes is only conducted in the simulation and used for comparison. 
It cannot be used in a real WSN.

* - in parentheses means the length of the coded part is null since there is no channel cod -
ing when using the uncoded schemes.

3.2.3 Goal of the comparisons
The goal of the thesis is to compare different error correction schemes in rela-
tion to reliability and energy efficiency. However, no FEC scheme exist which 
have the highest energy efficiency for any channel condition.

In some WSN applications, the reliability has a higher priority than the energy 
efficiency. Therefore, FEC-based schemes are compared with the HARQ tech-
nique which is able to provide higher reliability. In the simulation, a comparison 
for both reliability and energy efficiency between the FEC schemes and the 
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HARQ schemes is proposed. HARQ, combining ARQ and FEC, refers to the 
coded scheme that is able to transmit a packet, at most three times, in the case 
of a packet loss. Based on the simulation of the FEC schemes, HARQ schemes 
can also be simulated in Matlab. The PER of all the FEC and HARQ schemes is 
recorded in the simulation so that it can be used to calculate their energy effi-
ciency by using Equation 10.
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4 Results
To investigate how different schemes affect the performance of WSN, a simula-
tion has been implemented. This chapter provides the results of the simulation 
and the related calculations.

4.1 On reliability
4.1.1 Overview

In theory, the FEC scheme using strong RS codes has a lower PER than those 
using weak codes, which is verified by simulation in Figure 9. 

Figure 9: PER of fixed uncoded PHY payload combined with PHY coding

It is clear that the high code rate FEC schemes have a low PER in a low SNR 
interval, and the uncoded one is the most vulnerable scheme. FEC schemes re-
quire 2 dB less SNR in order to achieve the target PER of 0.01 and 0.001 than 
the uncoded scheme, i.e., to achieve the same PER, the FEC schemes require2 
dB less transmission power. Thus, it can be stated that the FEC schemes offers a 
2 dB coding gain as compared to those for the uncoded scheme. When the PER 
is close to 0.001, there is an evident tendency towards convergence. This phe-
nomenon is explained in Section 4.1.3. 

In Chapter 3, four sorts of FEC schemes are defined. Their PER curves are sim-
ilar to those in Figure 9.
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4.1.2 PHY coding and MAC coding
To verify whether the PHY coding has a higher reliability than the MAC cod-
ing, a comparison is made between these two schemes for the case involving 
RS (15, 9) code. Figure 10 plotted by the simulation provides the result. Nor-
mally, the PHY coding has a slightly higher reliability than the MAC coding 
since the MAC coding has two more uncoded bytes than is the case for the PHY 
coding. In the figure, when the SNR is 4 dB, for example, the PER of the PHY 
coding is 0.00715 while the PER of the MAC coding is 0.00999. Additionally, 
for the same target PER, 0.01 for example, the MAC coding requires 4.0 dB of 
SNR, whereas the PHY coding only requires 3.5 dB. Thus the PHY coding of-
fers a 0.5 dB coding gain with regards to the SNR.

Figure 10: PER of PHY coding vs MAC coding in the case of RS (15, 9)

Concerning the combination involving the fixed uncoded PHY payload, com-
parisons of the PHY coding and the MAC coding show the same result. How-
ever, only the chip manufacturer has the access to the PHY thus it is difficult to 
implement the PHY coding by means of hardware.

4.1.3 Fixed coded packet length and fixed uncoded PHY payload

4.1.3.1 Overview

Figure 11 (a) and (b) show the PER in the case of the fixed coded packet length 
and the fixed uncoded PHY payload.
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Figure 11 (a): PER of MAC coding combined with fixed coded packet length and fixed 
uncoded PHY payload

Figure 11 (b): Zooming figure of Figure 11 (a)

For RS (15, 13), it  is obvious that the schemes involving the fixed uncoded 
PHY payload provide a lower PER than the schemes involving a fixed coded 
packet length, while for RS (15, 5) the PER for both schemes is always the 
same. This can be explained by Table 3: the length of the coded packet is almost 
the same for RS (15, 5) while for RS (15, 13) the lengths differ greatly. For RS 
(15, 13), the length of a fixed coded packet is 126 bytes whereas the fixed un-
coded PHY payload is only 66 bytes. Because the maximum size of the PHY 
payload is 127 bytes, the length of a coded packet is no more than 133 bytes.
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4.1.3.2 Effects of uncoded headers on reliability

Since the length of a packet affects the reliability, to a certain extent, the differ-
ence of the curves is reasonable when the SNR is low for those FEC schemes 
that use the same RS code. The PER curves, relating to the FEC schemes, con-
verge when the SNR is high (SNR is greater than 5 dB), which means that the 
PER of the FEC schemes is almost the same. A simulation is conducted to test 
the effects of the uncoded headers on the PER. In Figure 12, the dashed black 
curve presents the PER of the packet that only consists of the uncoded part, 
which is 4 bytes of preamble, 1 byte of SFD, 1 byte of PHY header. The dashed 
curve also joins the PER curves of the FEC schemes when the SNR is high. 
This phenomenon arises because when the SNR is high, all the FEC schemes 
have the ability to correct all the corrupted symbols. The PER is only caused 
by the uncoded part of the packets. However, the length of the uncoded part of 
the MAC coding or the PHY coding FEC schemes is the same, and the PER of 
the FEC schemes is also the same when the SNR is high.

Figure 12: PER of MAC coding combined with fixed uncoded PHY payload and un-
coded headers packet

4.1.3.3 Effects of PHY payload length on reliability

In Figure 11, it is obvious that the PER curves of the FEC converge when the 
SNR is greater than 4 dB. However, when the SNR is low, such as 0 dB, the de-
ference in the PER is clear. The reason for this is that when the SNR is more 
than 4 dB, the coded part of a packet is able to correct the errors completely and 
the PER is only caused by the uncoded headers. When the SNR is around 0 dB, 
then the packet length has a great effect on the PER. This is shown in Figure 13. 
In the figure, when the SNR is 0 dB, the PER increases slightly as the length of 
the PHY payload increases even though it is coded. It is the case that the PER 
does level off at 0.01 when the SNR is 4 dB for an FEC scheme that uses RS 
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(15, 11). However, for the uncoded scheme, the PER is greatly related to the 
packet length. When the SNR is low, the length of the PHY payload has only a 
slight effect on the PER. In addition, the subtle effect on the PER diminishes as 
the SNR increases for the FEC schemes. 

Figure 13: PER of different length of PHY payload when SNR is 0 dB and 4 dB

4.1.4 HARQ and FEC
In this work, the performance of the HARQ schemes employing the MAC cod-
ing FEC schemes with the MAC coding FEC schemes have been compared. As 
the maximum number of transmission times is three in the HARQ, the Packet 
Delivery Rate (PDR), defined as the ratio of the number of successfully de-
livered  packets  and  the  total  number  of  transmitted  packets,  of  an  HARQ 
scheme can also be deduced as follows:

PDRHARQ=(1−PER FEC)+PERFEC (1−PERFEC )+PER FEC
2 (1−PERFEC )

PDRHARQ=(1−PER FEC)(1+PERFEC+PER FEC
2 )

PDRHARQ=1−PERFEC
3

(13)

Thus, the PER of the HARQ scheme is:

PERHARQ=PERFEC
3

(14)

In order to make a more precise comparison, the HARQ schemes were simu-
lated first and the PER was then recorded. To verify whether the simulation cor-
responds to the theoretical deduction, the PER of the simulated and the theoret-
ical HARQ were compared in Figure 14 (a) and (b). their values for PER were 
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both the same and, in this case, the PER of the HARQ used, has been obtained 
from the simulation.

In Figure 14 (b), HARQ enhances the reliability to a significant extent when 
compared to  the  FEC scheme it  employs.  The coding gains  for  the  HARQ 
schemes (employ RS (15, k ), k  = 5, 7, 9, and 11) are 3.5 dB and 5 dB for 
target PER of 0.01 and 0.001, respectively. For the HARQ scheme that employs 
RS (15, 13), the coding gains are,respectively, 3 dB and 4.5 dB. The ARQ has 
coding gains of, respectively, more than 3 dB and 4 dB. 

Figure 14 (a): PER of HARQ and MAC coding combined with fixed coded packet 
length (PER of HARQ is calculated by Equation 14, two retransmissions at most)

Figure 14 (b): PER of HARQ and MAC coding combined with fixed coded packet 
length (PER of HARQ and ARQ is from simulation, two retransmissions at most)
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4.2 Comparison on energy efficiency
In this section, the results of the comparisons in terms of energy efficiency are 
provided.

4.2.1 Overview
Figure 15 illustrates the comparison of the MAC and PHY codings, combined 
with the fixed uncoded PHY payload. From identical colour curves (showing 
both methods of coding), it can be seen that when the SNR is low, less than 0 
dB, strong codes for both the MAC and PHY codings have a higher energy effi-
ciency than the weak ones. However, as the SNR increases, the ranking of the 
energy efficiency changes to the opposite of what it was for the other case. The 
uncoded scheme has the highest efficiency while the strongest code – RS (15, 
5) – has the lowest for both the MAC and PHY codings.

When the SNR is low, the strongest code has the lowest PER which mainly af-
fects the energy efficiency according to Equation 10. On the contrary, for the 
higher SNR, it is the redundancy that has the biggest impact on the energy effi-
ciency. The reason for this is that when there is a high SNR, the PER of all the 
schemes converges and become infinitely close to 0 as the SNR converges to 
infinity.  Thus, the redundancy has little effect on the reliability,  while at the 
same time it reduces the energy efficiency in the case of high SNR.

4.2.2 PHY coding and MAC coding
From Equation 10, it can be seen that the energy efficiency is determined by the 
information data, redundancy and reliability. Section 4.1.2 proves that the PHY 
coding has a higher reliability than does the MAC coding. In Figure 15, the 
PHY coding for the majority of the FEC schemes has a higher energy efficiency 
than for the MAC coding due to its higher reliability in the low SNR interval 
and because there are less padded zeros, except for the FEC scheme using the 
RS (15, 5). 

In fact, there is a shift for the MAC coding and the PHY coding for RS (15, 5), 
because the zeros padded to the RS (15, 5) combined with the PHY coding are 
more than with the MAC coding (this is shown in Table 3). This is a require-
ment in order for the RS (15, 5) code to fit. In this case, the uncoded PHY pay-
load length is 40 bytes, and the headers, which must be coded are 2 bytes. Thus, 
3 bytes of zeros are padded after the information symbols for the RS (15, 5) 
code. In total, the part which will be coded is 45 bytes long. In this manner, it 
then becomes possible for the RS (15, 5) code to fit. However, the MAC cod-
ing, in this case requires no padded zeros for the RS (15, 5) code. Thus, the re-
dundancy of the PHY coding is longer than for the MAC coding in the case of 
the fixed uncoded PHY payload and the RS (15, 5) code. Although the PHY 
coding can provide a higher reliability when the SNR is low, its energy effi-
ciency declines when the SNR is high. However, for other FEC schemes, the 
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padded zeros for the MAC coding are greater than for the PHY coding. Thus, 
the MAC coding has a higher energy efficiency. 

In Figure 15, the green curves and red curves overlap in the case of a high SNR. 
Table 3 indicates that, for the case of RS (15, 11) and RS (15, 13), the length of 
information symbols is the same and the length of their coded packets are also 
the same. When the SNR is high, their PERs are close, so their energy effi-
ciency is the same. But when the SNR is low, RS (15, 11) has a strong reliabil-
ity, so it has a higher energy efficiency.

Figure 15: Energy efficiency of MAC coding and PHY coding, combined with fixed 
coded packet length

4.2.3 Fixed coded packet length and fixed uncoded PHY payload
From Figure 11, the conclusion to be drawn is that, in the case of fixed uncoded 
PHY payload, the reliability is higher than in the case of the fixed coded packet 
length in a low SNR interval. However, the reliability only affects the energy 
efficiency at a low SNR. 

Since fixed coded packet length schemes can carry more information than fixed 
uncoded PHY payload schemes, they have a higher energy efficiency especially 
when using RS (15, 13) or uncoded scheme, when the SNR is high, as shown in 
Figure 16. For example, when the fixed coded packet length scheme uses RS 
(15, 13) and is combined with the MAC coding, the efficiency can reach more 
than 80 %, while, at the same time, the energy efficiency of the fixed uncoded 
PHY payload is 60 %. When the SNR is low, the scheme involving the fixed 
PHY payload can provide  a  higher  reliability which affects  the  energy effi-
ciency and the main result is in a higher energy efficiency.
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The FEC scheme, which uses RS (15, 5), is an exception because the fixed un-
coded PHY payload scheme carries two bytes more useful information than is 
the case for the fixed coded packet length. The scheme for the fixed uncoded 
PHY payload carries  40 bytes  while  the scheme for the fixed coded packet 
length carries 38 bytes for the case involving RS (15, 5). This is indicated in 
Table 3.

Figure 16: Energy efficiency of MAC coding combined with fixed coded packet length 
and fixed uncoded PHY payload

4.2.4 HARQ and FEC
In the thesis, the maximum number of transmission times of HARQ is three, 
which means that a packet can be retransmitted, at most, twice. The formula 
used for calculating the energy efficiency is derived from Equation 10. But for 
the retransmission, the energy spent on transmitting and retransmitting is more 
than an FEC. The expression can be deduced as follows:

ηHARQ=
E HARQ

effi

E HARQ
(1−PER HARQ) (15)

where  E HARQ
effi  is  the effective energy for transmitting and receiving the in-

formation in a packet; E HARQ  is the total energy for transmitting and receiv-
ing the packet, including retransmissions; and  1−PER HARQ  is the PDR of 
HARQ calculated by Equation 13. E HARQ

effi  can be calculated by Equation 11 
while E HARQ  is given as:

E HARQ=E FEC+E FEC PERFEC+PERFEC
2

(16)

Using Equations 13 and 16, Equation 15 can be transformed into the following:
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ηHARQ=
E FEC

effi

E FEC

1−PERFEC
3

1+PERFEC+PERFEC
2

ηHARQ=
E FEC

effi

E FEC
(1−PERFEC ) (17)

where E FEC  is the energy for transmitting and receiving a packet once, and it 
is calculated by Equation 5; E FEC

effi  is the effective energy for transmitting and 
receiving a packet; and PERFEC  is the PER of an FEC scheme employed by 
the  HARQ scheme recorded in  the  simulation.  It  is  interesting  to  note  that 
Equation 17 is identical to Equation 10, implying that the HARQ scheme has 
the same energy efficiency as the FEC scheme it used. In Figure 17, this deduc-
tion is proved to be correct. The FEC is the scheme employed by HARQ. The 
energy efficiency of HARQ is calculated based on its simulated PER and re-
transmissions as shown in Equation 18.

ηHARQ=
E HARQ

effi

E HARQ
(1−PERHARQ)=

EHARQ
effi

E FEC(1+ rtime
(100 000)

)
(1−PERHARQ)

(18)

where  rtime  is  the number of retransmissions when transmitting 100 000 
packets  and  100  000  is  the  number  of  test  packets  in  the  simulation. 

PERHARQ  is the recorded PER of the HARQ schemes in the simulation.

Figure 17: Energy efficiency of HARQ and an FEC scheme used by the HARQ

4.3 Discussion
This section discusses the results of the above comparisons. 
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4.3.1 On reliability
Figures 9 and 11 show that the FEC schemes can enhance the reliability signi-
ficantly. If the target PER is set as 0.01 or 0.01, then the coding gain of these 
FEC schemes is 2 to 3 dB compared with the uncoded transmissions. i.e., to 
achieve the PER of 0.01, the uncoded schemes requires 2 to 3 dB more trans-
mission power than the FEC schemes. The SNR that must be achieved by all 
the FEC schemes need to attain the 0.01 PER is between 3.5 dB and 4 dB. 
However, when the SNR is more than 4 dB, the SNR to required to achieve the 
same PER is almost the same as for the RS (15, 5) and the RS (15, 13). The dif-
ference in the SNR is no more than 0.1 dB, and the performance of the different 
RS codes is approximately the same. The PER is mainly caused by the uncoded 
header of the packets.

HARQ can improve the reliability significantly and the coding gain is 3 to 3.5 
dB compared with the FEC. The coding gain of the ARQ is 3.5 dB compared 
with the uncoded scheme, thus achieving the target PER of 0.01. For the target 
PER of 0.001, the coding gain is between 4.5 to 5 dB and the span of values for 
the SNR of the FEC schemes in the relation to the target PER is about 0.5 dB. 
Thus, in order to improve the reliability, the HARQ is to be favored over the 
FEC. 

4.3.2 On energy efficiency
In Section 4.2.2, Figure 15 shows that the PHY coding has a slight advantage in 
relation to energy efficiency for most FEC schemes. The gain is no more than 
2% when the SNR is high and the maximum gain is about 5%. It has been dis-
cussed above that it  is only the manufacturers who have access to the PHY 
devices and the PHY coding provides no significant benefits, thus it is practical 
to use the MAC coding.

In Section 4.2.3, Figure 16 shows the scheme for a fixed coded packet length 
which has higher a energy efficiency than the scheme for the fixed uncoded 
PHY payload for most of the FEC schemes in relation to the case of a high 
SNR. The difference is mainly due to the length of the useful information data. 
However, there is no scheme that can provide the highest energy efficiency in 
all cases. From the perspective of energy efficiency, it makes sense to ensure 
that the transmission scheme is adaptive. 

Since each scheme provides the highest energy efficiency in a certain SNR in-
terval, which is called the best interval, the algorithm making the transmission 
scheme adaptive is as follows: when the channel condition, which in this case 
refers  to  the  SNR,  is  in  the  best  interval  of  a  scheme,  the  transmission  is 
switched to this scheme. For example, when the SNR of a channel is more than 
4 dB, then the transceiver adopts the uncoded scheme. When the value of the 
SNR is in the interval of 1 to 4dB, then the transceiver adopts RS (15, 13) code 
and so forth. These intervals can be distinguished in Figure 16. Consequently, 
the energy efficiency is always the highest in any channel condition.
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In Figure 16, all the schemes for a fixed coded packet length imply that the size 
of a coded packet is close to the maximum value, 133 bytes. Thus, a feasible 
way to improve the energy efficiency is to increase the size of the PHY payload 
to the maximum value. Although long lengths of PHY payload offer no benefit 
when the SNR is low, the adaptive scheme can provide the highest energy effi-
ciency in all the cases.

4.3.3 Future work
The channel condition is measured by SNR in the simulation. But in reality, it 
consumes time to estimate the SNR which is got by statistics method. Thus, the 
estimated SNR cannot reflect real time channel condition. As the receiver sends 
an acknowledgement when it receives a packet from the transmitter, the trans-
mitter can evaluate the channel condition by the acknowledgement message. In 
[14], the authors proposed a practical way to estimate channel condition by sig-
nal strength, overcoming the delay of SNR estimation. Signal strength is estim-
ated by Wiener filter and it changes the same way as SNR (see from Figure 18). 
In the figure, it is clear that signal strength is known in advance of SNR [14]. 
Thus, signal strength can present channel condition and it can be mapped to 
SNR of the channel. 

The adaptive transmission algorithm based on the signal power estimation is 
under development and this adaptive algorithm has not been simulated. It is 
proposed that this adaptive algorithm has the ability to achieve a high energy ef-
ficiency. In the future, this adaptive transmission algorithm must be realized.

Figure 18: Change of SNR and IEEE 802.11a signal power in an end-to-end base-
band model of the Physical layer of a wireless local area network [14]

31



On Forward Error Correction in IEEE 802.15.4
Wireless Sensor Networks
Wei Li, Zhiyuan Guo 2012-06-05

5 Conclusions
In the simulation model for PHY, the DSSS enhances the reliability of the data 
transmission by increasing the robustness of the transmitted signals, which is 
similar to the consequence of gain in the wireless link.  In this  way,  a large 
amount of energy can be  saved by achieving a target PER without increasing 
the transmission power. In the thesis, the reliability has been further increased 
by introducing FEC coding into the IEEE 802.15.4 standard.

Firstly,  the FEC schemes increase the reliability compared with an uncoded 
scheme. The coding gain of the FEC schemes in order to achieve the target 
PERs of 0.01 and 0.001 is 2 to 3 dB.

The thesis also concludes that HARQ has a stronger reliability compared with 
the FEC schemes. The coding gain of HARQ is 3 to 4 dB compared to the FEC 
schemes when achieving a target PER of both 0.01 and 0.001. Meanwhile, the 
energy efficiency of HARQ does not change even though HARQ adopts re-
transmissions.

When a comparison of PHY coding and MAC coding is made, the PHY coding 
has a slightly higher reliability than the MAC coding. Also, for the target PER 
of 0.01, the coding gain of the PHY coding is around 0.5 dB as compared to the 
MAC coding, mentioned in Section 4.1.2. Additionally, the PHY coding does 
not show any great benefit in energy efficiency compared with the MAC cod-
ing. Furthermore, only manufacturers have access to the PHY layer, while users 
can implement the MAC layer coding in software.

Finally, the length of the coded part has a slight impact on the reliability. When 
the SNR is high, only the uncoded part affects the reliability. It is energy effi-
cient to increase the length of the coded PHY payload to its maximum size.

In the future, if the adaptive algorithm, which aims to improve the energy effi-
ciency becomes a reality, then it will save much energy. Batteries can work for a 
longer time leading to low cost in relation to the power supply. In this way, the 
performance of WSN is improved significantly.
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	Abstract
	Wireless Sensor Networks (WSN) are used in many applications, for example industrial applications, automatic control applications, monitoring applications, to name but a few. Although WSN can employ different standards in order to achieve short range wireless communication, the mainstream of the market is to adopt the low-power, low-rate IEEE 802.15.4 standard. However, this standard does not specify any block codes on the Physical layer (PHY) and the MAC sublayer. Reliability and energy efficiency are two important metrics used to evaluate the WSN performance. In order to enhance the reliability of the WSN performance, schemes such as Forward Error Correction (FEC) and Hybrid Automatic Repeat-reQuest (HARQ) can be introduced on the PHY and MAC sublayer when transmitting signals. However, this will reduce the energy efficiency of the WSN. In order to investigate what does affect the reliability and energy efficiency, this thesis has been conducted with the assistance of Matlab simulations, which simulate different transmission schemes proposed by the authors. Based on the simulations, both the reliability and energy efficiency can be evaluated and the results are illustrated for both metrics. The objective of this thesis is to determine a scheme that is able to meet these metric requirements.
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