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Abstract
Cooperative Impulse Response –Ultra Wideband (IR-UWB) communication is a radio technology very
popular for short range communication systems as it enables single-antenna mobiles in a multi-user
environment to share their antennas by creating virtual MIMO to achieve transmit diversity. In order to
improve the cooperative IR-UWB system performance, we are going to use Differential Code Shifted
Reference (DCSR). The simulations are used to compute Bit Error Rate (BER) of DCSR in cooperative
IR-UWB system using different numbers of Decode and Forward relays while changing the distance
between the source node and destination nodes. The results suggest that when compared to Code Shifted
Reference (CSR) cooperative IR-UWB communication system; the DCSR cooperative IR-UWB
communication system performs better in terms of BER, power efficiency and channel capacity. The
simulations are performed for both non-line of sight (N-LOS) and line of sight (LOS) conditions and the
results confirm that system has better performance under LOS channel environment. The simulation
results also show that performance improves as we increase the number of relay nodes to a sufficiently
large number.

Keywords: Bit error rate, Cooperative system, Differential code shift Reference and Ultra wide
band communication.
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Chapter 1
Introduction
In our daily life, telecommunication plays a very vital role by bridging gap between people hence
turning the world into global village. The tremendous growth in wireless communication has
changed the lifestyle of people by making it an essential part of everyday life. As the wireless
technology grows, the need of higher capacity, faster and more secure service grows day by day.
To fulfill the requirements different technologies are being introduced every now and then. One
of those technologies is UWB that fulfills most of these demands by using a large amount of
channel bandwidth i.e. 500 MHz to transmit and receive data. On the other hand cooperative
communication is a term, used for different techniques which are being employed for achieving
transmit diversity for a single antenna mobile user in a multiuser environment i.e. creating virtual
MIMO. When UWB combines with cooperative communication, it increases the data rate
without compromising any of the above mentioned features. However, many technical
challenges still remain in designing robust wireless systems that deliver the performance
necessary to support emerging applications.

1.1 Problem Statement
The cooperative UWB is gaining popularity in wireless communication systems due to its
benefits of higher data rates using the concept of virtual MIMO. However, it is very cumbersome
to design the receiver due to the immense bandwidth of UWB systems. The major problem that
arises in designing the receiver is the conversion of analog signal to digital over the whole
bandwidth. The designing of rake receiver architecture requires specific numbers of correlators
to cater the signal energy [10]. As there are several resolvable paths involved in UWB fading
environment, the proficient buildup of energy in such type of architecture is costly. If we neglect
circuit complexity for the time, there is another factor which we cannot ignore and that is
channel estimation problem [10].
Finding a technique for cooperative IR-UWB communication system that gives better
performance in terms of BER, system complexity and power consumption is a challenging task.
This led to a research question that how does the performance of cooperative UWB
1

communication system can be enhanced in terms of BER, power efficiency and system
complexity.

1.2 Scope of thesis work
The purpose of this thesis is to investigate and compare BER, System complexity and Power
efficiency of DCSR-IR-UWB with respect to cooperative CSR-IR-UWB through simulation and
formulation. This includes simulation to have a comparison of DCSR-IR-UWB system and CSRIR-UWB system with different numbers of frames and information bits under NLOS conditions.
In order to investigate the performance of DCSR-IR-UWB communication system under
cooperative communication some simulations will be performed with different relay positioning
and also under LOS and NLOS environment. The simulation tasks are completed using DF
relays while varying distance between source and destination nodes.

1.3 Outline of thesis
The thesis presented here is divided into three parts. The first part is about introduction in which
the general introduction, problem statement, background and related work is provided. The
second part is about UWB system which explains the UWB modulation and multiplexing
technique, UWB channel and UWB transceiver. The third part is cooperative communication
which includes IR-UWB cooperative communication, cooperative techniques used in relays and
performance of DCSR IR-UWB cooperative communication.
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Chapter 2
Background and Related Work
In this chapter, we will discuss about history and background of UWB and cooperative
communication system. We will also explain both UWB and cooperative communication.
Finally, we will have an overview of related work that has already been done in the field of
UWB cooperative communication system.

2.1 History and background of UWB
Guglielmo Marconi, at the start of 19th century, presented the Ultra wideband communication
system to the world by using a radio transmitter based on spark gap to broadcast Morse code
sequences [1]. However, at that time the major advantage of wideband was not considered
seriously that was multiuser systems because of electromagnetic pulse. After few decades, when
modern pulse based communication was discovered, the radars were introduced [2]. At that time
this technology was only restricted to defense departments because of secrecy. The growing
demand and with the further improvement in the semiconductor industry, the UWB is no longer
a secret so the permission is granted by the Federal Communication Commission (FCC) to use
this technology commercially.
Before the emergence of ultra-wideband (UWB) radios, sinusoidal carriers and impulse
technologies were the most sources of wireless communications. When the UWB
communication technique emerged it was only used for specific purpose (e.g. radar). The UWB
communication was permitted unlicensed operation within 3.1 GHz and 10.6 GHz frequency
range in 2002 by the Federal Communication Commission (FCC) [2]. The wideband signal is
used for UWB communication with a low EIRP level i.e. -41.3dBm/MHz [2]. After that, the
rapid growth is seen in the field of UWB communication systems and it emerged as substitute to
narrow band systems and vast research work is done in this area of communication.
The short duration pulses can be exploited as building block for communication to yield large
bandwidth and thus can deliver enormous throughput, robustness with the advantage of current
radio features.
3

2.2 History and background of cooperative communication
In conventional communication system, data transmission between source and destination node
is done without any assistance by different users operating in the same wireless communication
network. However, these neighboring nodes could be of great use as they can enhance the
performance of the wireless system by assisting each other.
The cooperative communication history can be traced back to the revolutionary work of
Van der Meulen. He presented the idea of relay channel model having a source, relay and
destination node; and the main purpose was to assist the transfer of information from source to
destination node [3]. Cover and El Gamal provided different types of important relaying
techniques after acutely examining the relay channel model such as Compress and Forward (CF)
and Decode and Forward (DF).
In the past, the relays have been used to extend the range of wireless networks but recently
different novel applications of relay communication have been emerged. The recent
revolutionary application is to assist the neighboring node available in the wireless network by
using different cooperative protocols. In multi-user systems the resources can be shared by
different users to cooperate with each other. They can act as relay for other users as well as
support each other to transmit information. Another revolutionary application is to exchange
information between different users using the protocols of relays. The throughput of the system
can be increased dramatically by manipulating the information of one's own transmitted signal.
The cooperative and relay communications involves multi-layer design.
The relay channel model is an origin of cooperative communication but it differs significantly
from relay model in different ways. The relay channel model only concentrates on investigating
the AWGN channel capacity while cooperative communication technology helps to drop the
multipath fading [5]. Another major difference between relay channel model and cooperative
communication system is, that in relay channel model only relay assist the source node to send
the information while in case of cooperative communication technology the relay as well as other
users can assist the source node to send the information [5].

4

2.3 Overview of UWB
Ultra Wideband (UWB) systems are very different from conventional wireless systems as they
transmit signals over much wider frequency spectrum and use pulses to transmit data as
compared to narrowband radio links which use continuous-waves. Fig. 2.1 shows the comparison
between ultra-wideband communication system and narrowband.

Fig. 2.1: Comparison between ultra-wideband communication system and narrowband [8].
US Federal Communications Commission (FCC) defines UWB radio signal as a signal which
has -10dB bandwidth, or fractional bandwidth of at least 20% of its center frequency for data
communications which exceeds 500Mhz [6], [7].
The -10dB bandwidth is the range of frequency considered useful where the signal minimum
power is -10dB.
Fractional bandwidth can be defined as bandwidth of a system distributed by its center
frequency. E.g., 20% Fractional Bandwidth of a pass band filter whose center frequency is
20MHz will be 4MHz.
In case of UWB, -10dB bandwidth or 20% fractional bandwidth is more than 500MHz.
Fractional bandwidth is defined mathematically as [7]:
5
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Where, ܤோி represents the channel bandwidth, ܰ represents power spectral density (PSD) of
noise and ܲ is the received power signal. The UWB signals can be produced by using two
different approaches: the OFDM or multicarrier CDMA technique for high-data-rate
applications, and the impulse radio (IR) technique can be used for different low-data-rate
applications i.e. ad-hoc and sensor networks, cognitive radio, home networking [6]. The IR
UWB uses carrier-less transmissions because of nanosecond or even shorter duration pulses
which enable us to design low power transceivers along with benefit of low complexity
transceivers and it also allow us to identify precise location.

2.4 Overview of Cooperative Communication
The new cutting edge technology now in research is cooperative communication which can
improve system capacity and coverage by cooperation in multi-user scenario. This technology
consists of different formations to share the information among relays and transmitters to reach
destination node. Cooperative communication system permits users or nodes to share resources
by using distributed transmission. In this type of transmission, not only the user sends its
information but also the information of collaborative users [4].
Cooperative communication is a combination of diversity technology and relay transmission
technology, which facilitates distributed virtual Multiple-Input Multiple-Output (MIMO) system.
Virtual MIMO, in cooperative communication, can be defined as transmission system in which
numerous relay nodes act as a virtual antenna array to perform like conventional MIMO
application environment by communicating with each other, thus overcoming such boundaries as
coherence distance. In this way, it can achieve the transmission gain almost similar to multi-hop
and multi-antenna transmission without the requirement of additional antennas. Hence, the
information transmitted by the relay node and by the source node is being received by the
6

destination node. By using proper methods to combine these signals, we can achieve highly
improved data transmission rate, diversity gain, multiplexing gain and system capacity 2.5[4],
[5]. An example of cooperative communication with single relay is shown in Fig. 2.2, in which a
relay node cooperative for a wireless system.

Fig. 2.2: An example of cooperative communication with single relay.
In cooperative wireless communication, to increase the effective quality of service (measured at
the physical layer by block error rates, bit error rates, or outage probability) via cooperation leads
to interesting trade-offs in code rates and transmit power [4]. In cooperative mode, extra power is
required as each user transmits for other users as well. However, the baseline transmission power
for all the affiliated users will be reduced due to transmission diversity. In cooperative
communication each user transmits both his/her own bits as well as some information for his/her
partner; one might think this causes loss of rate in the system [4]. However, the spectral
efficiency of each user can improve as the channel code rates can be increased [4]. The
fundamental question which arises is, whether cooperation satisfies the cost experienced and the
answer to that question is affirmative as it has been demonstrated by several researches. The
various architectures of cooperative communication system are among the hottest topics in
research and new wireless standards.

7

2.5 Related Work
There has been a lot of research done on IR-UWB communication systems but comparatively
very less on the cooperative IR-UWB communication systems. Researchers have put effort in
analyzing the ways to improve IR-UWB communication systems but few have put some effort
on cooperative IR-UWB communication systems. This thesis work will help in understanding
the combined effect of cooperative communication with IR-UWB communication for IEEE
802.15.4a industrial environmental standards.
It is very difficult task to develop the receiver of UWB communication system because of the
ultra-short pulse generated at the transmitter side. Another factor that makes it more complex is
the considerably higher number of multipath components as compared to any other wireless
system. The cost and complexity required to resolve these multipath components will be great
due to multipath acquisition, channel estimation and tracking operations for large number of
detecting fingers [16].
There are many different techniques which have been developed for IR- UWB receivers such as
Rake Receiver, Selective Rake Receiver, Transmitted Reference (TR), Frequency Shifted
Reference (FSR), Code Shifted Reference and Differential Code Shifted Reference (DCSR) [11].
The first effort made to capture the signal energy of MPCs was by allocating each MPC a
detecting finger using Rake Receiver. However, in order to accurately match the phase, delay of
an explicit MPC and amplitude for every detecting finger a singular set of tracking operations,
channel estimation and multipath acquisitions are required. Subsequently, when there is large
number of detecting fingers, the Rake receiver system complexity will become way too high,
making it unacceptable. The selective Rake receiver was introduced to cater this difficulty which
only detects strongest resolvable MPCs and allocates them detecting fingers thus, creating a
tradeoff between complexity and performance of IR-UWB system [16].
The TR Receiver has been purposed to moderate the system complexity with better BER
performance. The TR transmitter transmits modulated data pulse and reference pulse separated
by delay for each information bit. In order to recover the information bits at the TR receiver, it
correlates the IR-UWB received signals with their delayed version. Since both the data pulse and
reference pulse undergoes the identical multipath fading therefore, the reference pulse acts as
flawless prototype to detect the data pulse. The TR receiver therefore does not require tracking
operations, channel estimation and multipath acquisition but it comprises of a delay element of
8

ultra-wide bandwidth therefore, it is difficult to comprehend for low power IR-UWB systems
[18].
The FSR Receiver has been introduced later to get rid of delay element. In this technique one or
more data pulse and a reference pulse is transmitted concurrently with minor shift in frequency.
In order to identify the information bit at the receiver the same frequency shift is made in
reference pulse. As the separation of the data pulse and reference pulse is done in same
frequency domain, it does not need any delay element. But despite of these improvements, the
complexity is increased in comparison to the TR receiver because of introduction of analog
carriers. There is also degradation in performance due to offsets in phase, amplitude and
frequency [18]. In order to overcome these technical challenges CSR Receiver has been
introduced in which the data pulse sequences and reference are alienated by codes rather than
separation by frequency or time. This scheme does not need explicitly a delay element, analog
carriers or channel estimation therefore realizes the improved performance and reduces system
complexity [15].
The CSR technique has been further improved with the introduction of DCSR technique which
uses the very much similar technique as of CSR except that it uses differential encoding for
several information bit to be transmitted concurrently and one data pulse is used as reference of
alternative data pulse. Subsequently, the reference pulse transmitted power can be reduced to 1/
(M+1) from half when M information bits need to be transmitted [18].
Later on some of these technologies have also been implemented on cooperative communication
along with UWB. We research and find out that the latest technique that has been implemented
for cooperative UWB communication technique is CSR while the DCSR still has not been
implemented for cooperative UWB communication system [11]. The only technique that
outperforms the CSR for UWB communication system in terms of BER and system complexity
is DCSR [17]. The CSR is a modulation technique when used in UWB cooperate communication
system gives better results in term of BER. The BER and system complexity of CSR is better
when compared to technologies already been implemented like TR and FSR under IEEE
802.15.4a industrial environment for cooperative IR-UWB communication system. CSR is used
in cooperative IR-UWB communication system while using Decode and Forward (DF) technique
for the relay that overcomes the technical challenges and improves the system performance of
IR-UWB communication [11]. This observation motivates us to purpose DCSR IR-UWB for the
cooperative communication system under IEEE 802.15.4a industrial environment for cooperative
9

IR-UWB communication system to have an idea how does it affects the performance of UWB
when both technologies are combined together.
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Chapter 3
Ultra Wide Band System
In this chapter, we will elaborate the functionality of two major groups of UWB systems. We
will also throw some light on different modulation and multiplexing schemes used for UWB
system and afterward there will be discussion about multiple access schemes, wireless channel
characteristics and distributions for channel fading. Finally, we will conclude the chapter with
some discussion on UWB channel which we are going to use for our thesis and that is IEEE
802.15.4a and there will also be elaboration of different IR-UWB transceivers under
consideration now-a-days.

3.1 Modulation and Multiplexing
UWB systems are usually divided into two groups: Multicarrier UWB (MC-UWB) and Impulse
Radio UWB (IR-UWB). MC-UWB works by sending multiple simultaneous carriers and IRUWB works by sending a comparatively low energy with very short duration pulses [9].

3.1.1 Impulse Radio UWB (IR-UWB)
In these systems, a sequence of irregular short pulses or pulse waveforms with low energy is
transmitted [20]. These low energy short pulse waveforms are also known as monocycle pulses.
Rayleigh, Laplacian, Gaussian or Hermitean pulses can be used as monocycle pulse [21]. We
have completed our simulation using Gaussian monocycle waveform while using Binary Phase
Shift Keying (BPSK) as data modulation scheme. These short pulses have a very large
bandwidth, i.e. in order of Gigahertz, so they do not require any carrier modulation for
transmission [21]. This technique is feasible for single user but it can be extended to multiple
users by introducing time hopping or direct sequences spreading [21]. In order to make the
communication resistant to noise and interference from the environment, a single symbol is
transmitted over the stretch of the N number of monocycle pulse [21]. The mathematical
expression for processing is:

PG1=10log10 (N)
11

(3)

In UWB communication, the resistance against multipath propagation comes from the
transmission of the consecutive pulses in discontinuous time hopped manner [11]. Short length
of a pulse and long repetition time also helps reducing the inter pulse interference [11].

3.1.2 Multicarrier UWB (MC-UWB)
The purpose of using this technique is to utilize the bandwidth of the channel efficiently. The
idea is to send the UWB signal using multiple carriers. This can be achieved by dividing the
channel’s bandwidth into numerous small bandwidth channels i.e. 500MHz [19]. Multiband
Orthogonal Frequency Division Multiplexing (MBOFDM) is achieved by using Orthogonal
Frequency division Multiplexing (OFDM) [20]. It allows multi carrier transmission by using a
technique called frequency diversity. It allows numerous streams of data to be transmitted in the
same channel without much interference. This gives us a spectrum efficient system with a
capability of sending high amount of data.

3.2 UWB Pulse Shape
In UWB communications Gaussian pulse, Gaussian doublet and Gaussian monocycle are used as
pulse shapes, it is clearly presented in Fig. 3.1.
A Gaussian pulse can be mathematically expressed as:

ܲோ ሺሻ ൌ

ଵ
ξଶగఙ

݁ ିሺଵ̳ଶሻሺሺ௧ିఓሻȀఙሻ

మ

(4)

Where, ߤ denotes the center of the pulse and σ denotes the pulse length. The Gaussian pulse is
feasible to be used in wireless communication systems as it contains DC term. Higher derivatives
of Gaussian pulse can be used in real life wireless communication systems as they don’t contain
any DC component.
First derivative of Gaussian pulse also known as a Gaussian monocycle can be expressed as:

ܲீ ሺሻ ൌ

ଵ
ξଶగఙ

௧ିఓ ଶ

ͳ െ ቀ

ఙ
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For Gaussian monocycle, ߤ= 3.5σ and the effective time length Tp = 7σ.

12

(5)

The Gaussian doublet which is double derivative of Gaussian pulse consists of two Gaussian
pulses which are opposite to each other amplitude wise. In time domain, a Gaussian doublet can
be mathematically defined as:

ܲீ ሺሻ ൌ

ͳ ݐെߤ
ͳ
െቀ ቁቀ ቁ
ቈ݁ ʹ ߪ
ξʹߨߪ

ʹ

ͳ

െቀʹቁቀ

െ݁

ݐെߤെܶʹ ݓ
ቁ
ߪ


(6)

Where, ܶௐ denotes time between consecutive maxima pulse and ܶ ൌ ͳͶߪ at ܶௐ ൌ ߪ
represents effective time length.

Fig. 3.1: Gaussian pulse, monocycle, and doublet [21].
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3.3 UWB Systems Modulation Schemes
Modulation is a process of altering features such as amplitude, phase or frequency of a periodic
waveform with another signal. Pulse amplitude modulation (PAM), On-Off Keying (OOK),
Pulse position modulation (PPM) and binary phase shift keying (BPSK) are the most commonly
used modulation schemes in UWB communication. These modulation schemes are explained
below in detail.

3.3.1 Pulse Amplitude Modulation (PAM)
In PAM, the pulses are transmitted in a time sequence by altering the amplitude of the pulses. As
shown in Fig. 3.2, “1” is represented by the pulse with higher amplitude and“0” is represented by
lower amplitude pulse [23]. The M-ary PAM signal is expressed as:

ݏሺݐሻ ൌ σஶ
ୀஶ ܽ ሺ݇ ሻ൫ ݐെ ݇ܶ ൯

(7)

Where, ݇ ௧ pulse amplitude is denoted byܽ ሺ݇ሻ, Frame interval is denoted byܶ , and ܶ is the
pulse duration.

Fig. 3.2: An example of 2-ary PAM Signal [23].
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3.3.2 Pulse Position Modulation (PPM)
In PPM, the position of the transmitted UWB pulse is controlled by the selected bit. PPM is
related to the nominal pulse position, which translates that information encoding is done by two
or more positions in time, as presented in the Fig. 3.3 [21], [22]. “0” is represented if the pulse is
transmitted at nominal position while “1” is represented by the pulse which is transmitted beyond
the nominal position [22]. Fig. 3.3 shows 2-ary PPM modulation which encodes one bit in every
impulse [21], [22]. Number of bits per symbol can be increased by increasing the number of
positions. The signal model for PPM can be mathematically defined as:

ݏሺݐሻ ൌ σାஶ
ୀ ሺ ݐെ ݇ܶ േ ܶ ሻ

(8)

Where, ூ denotes the UWB pulse and ܶ denotes the small shifts in pulse position.

Fig. 3.3: An example of 2-ary PPM Signal [23].

3.3.3 On-Off keying (OOK)
OOK is the modulation scheme used for binary level, which contains equally probable two
symbols [24]. As shown in Fig. 3.4, “1” is represented when a pulse or signal is transmitted and
“0” is represented by the absences of the signal. On-Off keying can be mathematically defined
as:

 ݏሺ  ݐሻ ൌ σஶ
ୀஶ ݉ ሺ݇ ሻ൫ ݐെ ݇ܶ ൯
Where, pulse amplitude is denoted by ݉ሺ݇ሻ and ܶ is the frame time.
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(9)

Fig. 3.4 An example of On-Off Keying [23].

3.3.4 Binary Phase Shift Keying (BPSK)
In the BPSK technique, data is transmitted in the polarity of the pulses [23]. It is also known as
bi-phase modulation scheme. As shown in Fig. 3.5, “1” is represented by the positive polarity
and “0” is represented by the negative polarity of the pulse. BPSK can be expressed as:

 ݏሺ  ݐሻ ൌ σஶ
ୀஶ ݀ ሺ݇ ሻ൫ ݐെ ݇ܶ ൯
Where,
ͳ݂݅ͳݏ݅ݐܾ݅݊݅ݐܽ݉ݎ݂݄݊݅݁ݐ
݀ሺ݇ሻ ൌ ൜
െͳ݂݅Ͳݏ݅ݐܾ݅݊݅ݐܽ݉ݎ݂݄݊݅݁ݐ

Fig. 3.5: BPSK Signal [23].
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(10)

3.4 UWB System Multiple Access Schemes
Single band UWB systems can be used for single user but with properly selected multiple
access schemes. It can also cater multiple users at a time [25]. Direct Sequence (DS) and Time
hopping (TH) spreading are the most frequently used multiple access techniques in UWB. They
are described in the subsections given below with details.

3.4.1 Direct Sequence UWB (DS-UWB)
In DS-UWB systems, numerous pulses are used to carry the data. Amplitude of these pulses
depends upon the employed spreading code [25]. DS-UWB uses a sequence of high-duty-cycle
pulses, the polarities of these high-duty cycle pulses depend on the pseudo-random code
sequences [11]. A special pseudo-random sequence is allocated to each user in the system which
is responsible for the pseudo random inversions of the UWB pulse train [11]. DS-UWB
technique can use PSM, PAM and OOK modulation. PPM uses time-hopping technique so it
cannot be used for DS-UWB [25], [26]. DS-UWB for OOK and PAM modulation can
mathematically be defined as [26], [27]:
ே ିଵ

ሺሻ
ೞ
 ݏ ሺ  ݐሻ ൌ σஶ
ୀିஶ σୀ ൫ ݐെ ݇ܶ௦ െ ݈ܶ െ ܿ ݀

ሺሻ

൯

(11)

Where, ܿ is Pseudo Random(PR) code of ݈௧ chip, ݀ is the ݇ ௧ data bit, pulse of duration is
denoted by ሺݐሻ, ܶ௦ and ܶ represents the chip length as presented in Fig. 3.6, user index is
denoted by ݆ and ܰ௦ represents the number of pulses per data [26]. The PR sequence length of
the bit is ܶ௦ ൌ ܰ௦ ܶ and has values of {-1, +1} [26].

Fig. 3.6: DS-UWB Signal [17].
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3.4.2 Time-Hopping UWB (TH-UWB)
In TH system, users are multiplexed in such a way that the system achieves time diversity. This
system uses low duty cycles pulses which are multiplied in time domain. The frame is divided
into small time slots, these time slots are allocated to multiple users. At a time, only one slot in
the frame is used to transmit data. Each user in the system is allocated a special code known as
TH sequence. This sequence identifies the slot in which a particular user can transmit during
every frame interval [25]. Pseudo-random (PR) code is used to verify the position of each
monocycle pulse.
TH-UWB for the ݆௧ user for different UWB modulation schemes can be mathematically defined
as [26], [27].
For PAM modulation:
ே ିଵ

ሺሻ
ೞ
 ݏ ሺ  ݐሻ ൌ σஶ
ୀିஶ σୀ ൫ ݐെ ݇ܶ௦ െ ݈ܶି ܿ ܶ ൯݀

ሺሻ

(12)

For PPM Modulation:
ே ିଵ

ሺሻ
ೞ
 ݏ ሺ  ݐሻ ൌ σஶ
ୀିஶ σୀ ൫ ݐെ ݇ܶ௦ െ ݈ܶ െ ܿ ܶ െ  ݀

ሺሻ

ߜ൯

(13)

Where, ݀ is the ݇ ௧ data bit of ݆௧ user, total symbol transmission time denoted by ܶ௦ is divided
into ܰ௦ frames and each frame has time duration ܶ while ܶ represents the time of each slot in
the frame [26]. Pseudo random code݈ܿ , which is unique for the ݆௧ user, is PR-TH code that is
used to identify the position of pulse in every frame needs to be encoded as presented in Fig. 3.7.

Fig. 3.7: TH-UWB Signal [17].
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3.5 Wireless Channels Characteristics
Just like any other wireless communication system most of the main propagation features apply
to a design and analysis of UWB radio channels [27]. These main propagation features consist of
reflection, diffraction and scattering [24]. Reflection occurs when a propagating signal is
reflected after falling on objects like floor, walls and buildings which have relatively larger
dimensions than the propagating signal. Diffraction occurs when the propagated signal is
hindered by objects with sharp edges. Scattering occurs when the dimension of the obstacles are
smaller than the wavelength of the propagating signal [11].

3.5.1 Delay Spread
When a signal passes through a time dispersive channel, multiple copies of that signal are
formed. These copies carry the same information as of originally transmitted signal but these
new signals travel along different paths to arrive at the receiver on different time slot. This
phenomenon is known as delay spread. In simple words, delay spread can be defined as the time
difference between the arrival of the first copy of the originally transmitted signal and the last
one [23], [19]. This phenomenon is also responsible for inter symbol interference (ISI), which is
caused when the spreading of the arriving pulse spreads in to the neighboring time slots. This
phenomenon is shown in Fig. 3.8.

Fig. 3.8: ISI phenomenon in digital communication [11].
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3.5.2 Multipath
Multipath effects are caused due to reflections from obstacles like water bodies, buildings,
mountains, etc. Any variation in the received signal is referred to as fading and there is another
fading phenomenon which occurs due to Multipath Components (MPCs) and that fading is called
multipath fading [19], [22]. There are two types of fading: slow fading and fast fading. Slow
fading occurs when the impulse response of the channel changes at speed much slower than the
transmitted signal. Fast fading occurs when the impulse response of the channel changes quickly
within a time range of one symbol [21].

3.5.3 Coherence Bandwidth
Coherence Bandwidth can be defined as set of those frequencies which do not get distorted if
they are transmitted through the wireless channel. It is referred as the measurement of the
frequency ranges in the wireless channel which can be considered as “flat” [11], [24]. We can
reduce the effect of multipath interference by reducing the signal bandwidth to a level that it is
less than coherence bandwidth [19].
ܹܤ ൌ

ͳ
ʹߨܶ݀

(14)

3.6 Distributions for Fading Channel
Channel fading distribution can be defined as the factors or conditions which distort the signal
when it passes from source to destination through the wireless channel. Different channels
distributions are discussed below.

3.6.1 Rician Channel
The transmission channel model in which transmitted signal is subject to small scale fading
envelope distribution is called Rician channel [24]. This channel model is only valid if the
transmitter and receiver are in line of sight (LOS). The signal in this model reaches at the
receiver at different angles, which becomes the reason for multipath interference [11]. In a
scenario where transmitter and receiver are at LOS, multiple signals which follow different LOS
path and with different strengths reach at receiver, it is called Rician fading. When the dominant
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signal in the received signal fades away Rician distribution becomes Rayleigh distribution [11],
[26].

3.6.2 Gaussian Channel
The Gaussian channel is mostly used when we want to see the response of the communication
system in ideal noise conditions [19]. This model is fairly accurate in some situations like wired
and wireless channel communications [11]. Gaussian channel model is suitable for channels
when a single transmitter and a receiver are used. When the communication signal is sent
through this channel model, it is subject to additive white Gaussian noise. This process is shown
in Fig. 3.9.

Fig. 3.9: Gaussian Channel model [11].
Here, Xi denotes the channel input, Yi denotes the channel output and Zi denotes the additive
white Gaussian noise (zero mean and variance). Zi is also supposed to be independent of the
input Xi.

3.6.3 Rayleigh Channel
Rayleigh channel can be defined as transmission channel model in which the transmitted signal
is subject to fading which follows Rayleigh probability density function. Rayleigh fading arises
when the transmitted signal passes through an environment where there are numerous obstacles.
These obstacles introduce effects like scattering which distort the originally transmitted signal
[26].
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3.7 Ultra Wideband Channel
As mentioned earlier, the UWB systems have a potential of becoming an important part of
various commercial and military applications i.e. radar, wireless communication, and medical
instruments. It can provide very high data rates to multiple users by using large channel
bandwidth. UWB channels exhibit two kinds of signal degeneration effects: pulse distortion and
multipath propagation. Pulse distortion, as the name suggests, is the distortion of the originally
transmitted UWB pulse whereas multipath propagation is a phenomenon in which numerous
copies of originally transmitted UWB pulse, delayed in time, are received at the receiver. UWB
channels have very large channel bandwidth i.e. 10 GHz [27], [29]. The UWB IEEE channel
models we are interested in are IEEE 802.15.4a channel models.

3.7.1 IEEE 802.15.4a UWB Channel Model
There is a wide range of channel environments being offered under IEEE 802.15.4a UWB
channel model i.e. industrial, residential, office and outdoor. These UWB channel models cover
a frequency range of 2GHz - 10GHz and data rates of 1Kbps to several Mbps. The key elements
of the channel model are:

Path Loss
Path loss can be defined as the ratio of transmitted power ܲ௧ to the received power . When
transmitted signal travels through a wireless communication channel, its strength decreases due
to different interferences. The signal strength can be restored by using repeater or signal boosters
if the distance between transmitter and receiver is very high.
We can define path loss as:

ܲ
ܲ ൌ ݐ

ܲݎ

(15)

Where, transmitted power is denoted by ܲ௧ and ܲ is the received power.

Shadowing
When the signal power is attenuated due to obstacles, while travelling from source to destination,
it is known as shadowing. In small scale fading, the average path loss is given as [30]:
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ௗ

ܲܮሺ݀ሻ ൌ ܲܮ ͳͲ݈݊݃ଵ ቀ ቁ  ܵ
ௗ

(16)

Where, S is the shadowing Gaussian noise in dB with zero mean and the standard deviationߪS.

Power delay Profile
Power delay profile gives the intensity of the received signal which passes through MPC as a
function of time delay. Time delay is the difference in the time taken by various multipath
components to receive at receiver [24]. Power delay profile can be given as follows:

ܲܲܦሺ߬ሻ ൌ ȁ݄ሺݐǢ ߬ሻȁ

ଶ

(17)

Where, signal’s impulse response modulus value can be denoted byȁ݄ሺݐǢ ߬ሻȁ. Using this impulse
response, received signal power can be calculated as [27]:
ଶ

ଶ
ܲܲܦሺ߬୬ ሻ ൌ ܧ൛ȁ݄ሺݐǢ ߬ሻȁ ൟ ൌ σேିଵ
ୀ ߙ ߜሺݐǢ ߬ ሻ

(18)

3.8 IR-UWB Transceiver
In this section, we will have an overview of rake receiver. We will also evaluate the performance
of the DCSR transceiver in comparison with CSR transceiver through theoretical analysis and
simulations to have an overview and understanding about this novel technology. The theoretical
analysis for system structures and the performance in terms of bit error rate (BER) of CSR and
DCSR transceiver will be verified through simulations. A thorough comparison among the CSR
and the DCSR transceivers reveals the advantages of the DCSR transceiver over CSR
transceiver. The transceiver design for UWB communication system is a real challenge because
of enormous bandwidth and it uses antipodal or PPM in the form of short pulses [12], [13]. It is
also very difficult to transform entire bandwidth from analog to digital signal even for a very
simple low-power UWB receiver. In most of the UWB receivers, there must always have some
numbers of analog correlators to cater signal energy like in case of rake receiver [13]. In such
type of architecture, proficient utilization of energy is a critical task because of UWB fading with
large amount of resolvable paths. The feasible approach in presence of these problems in DSUWB or conventional impulsive UWB is that UWB should be in the form of multiband for
higher data rate and short range [13]. In the next segments, two reference-based non-coherent IRUWB systems, i.e. Code-Shifted Reference (CSR) and Differential Code-Shifted Reference
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(DCSR) systems are discussed. In the Time Reference (TR), the Frequency Shift Reference
(FSR) or the CSR transceivers, a lot of power is wasted to cater the reference pulse as it
consumes half of transmitted power. In order to improve the CSR performance by decreasing the
reference power, a new technique named differential CSR (DCSR) is used. In this technique, one
data pulse can act as reference pulse for other data pulse, hence the transmit power of the
reference pulse sequence can be reduced to half, which mathematically means that when we
compare the CSR transmitted power to the DCSR transmitted power, it is 1/ (M+1) times less.

3.8.1 Rake Receiver
A serious obstacle in the implementation of UWB technology is the design of receiver. In NLOS
multipath environment, IR UWB received signal comprises of several multipath components
(MPCs) as compared to almost every other wireless communication systems [6]. By allocating
every MPC a detecting finger rake receiver can excellently capture the spread of signal energy
but there is one crucial problem that arises due to some MPCs delay, amplitude and phase which
makes it very difficult to match all these variables at the receiver side [6]. Eventually, with the
increase in detecting fingers the system complexity increases and the implementation of rake
receiver becomes close to impossible [6].
An example of two MPCs of the general structure of rake receiver is shown in Fig. 3.10, in
which a detecting finger is required in each resolvable MPC.

Fig. 3.10: An Example of two MPC of the Rake Receiver structure [14].
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The selective rake receiver could be an alternative to improve the performance of the rake
receiver by assigning limited detecting fingers, but the complexity and cost is still needed [13].
Fig. 3.11 shows the comparison between the principle of rake receiver and selective rake
receiver.

Fig. 3.11: Principal of the (a) Rake Receiver and (b) Selective Rake Receiver [13].
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3.8.2 Code-Shifted Reference (CSR) UWB System
In the CSR transmitter, M bits of information can be sent simultaneously through ܰ UWB
pulses. The transmitted UWB pulse can be expressed mathematically as [15]:
ே ିଵ


ெ
ݔሺݐሻ ൌ σஶ
ୀିஶ σୀ ܲሾ ݐെ ሺ݆ܰ  ݅ሻܶ ሿ หξܿܯ  σୀଵ ܾ ܿ ห

(19)


Fig.3.12: CSR-UWB transmitter structure [16].
Where, UWB pulse is denoted by ሺݐሻ with a frequency range from ݂ to ݂ு and time duration
ofܶ , ܶ is the duration after which UWB pulses repeat, and withܿ  אሼെͳǡͳሽ:
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ܿ
ܿ
ڭ ۍ ې ڭ ۍ
ܿ ێ  ۑൌ ܿ ێ
 ێ ۑ ێ
ڭ ێ ۑ ڭ ێ
ܿۏெ ܿۏ ےெ

ڮ

ܿ

ڮ

ܿ

ڮ

ܿெ

ܿ ڮሺேିଵሻ

ې
ڭ
ڭ
ܿ ڮሺேିଵሻ ۑ
ۑ
ۑ
ڭ
ڭ
ܿ ڮሺேିଵሻெ ے

(20)

In the above given matrix, there are M+1 shifting codes, which are used to separate M data
pulses from the reference pulses [15].

Fig. 3.13: CSR receiver Structure. [15].
In the CSR receiver, presented in Fig. 3.13, the signal goes through different processes. In the
first step, the signal is passed through Band Pass Filter (BPF) to remove the interference and
noise from the signal. The BPF has time response ݄ሺݐሻ and frequency responseܪሺ݂ሻ. In the
second and third step, the filtered signal is squared and then in order to obtainݎ , squared signal
is integrated in the interval ൫݆ܰ  ݅൯ܶ to ൫݆ܰ  ݅൯ܶ  ܶெ [15].
In AWGN multipath channel, the value of ܶெ changes from ܶ to ܶ with severe delay spread
[15]. The larger the value ofܶெ , the more signal energy distributed in different MPCs can be
collected; nevertheless, more noise and interference will be added [15]. In the last step, M
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detection codes are correlated with ݎ respectively in order, as given below, to detect the value
of the M information bits [15]:
ܿǁ
ܿǁଵ
 ۍଵ
ې ڭ ۍ
ڭ
ܿ ێǁ ێێ ۑ
 ێ  ۑൌ ܿ ێǁ
ڭ ێ ۑ ڭ ێ
ܿۏǁெ ܿۏ ےǁெ

ڮ

ܿǁଵ

ڮ

ܿǁ

ڮ

ܿǁெ

ܿ ڮǁሺேିଵሻଵ

ې
ڭ
ڭ
ۑ
ܿ ڮǁሺேିଵሻ ۑ
ۑ
ڭ
ڭ
ۑ
ܿ ڮǁሺேିଵሻெ ے

(21)

Where,ܿǁ  אሼെͳǡ ͳሽ
The following three conditions must be satisfied in order to detectܾ , correctly [15]:
ே ିଵ


σୀ
ܿǁ ൌ Ͳ,

 ג ݇ሼͳǡʹǡ ǥ Ǥ Ǥ ǡ ܯሽ

(22)

ܰ ǡ݇ ൌ ݈
, ݇ǡ ݈  גሼͳǡʹǡ ǥ Ǥ Ǥ ǡ ܯሽ
Ͳǡ݇ ് ݈

(23)

ே ିଵ


σୀ
ܿǁ ܿ ܿ ൌ ൜

ே ିଵ


σୀ
ܿǁ ܿ ܿ ൌ Ͳ,

݇ǡ ݈ǡ ݊  גሼͳǡʹǡ ǥ Ǥ Ǥ ǡ ܯሽ

(24)

The value of ݎǁ can be determined by using equation given below which directly reflects the
CSR receiver system architecture as illustrated in Fig. 3.13 [15].

(25)

ݎǁ ൌ  ݏ   ݊
Where,
ே ିଵ

൫ே ା൯் ା்ಾ

ݏ ൌ  σୀ ܿǁ ൫ே

 ା൯்

ே ିଵ

൫ே ା൯் ା்ಾ

݊ ൌ σୀ ܿǁ ൫ே

 ା൯்

ሾݔሺݐሻ ٔ ݄ ሺݐሻ ٔ ݄ሺݐሻሿଶ ݀ݐ

(26)

ሼʹሾݔሺݐሻ ٔ ݄ ሺݐሻ ٔ ݄ሺݐሻሿሾ݊ሺݐሻ ٔ ݄ሺݐሻሿ  ሾ݊ሺݐሻ ٔ

݄ሺݐሻሿଶ ݀ݐሽ

(27)

Where, AWGN is denoted by ݊ሺݐሻ with power spectral density of two sides is given by ܵ ሺ݂ሻ ൌ
ܰ Ȁʹ and impulse response݄ ሺݐሻ of the multipath channel can be determined by using equation
given below [15]:
݄ ሺݐሻ ൌ  σୀଵ ܽ ߜሺ ݐെ ܶ ሻ

(28)

Where, amplitude is denoted by ܽ and ܶ is the delay of the ݈௧ MPC and we can safely assume
ܶଵ to be zero without compromising generality [15]. Furthermore, we have also assumed interpulse interference to be zero, i.e. ɒ  ܶ ൏ ܶ .
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ݏ ൌ ʹ݃ξܰܯ ςୀାଵ ܾǡ

(29)

Where,
்

݃ ൌ  ಾሾሺݐሻ ٔ ݄ ሺݐሻ ٔ ݄ሺݐሻሿଶ ݀ݐ

(30)

Table 3.1: CSR shifting and detection codes [16].
Table 3.1 shows the Walsh codes selection for shifting and detection codes considering the two
rules given below and three conditions defined by (22)-(24) [16]:
ࢉ ൌ ࢉ Ǥ ࢉ ,

 ג ݇ሼͳǡʹǡ ǥ Ǥ Ǥ ǡ ܯሽ

(31)

ࢉ Ǥ ࢉ ് ࢉ ,

݇ǡ ݈ǡ ݊  גሼͳǡʹǡ ǥ Ǥ Ǥ ǡ ܯሽ

(32)

At most ʹேିଵ detection codes and ʹேିଵ  ͳ shifting codes can be used for Walsh codes having
length of ʹே . Thus, for ܰ ൌ ʹே , at most  ܯൌ ʹேିଵ information bits can be transmitted
simultaneously [16].
The BER of the CSR transceiver for different M is given by (33) [15]:
ܴܧܤௌோ ൏ ܳ ൬ට

29

ெሺఈா್ ሻమ

ଶெఈா್ ே ାே ே మ ሺ ି ሻ்ಾ

൰

(33)

Where,ܾ  גሼͳǡ െͳሽ, ୨ ൌ  ൣܾଵ ǡ ǥ ǡ ܾ ǡ ǥ ǡ ܾெ ൧ are the M information bits. In the ݆௧ ܰ ܶ time
duration, M information bits are transmitted.

3.8.3 Differential Code-Shifted Reference (DCSR) UWB
System
In the DCSR transmitter, M bits of information can be sent simultaneously through ܰ UWB
pulses. The transmitted UWB pulse can be expressed mathematically as [17]:
ே ିଵ


ெ
ݔሺݐሻ ൌ σஶ
ୀିஶ σୀ ܲሾ ݐെ ሺ݆ܰ  ݅ሻܶ ሿ หσୀ ݀ ܿ ห

(34)


Fig. 3.14: DCSR-UWB transmitter structure [18].
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Where, UWB pulse is denoted by ሺݐሻ with a frequency range from ݂ to ݂ு and duration of ܶ
and ܶ is the duration after which UWB pulses repeats, and withܿ  אሼെͳǡͳሽ:
ܿ
ܿ
ڭ ۍ ې ڭ ۍ
ܿ ێ  ۑൌ ܿ ێ
 ێ ۑ ێ
ڭ ێ ۑ ڭ ێ
ܿۏெ ܿۏ ےெ

ڮ

ܿ

ڮ

ܿ

ڮ

ܿெ

ܿ ڮሺேିଵሻ

ې
ڭ
ڭ
ܿ ڮሺேିଵሻ ۑ
ۑ
ۑ
ڭ
ڭ
ܿ ڮሺேିଵሻெ ے



(35)

In the above given matrix, there are M+1 shifting codes, which are used to separate M data
pulses from the reference pulses [17]. From (34), we can conclude that information bits
differentially encoded and denoted by ݀ are given by [17]:
ͳ
ୀ
݀ ൌ  ൜ς ܾ גሼଵǡଶǡǥǤǤǡெሽ

ୀଵ 





(36)

Where,ܾ  גሼͳǡ െͳሽǡ ୨ ൌ  ൣܾଵ ǡ ǥ ǡ ܾ ǡ ǥ ǡ ܾெ ൧ is the M information bits transmitted during the
݆௧ ܰ ܶ time duration.

Fig. 3.15: DCSR UWB receiver structure [17].
In the DCSR receiver, presented in Fig. 3.15, the signal goes through different processes. In the
first step, the signal is passed through BPF to remove the interference and noise from the signal.
The BPF has time response ݄ሺݐሻ and frequency responseܪሺ݂ሻ. In the second and third step, the
filtered signal is squared and then in order to obtain ݎ the squared signal is integrated in the
time interval ൫݆ܰ  ݅൯ܶ to ൫݆ܰ  ݅൯ܶ  ܶெ [17].
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In AWGN multipath channel, the value of ܶெ changes from ܶ to ܶ with severe delay spread
[17]. If value ofܶெ is larger, more signal energy will be distributed in different MPCs. This
energy can be collected even if more noise and interference will be added [17]. There are M
(M+1)/2 multiplication combinations for M+1 shifting codes, as shown in Fig. 3.16.
, M (M+1)/2 detection codes are correlated
In the last step, in order to obtain൛ݎǁ ൟ גሼାଵǡାଶǡǥǤǤǡெሽ
גሼǡଵǡǥǤǤǡெିଵሽ
with ݎ respectively, in order as given below [17]:
ܿǁሺேିଵሻଵ
ܿ ۍǁଵ ǥ ܿǁଵ
ې
ڮ
ڭ
ۍ
ێ ې
ۑ
ڭ
ڭ
ڭ
ܿ ڭǁሺேିଵሻெ
ێ
ܿ ێ ۑǁெ ڮ
ܿǁெ ڮ
ۑ
ێ
ܿ ێ ۑǁ
ܿǁ
ܿǁ
ሺே
ିଵሻଵଶ
ۑ
ڮ

ଵଶ
ଵଶ ڮ
ێ
ۑ
ڭ
ێ
ۑ
ڭ
ڭ
ڭ
ڭ
ێ
ۑൌ
ڮ
ܿ ێǁଵெ
ۑ
ܿǁ
ڮ
ێ
ۑ
 ڮଵெ ܿ ڮǁሺேିଵሻଵெ
ێ
ۑ
ܿǁ
ܿǁ
ଶଷ
ଶଷ
ێ
ۑ
ڭ
ܿ ڭǁሺேିଵሻଶଷ ۑ
ێ
ڭ
ڭ
ێ
ۑ
ڮ
ڭ
ڮ
ێ
ۑ
ܿǁ
ܿǁ
ܿǁ
 ۏሺெିଵሻெ ے
ሺெିଵሻெ
ሺெିଵሻெ
ܿǁ
ሺே
ିଵሻሺெିଵሻெ
ۏ
ے

ܿǁଵ
ڭ
ܿǁெ
ܿǁଵଶ
ڭ
ܿǁଵெ
ܿǁଶଷ
ڭ

(37)

גሼାଵǡାଶǡǥǤǤǡெሽ

Finally, the values of M information bits are determined from ൛ݎǁ ൟ גሼǡଵǡǥǤǤǡெିଵሽ [17].

Fig. 3.16: Information bit detection unit [17].
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The value of ݎǁ can be determined by using equation given below which directly reflects the
DCSR receiver system architecture as illustrated in Fig. 3.16 and Fig. 3.17 [17].
ே ିଵ


ݎǁ ൌ  ݏ   σୀ
ܿǁ ݊

(38)

Where,
ே ିଵ

൫ே ା൯் ା்ಾ


ݏ ൌ  σୀ
ܿǁ ൫ே ା൯் 


൫ே ା൯் ା்ಾ

݊ ൌ ൫ே ା൯் 






ሾ ݔሺݐሻ ٔ ݄ ሺݐሻ ٔ ݄ሺݐሻሿଶ ݀ݐ

(39)

ሼʹሾݔሺݐሻ ٔ ݄ ሺݐሻ ٔ ݄ሺݐሻሿሾ݊ሺݐሻ ٔ ݄ሺݐሻሿ  ሾ݊ሺݐሻ ٔ ݄ሺݐሻሿଶ ݀ݐሽ (40)

Where, AWGN is denoted by݊ሺݐሻ, with power spectral density of two sides is given by ܵ ሺ݂ሻ ൌ
ܰ Ȁʹ and impulse response ݄ ሺݐሻ of the multipath channel can be determined by using equation
given below [17]:
݄ ሺݐሻ ൌ  σୀଵ ܽ ߜሺ ݐെ ܶ ሻ

(41)

Where, amplitude is denoted by ܽ and ܶ is the delay of the ݈௧ MPC and we can safely assume
ܶଵ to be zero without compromising generality [17]. Furthermore, we have also assumed interpulse interference to be zero, i.e. ɒ  ܶ ൏ ܶ .
ܰ ǡ݈ ൌ  ݊݀݊ܽൌ ݍǡ
ே ିଵ
σୀ
ܿǁ ܿ ܿ ൌ ൜ 
Ͳǡݎ݄݁ݐǡ

(42)

ݏ , given by (39) can be simplified into [17]:

ݏ ൌ ʹ݃ܰ ςୀାଵ ܾǡ

(43)

Where,
்

݃ ൌ  ಾሾሺݐሻ ٔ ݄ ሺݐሻ ٔ ݄ሺݐሻሿଶ ݀ݐ
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(44)

Table 3.2: DCSR shifting and detection codes [18].
Table 3.2 shows that we can avail at most one detection code and two shifting codes for ܰ ൌ ʹ
and therefore, only one transmission of information bit could be possible, i.e. M=1. In case
ofܰ ൌ Ͷ, we can avail at most three detection codes and three shifting codes, and therefore
simultaneous transmission of two information bits could be possible, i.e. M=2; and if we
consider ܰ ൌ ͺ, at most six detection codes and four shifting codes are available, and therefore
simultaneous transmission of three information bits could be possible, i.e. M=3 [18].
Therefore, in order to optimize the BER performance of the DCSR transceiver, the output of the
information bit detection unit ܾ ൌ ൣܾଵ ǡ ǥ ǡ ܾ ǡ ǥ ǡ ܾெ ൧ should be determined with the decision
rule for joint detection as follows [17]:

ெ

σெିଵ
ܾ ൌ  ቄ௫
ՠ൫ܾ ൯ቅ ൌ  ቄ௫
ୀ σୀାଵ ݎǁ ςୀାଵ ܾ ቅ


ೕ

ೕ

(45)

The mathematical expression for DCSR transceiver BER is given by [17]:

ܴܧܤௌோ 
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ଵ
ெଶಾ

σೕ σೕஷೕ ݀ ൫ܾ ǡ ܾ ൯ܲ ݎቀՠ൫ܾ ൯ǡ ՠ൫ܾ ൯ቁ

(46)

The BER of the DCSR transceiver is for M=2 and M=3 are given by (47) and (48) [17]:

ܴܧܤௌோ ൏ ʹܳ ൬ට

ܴܧܤௌோ ൏ ʹܳ ൬ට

ଷଶሺఈா್ ሻమ

ఈா್ ே ାଽே ே మ ሺ ି ሻ்ಾ

ଶሺఈா್ ሻమ
ସ଼ఈா್ ே ାସே ே

మ ሺ

 ି ሻ்ಾ

൰,

൰  ʹܳ ൬ට

(47)

M=2
ଽሺఈா್ ሻమ

ଵଶఈா್ ே ାே ே మ ሺ ି ሻ்ಾ

൰ǡM=3 (48)

3.8.4 DCSR-UWB Encoding Example
Let us consider number of frames ܰ ൌ Ͷ then the number of information bits M, that can be
transmitted, can be determined by

ெሺெାଵሻ
ଶ

 ܰ െ ͳ; therefore, the number of information bits M

for this example is two (M=2, ܰ ൌ Ͷ). In addition, there will be M + 1 orthogonal shifting code
where the length of these codes is equal toܰ .
As a result, the number of orthogonal shifting codes is going to be three and the code length is
four, as it is given in Table 3.3.

Table 3.3: Detection and Shifting codes selected from Walsh codes withࡺࢌ ൌ 
For the DCSR-UWB system, the original information bits ܾெ should be encoded
differentially݀ெ . Consequently, the original information bits ܾଵ and ܾଶ are going to be ݀ଵ
and݀ଶ . After the combination of the differential codes with the shifting codes, the amplitudes of
the UWB pulses will be determined.
If ܾଵ ൌ Ͳ and ܾଶ ൌ Ͳare chosen for the following example:
݀ ൌ ͳ, which is fixed at +1 with bipolar expression
݀ଵ ൌ ܾଵ ൌ Ͳ, which is going to be -1 with bipolar expression
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തതതതതതതതതത
݀ଶ ൌ ܾ
ఫଵ ܾ כఫଶ ൌ ͳ, which is going to be +1 with bipolar expression
From Table 3.3, the shifting codes are:
ܿ ൌ ሾͳǡ

ͳǡ

ͳǡ

ͳሿ

ܿଵ ൌ ሾͳǡ

െͳǡ

ͳǡ

െͳሿ

ܿଶ ൌ ሾͳǡ

ͳǡ

െͳǡ

െͳሿ

As a result, the amplitude values for ܾଵ ൌ Ͳ and ܾଶ ൌ Ͳ is ሾͳǡ͵ǡͳǡͳሿ as it is
shown in Fig. 3.17, and the rest of amplitude pulses are going to be generated using this same
procedure.

Fig. 3.17: The amplitudes of the UWB pulses when ࢈ ൌ and࢈ ൌ .
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3.8.5 BER performance comparison of the CSR-UWB, the
DCSR-UWB systems without cooperation
By using the mathematical equations, the BER of CSR and DCSR transceivers are calculated and
then simulated using MATLAB for M=2 and M=3and shown in Fig. 3.18 and Fig.3.19
respectively.

Case I: DCSR vs. CSR when ࡺࢌ ൌ ૡ and M=2
The simulation is carried out using MATLAB considering IEEE 802.15.4a industrial LOS
environment for M=2 information bits in order to compare the BER of DCSR against CSR. We
can clearly observe that DCSR performs better than CSR in terms of BER.

Fig. 3.18: BER performance of DCSR vs. CSR when ࡺࢌ ൌ ૡ and M=2.
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Case II: DCSR vs. CSR when ࡺࢌ ൌ ૡ and M=3
The DCSR system reference power consumption decreases as the number of the data stream
increases there by giving upper hand over CSR. The simulation is carried out using MATLAB
considering IEEE 802.15.4a industrial LOS environment for M=3 information bits in order to
compare the BER of DCSR against CSR. We can clearly observe that DCSR performs better
than CSR in terms of BER. In fact the DCSR performance also increased as compared to M=2
information shown in Fig. 3.19.

Fig. 3.19: BER performance of DCSR vs. CSR when ࡺࢌ ൌ ૡ and M=3.
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3.8.6 Advantages of DCSR over CSR
In order to have a clear overview of important aspects of DCSR and CSR transceiver and to
observe the advantages of DCSR over the CSR transceiver, a comparison table has been
compiled.
CSR

DCSR

Delay Element

No

No

Analog Carriers

No

No

Reference Power

½

1/(M+1)

Up to ½

Up to ½

No

No

M/Nf
Multipath Errors

Peak to average power Ratio Medium

Medium

(PAPR)
Performance

Good

Best

Complexity

Low

Low

Table 3.4 Comparison of DCSR and CSR transceiver
In this table, it is clear that DCSR is either equal to CSR or has better performance in every
technical aspect. Both technologies do not require delay elements and analog carriers. In case of
reference power DCSR performs significantly better as the number of frames increases. Both
have low complexity but at the same time the DCSR performs better than CSR.
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Chapter 4
Cooperative UWB Communication System
In this chapter, we will explain the IR-UWB cooperative communication system and then the
relaying protocols used for cooperative communication system. We will also throw some light on
cooperative UWB system model and finally we will conclude the chapter by having a discussion
on the simulation results being carried out based on relay positioning, LOS and NLOS
environment.

4.1 IR-UWB cooperative Communication
UWB offers high information rates for wireless communication and sensor networks, the EIRP
limits on UWB devices severely affect its coverage radius. In the IR-UWB network, all the
source and destination nodes are equipped with only one antenna due to their tiny physical size.
Therefore, the constraint of the transmit power spectral density (PSD) is the major challenge for
UWB system and it lies in achieving a sufficient system performance and expanding its system
coverage. One approach to improve the IR-UWB coverage is by using multiple antennas at the
transmitter and receiver sides, referred to as MIMO diversity. However, the practical
implementation of MIMO system is difficult, especially the integration of multiple antennas in a
physically compact terminal. An alternative is provided by a cooperative network configuration,
which relies on multiple nodes, each comprising a single-antenna system, to provide
transmission diversity. The basic idea of cooperative communication is that single-antenna nodes
can gain some of the benefits of MIMO systems by sharing their antennas with each other to
create a virtual MIMO system. Though cooperative communication has been intensively
examined for general wireless networks with various exhaustive works, it has been almost
unexplored for IR-UWB. The users relay messages to each other and propagate redundant
signals over multiple paths in the network. This redundancy enables the receiver to average out
the channel fluctuations due to fading, shadowing, and other interference. The separation
between the spatially distributed user terminals can help us create the signal independence. This
signal independence is required to achieve system diversity. Cooperative networks
implementation for IR-UWB devices enhance the network reliability in a variety of scenarios.
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Cooperative diversity can be as beneficial for IR-UWB networks as for conventional narrowband
networks [3].
The cooperative strategy can be classified generally as either amplify and forward (AF) or
decode-and-forward (DF) protocol, and it provides a good solution not only for overcoming the
shortages of IR-UWB systems, but also for augmenting the overall system performance. In other
words, the conveyance of the information through relays is executed for improving system
quality and enlarging system range.

4.2 Cooperative Communication Relaying Protocols
There are different relaying protocols for the cooperative communication systems and few of
them are described below.

4.2.1 Decode-and-Forward (DF)
The most preferred method in relay nodes data processing is Decode and Forward (DF) because
of its simplicity and similarity to the traditional relay. In other words, we can say that it is the
regenerative relaying digital signal processing scheme. In this technique, the data is decoded at
the relay after being received from source node and then transmitted to the destination node. The
Fig. 4.1 gives us the basic idea of DF technique.
The channel performance of source-relay directly affects the signal processing in DF. The full
diversity orders cannot be achieved without implementation of Cyclic Redundancy Check
(CRC). During the signal decoding and demodulation, the errors introduced by the relay nodes
will add up with the increase in number of hops, thus affecting the advantage of diversity and
relay performance [3]. It can be stated that one of major factors which can have major negative
effect on the performance of DF relaying method is the transmission characteristics of sourcerelay channel.
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Fig. 4.1: Decode and Forward Technique [3].

4.2.2 Amplify-and-Forward (AF)
The Amplify and Forward technique can easily understood by its name as the name suggest in
this technique the received signal is first amplified by relay before forwarding it to the
destination node. The AF technique was presented by G. W. Wornell and J. N. Laneman [3], and
the study shows that it suits best if there is limited power available to relay. In amplify-andforward it is assumed that the base station knows the inter user channel coefficients to do optimal
decoding, so some mechanism of exchanging or estimating this information must be
incorporated into any implementation [3]. The Fig. 4.2 gives us the basic idea of AF technique.
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Fig. 4.2: Amplify and Forward Technique [3].
AF likewise DF is often called fixed cooperation modes, because without taking into
consideration channel transmission characteristics, relay node always contributes in cooperative
communication. Therefore, cooperative communication cannot be considered favorable for every
scenario as it has its own drawbacks.

4.2.3 Coded Cooperation (CC)
Aria Nosratinia and Todd E. Hunter presented a novel technique called coded cooperation [3].
CC is very different to DF and AF, in this technique the information bit received is divided into
different parts and then by using independent fading path different share of each user’s code
word is transmitted.
In order to elaborate, let us consider two users scenario in which the received information bit is
divided into two parts. The user and its partner transmit their parts individually. The coded
cooperation system for two user case is shown in Fig. 4.3. As we can clearly see from the figure,
there are two frames to transmit the information bits during the frame one, the user one transmits
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its half transmission bit and during frame two, the user two transmits its half transmission bits.
However, in case of more than two users, other users can overhear the data transmitted by one
user.

Fig. 4.3: Coded Cooperation Technique [3].

4.2.4 Space Time Coded Cooperation (STCC)
STCC is the extension of CC and in this technique space-time coding is implemented into coded
cooperation scheme. This gives each mobile user the ability to simultaneously transmit its data as
well as the data belonging to its cooperative partner, over the multi access channels. In CC
mobile user only sends its own data over the multi-access channel. Fig. 4.4 illustrates the process
of CC, non-cooperation techniques and STCC [5].
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Fig. 4.4: Comparison of signal processing in CC, non-cooperation techniques and STCC
technique [5].
In Fig. 4.4, X-axis represents time and Y-axis represents frequency while Frequency Division
Multiple Access (FDMA) is used.

4.3 Cooperative UWB system Model
The structure of cooperative UWB system, in general, is similar to that of an ad-hoc network
structure [34]. In this kind of structure there are three types of the nodes:
Destination Node (DN).
Source Node (SN).
Relay Node (RN).
Every node can act as any one of three but once the communication is set up they cannot change
their role. A cooperative communication UWB, just like any ad-hoc networks, consists of SN,
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DN and some RN. Fig.4.5 illustrates cooperative UWB communication system where “M”
denotes number of relay nodes.
(i)

The process model of cooperative UWB communication system consists of following
stages [34]:

(ii)

At first, a pilot signal is transmitted to all the relays. At this point the link between
the source and the relay node is not confirmed due to obstructions in the links.

(iii)

Among all the relays, only a single relay node is selected which offers the best bit
error rate (BER) is chosen for the communication. The reason for selecting single
node is that it minimizes the power consumption of the network.

Selected node is then used in between the destination node and the source node for
communication.
Most significant part of the cooperative UWB communication, while setting up the connection
between SN to RN and RN to DN is, when a route is selected on the basis of the best BER
performance [33].
Once the relays receive the pilot signal, fading in each channel can be easily calculated. These
calculated SNR values along with the pilot signal are transmitted towards DN from each RN, in
different time slots [34]. The pilot symbols from each RN are demodulated and channel fading in
the link between RN to DN is calculated.
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Fig.4.5: Cooperative UWB system model [11].
In Fig.4.5, ݄ ሺݐሻ represents the channel fading in the link between SN and RN while ݃ ሺݐሻ
represents the channel fading in the link between RN and DN. Where i=1, 2… M.
Once the path with the best BER is selected, SN uses that path to send data to DN [34].
Rake receiver is used to collect all the multipath component of the signal at the receiver but that
increases the hardware complexity of the system [33]. As UWB systems are known to be simple
and low cost so rake receivers are not recommended. Energy detection receivers are
recommended as they are simple and have lower hardware complexity [30]. However, the
performance of UWB system is affected. To solve this problem, differential Code-shifted
reference receiver is used which is based on the energy detection receivers. These receivers have
low hardware complexity without compromising on the system performance
In cooperative UWB communication, there are two kinds of communication protocols that can
be implemented on relay nodes (i) Amplify-and-forward (AF), (ii) Decode and forward (DF). If
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AF is used in RN, it simply receives the multipath component of the signal from SN amplifies it
and forward the signal towards DN [30]. If DF is used in RN then it receives the multipath
component of the signal. It decodes the signal to extract the original data sent by the SN. Then it
forwards the data in a form of new signal, towards DN. Advantage of using DF is, it just
amplifies the data not the noise that is introduced in the original signal when it passes through
the fading channel.

4.4 Cooperative DCSR IR-UWB Relay Positioning
The MATLAB simulation is done by considering three DF relay position placed at Dx1 = 3m,
Dx2= 5m and Dx3 =2m and Dy1= 7m, Dy2= 5m and Dy3 = 8m. The distance at Dx1 = Dy1 = 5m
shows better BER performance as shown in the Fig. 4.6.

Fig. 4.6: BER performance of the proposed system where DF relays are kept at different
distances.
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4.5 BER performance comparison of the DCSR UWB
systems in LOS and NLOS environment
BER performance of the cooperative DCSR UWB system is assessed using four relays in the
simulations. Simulations are performed using LOS and NLOS channel models whereas, the
average distance between the source and destination are 4m and 7m. Results are discussed below
in subsections:

Case I: 4m (LOS) vs. 7m (LOS)
In this case, we perform MATLAB simulations by employing CM3, a LOS channel model, while
considering only two average distances between source and destination i.e. 4m and 7m. Using
Fig. 4.7, it is observed that the cooperative DCSR UWB system with average source to
destination distance of 4m performs approximately 1.3dB better than system using 7m.

Fig. 4.7: DCSR LOS (4m) and LOS (7m) BER performance.

49

Case II: 4m (NLOS) vs. 7m (NLOS)
In this case, we perform MATLAB simulations by using 4m and 7m for NLOS CM4 channel
model. Using Fig. 4.8, it is observed that the cooperative DCSR UWB system with average
source to destination distance of 4m in NLOS performs approximately 1.5dB better than system
using NLOS (7m).

Fig. 4.8: DCSR NLOS (4m) and NLOS (7m) BER system performance.
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Chapter 5
Conclusion and Future Work
In this chapter, we are going to conclude our discussion on the simulations performed, the results
achieved and discussion about future work that can be done.

Conclusion
In this thesis report, we proposed a cooperative IR-UWB DCSR system to improve the
performance of IR-UWB communication using the DCSR modulation technique. We compared
CSR with DCSR using simulations for multiple data streams i.e. M =2 and 3. The results of these
simulations favored DCSR over CSR in IR-UWB; as it performs significantly better in terms of
BER and it also have clear advantage in terms of reference power. Reference power consumption
in a DCSR system is 1/ (M+1) while in CSR system it is ½. The DCSR systems reference power
consumption decreases as the number of the data stream increases there by giving upper hand
over CSR. Based on these simulations results, we choose DCSR for cooperative IR-UWB
communication system to carry out further simulations in order to elaborate its performance.
The simulation results show that it is not beneficial to place the relay either close to the receiving
or transmitting node. The system performs significantly better in terms of BER when the relay is
positioned almost equidistance from the receiving and transmitting node. Finally, in order to
further explore DCSR, the simulations were performed for different channel conditions under
IEEE802.15.4a channel model using two relays keeping the average distance between the source
and destination node to 4m and 7m. In LOS mode 4m performs better from 7m almost by more
than 1.3dB. In NLOS environment simulation the results show that 4m performs better than 7m
almost by 1.5dB. The comparison of simulation results in Fig 4.7 and Fig 4.8 conclude that
system performs better under LOS conditions as compare to NLOS in both cases i.e. 4m and 7m.
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Future Work
In future, the Double Shift Time Reference (DSTR) can be implemented for cooperative UWB
communication system and BER performance can be analyzed. This thesis covers the BER
performance analysis of the DCSR-IR cooperative UWB Communication System assessed using
IEEE 802.15.4a channel model CM3 and CM4. Future work can include assessing the system’s
performance under different IEEE802.15.4a channel models.
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